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Nucleolus organizer regions (NORs) are chromosomal loci where
hundreds of rRNA genes are clustered. Despite being nearly identical
in sequence, specific rRNA genes are selected for silencing during
development via choice mechanism(s) that remain unclear. In Arabi-
dopsis thaliana, rRNA gene subtypes that are silenced during devel-
opment were recently mapped to the NOR on chromosome 2, NOR2,
whereas active rRNA genes map to NOR4, on chromosome 4. In a
mutant line deficient for ATXR5 or ATXR6-dependent histone H3 ly-
sine 27 (H3K27) monomethylation, we show thatmillions of base pairs
of chromosome 4, including the telomere, TEL4N, and much of NOR4,
have been converted to the corresponding sequences of chromosome
2. This genomic change places rRNA genes of NOR2, which are nor-
mally silenced, at the position on chromosome 4 where active rRNA
genes are normally located. At their new location,NOR2-derived rRNA
genes escape silencing, independent of the atxr mutations, indicating
that selective rRNA gene silencing is chromosome 2-specific. The chro-
mosome 2 position effect is not explained by the NOR2-associated
telomere, TEL2N, which remains linked to the translocated NOR, im-
plicating centromere-proximal sequences in silencing.

epigenetic regulation | gene silencing | ribosomal RNA |
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In eukaryotes, 45S rRNA genes are tandemly arrayed at nucleolus
organizer regions (NORs) and are transcribed by RNA poly-

merase I, generating primary transcripts that are processed into the
18S, 5.8S, and 25–28S RNAs of ribosomes, the protein-synthesizing
machines of cells (1, 2). There are hundreds, and sometimes
thousands, of nearly identical rRNA genes in eukaryotic genomes,
yet not all genes are needed at all times. Instead, the number of
active rRNA genes varies during development depending on the
need for ribosomes and protein synthesis (3–5).
What dictates the expression fate of an individual rRNA gene

remains unclear. One early hypothesis was that specific rRNA
genes are selectively activated, based on transcription factor bind-
ing affinities (6). However, subsequent studies in plants and
mammals revealed that specific rRNA genes are selectively si-
lenced via changes in cytosine methylation and repressive histone
modifications (7–13). Subtle sequence differences among rRNA
genes have been proposed to influence nucleosome positioning, or
base-pairing with noncoding RNAs, thereby inhibiting or enabling
regulatory proteins that influence cytosine methylation and/or his-
tone modification (11, 14–16).
In Arabidopsis thaliana, rRNA genes are clustered within two

NORs, nucleolus organizer region, chromosome 2 (NOR2) and
nucleolus organizer region, chromosome 4 (NOR4), located at the
northern tips of chromosomes 2 and 4, respectively, and each
consisting of ∼375 genes that span approximately 4 million base
pairs, based on studies of the strains (ecotypes) Columbia (Col-0)
or Landsberg erecta (Ler) (17–19). Each gene repeat includes an
intergenic spacer and a 45S pre-rRNA transcription unit that in-
cludes 5′ and 3′ external transcribed spacers (5′ETS and 3′ETS)

and internal transcribed spacers (ITS1 and ITS2) that are re-
moved during pre-rRNA processing (Fig. 1A).
Although the ∼1,500 rRNA genes present in a diploid

A. thaliana nucleus are nearly identical in sequence, SNPs and
short insertions/deletions (i.e., indels) define more than a dozen
rRNA gene subtypes in the ecotype Col-0 (20). Approximately half
of the rRNA gene subtypes are subjected to chromatin-mediated
silencing during development, whereas the others are expressed
throughout development (21). This can be readily observed by
using PCR primers that flank a variable region in the 3′ETS and
yield amplification products that define rRNA gene variant types
1–4 (VAR1, VAR2, VAR3, and VAR4) rRNA gene types (Fig.
1B). During early vegetative development, VAR1 genes are se-
lectively silenced. However, in chromatin-modification mutants,
including histone deacetylase 6 (hda6) mutants, VAR1 silencing fails
to occur (Fig. 1B).
Ecotype-specific variation in rRNA gene subtype content has

made possible the genetic mapping of subtype positions by using
segregating F2 or recombinant inbred populations, revealing that
silenced rRNA gene subtypes of ecotype Col-0 map to NOR2
whereas active rRNA gene subtypes map to NOR4 (Fig. 1C) (20).
This partitioning of active and silenced rRNA genes at different
NORs has suggested that chromosome affiliation, or genomic
position, may dictate rRNA gene expression fate, rather than se-
quence differences among the rRNA genes that comprise the two
NORs. A prediction of this hypothesis is that silenced rRNA genes
of NOR2 would escape silencing if they could be translocated from
chromosome 2 to the position of NOR4 on chromosome 4. Given
the large size of the NORs (∼4Mb), testing this hypothesis by using
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transgenic approaches is not currently feasible. However, we rea-
soned that rare recombination events between the NORs, or the
occurrence of dsDNA breaks within one NOR repaired by using
the essentially identical sequence information of the other NOR,
might translocate rRNA genes from one NOR to the other. Here
we report on the identification and characterization of a plant line
in which one such rare event occurred. This line is deficient for
histone H3 lysine 27 (H3K27) monomethylase activity as a result of
insertional mutations in the Arabidopsis trithorax-related protein 5
(ATXR5) and Arabidopsis trithorax-related protein 6 (ATXR6)
genes (22). In atxr5 atxr6 double mutants, transposable elements
are derepressed and genome instability involving heterochromatin
over-replication occurs (23, 24). We show that, in the course of
generating the atxr5 atxr6 double mutant line, an estimated ∼2–3 Mb
of the northern tip of chromosome 4 was replaced by corre-
sponding sequences of chromosome 2, thus translocating NOR2
rRNA genes to the position of NOR4. These translocated NOR2-
derived rRNA genes escape silencing when at chromosome 4 re-
gardless of whether the ATXR5 and ATXR6 genes are mutant or
WT. Collectively, our results provide direct evidence that NOR2
is inactivated as a consequence of its position on chromosome
2, not its rRNA gene composition.

Results
Knowing the chromosome affiliations for rRNA gene subtypes in
A. thaliana ecotype Col-0 (20) led us to recognize that an atxr5 atxr6
double mutant line we had studied previously (13), and hereafter
refer to as ASC1 (altered subtype content line 1), displayed molec-
ular characteristics consistent with a nonreciprocal NOR2→NOR4
translocation. Initial clues came from PCR amplification results
with the use of primers that flank the 3′ETS variable region (see
Fig. 1B). Ribosomal RNA genes of subtype VAR1, which is the
major NOR2-specific subtype, are more abundant in line ASC1
than in WT, and this change is coincident with a large decrease in
VAR2, the major NOR4-specific subtype (Fig. 2A) (13). Moreover,

VAR4 genes, which map to NOR4, are not detected in line ASC1
(Fig. 2B), whereas NOR2-specific VAR3a genes (which differ from
other VAR3 subtypes by a SNP that abolishes a HindIII site) in-
crease in abundance (DNA band marked with an asterisk in Fig.
2C). Changes in subtype expression accompany these changes in
subtype abundance. In WT plants, VAR1 genes are selectively
silenced, whereas VAR2, VAR3, and VAR4 genes are expressed.
By contrast, in line ASC1, VAR1 and VAR3 genes are highly
expressed, but VAR2 and VAR4 expression is greatly diminished
(Fig. 2 A and B; RT-PCR Assays).
To explore the possibility that a nonreciprocal translocation

involving chromosomes 2 and 4 altered the rRNA gene subtype
content of line ASC1, we examined the status of the telomeres on
the chromosome 2 north end (TEL2N) and chromosome 4 north
end (TEL4N), which cap NOR2 and NOR4, respectively. Di-
gestion of genomic DNA with I-PpoI, an intron-encoded endo-
nuclease recognizing a 15-bp sequence present one time in each
rRNA gene, releases NOR2-TEL2N and NOR4-TEL4N fragments
of ∼12 kb and ∼8 kb, detectable on Southern blots by using a
telomere repeat probe (Fig. 3A). The ∼8-kb band, known to be the
NOR4-TEL4N fragment (19), is missing in ASC1, coincident with
the ∼12-kb band becoming more intense than in WT (Fig. 3A).
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Fig. 1. rRNA gene organization, subtype variation, and localization. (A) rRNA
gene repeat arrangement at A. thaliana NORs. (B) A diagram depicting the
variable 3′ETS region of A. thaliana rRNA genes and the position of the primer
pair used in this study to amplify rRNA gene subtypes VAR1 through VAR4.
(Right) Gel image shows genomic DNA PCR amplification products as well as
RT-PCR products obtained by using leaf RNA ofWT or hda6-null mutant plants.
(C) NOR associations of silenced vs. active rRNA gene subtypes.
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Fig. 2. Altered rRNA gene subtype content and expression in atxr5 atxr6
line ASC1. (A) (Upper) 3′ETS variable region PCR products, as well as an actin
gene control, using genomic DNA. (Lower) RT-PCR products obtained by
using RNA of WT or ASC1. Actin and no reverse transcriptase (−RT) controls
are also shown. (B) (Upper) PCR products obtained by using a primer pair
that specifically amplifies VAR3 or VAR4 rRNA genes, together with WT or
ASC1 genomic DNA, or DNA of BAC clone F2H8, which contains VAR3 and
VAR4 genes. Actin gene amplification products serve as loading controls.
(Lower) RT-PCR products using the same primers together with RNA of WT
or line ASC1. Actin and –RT controls are also shown. (C) The gel image shows
VAR3 and VAR4 PCR products or products digested with HindIII following
amplification of genomic DNA of WT Col-0 or ASC1 with a primer pair
specific for VAR3 or VAR4 genes.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1608140113 Mohannath et al.

www.pnas.org/cgi/doi/10.1073/pnas.1608140113


This ∼12-kb band is the NOR2-TEL2N fragment, whose rRNA
gene–telomere junction sequence we amplified and sequenced by
using a telomere primer and an rRNA gene primer located ∼9 kb
upstream of the I-PpoI site (Fig. 3B and Fig. S1).
Knowing the telomere–NOR junction sequences enabled the

design of PCR primers specific for the NOR2-TEL2N or NOR4-
TEL4N junctions. PCR assays using these primers confirmed the
absence of theNOR4-TEL4N junction sequence in line ASC1, and
yielded a stronger NOR2-TEL2N junction signal in ASC1 com-
pared with WT (Fig. 3C).
Loss of NOR4-specific rRNA gene subtypes and loss of the

NOR4-associated telomere, TEL4N, coincident with an increased
abundance of NOR2-specific rRNA gene subtypes, and an en-
hanced NOR2-TEL2N junction signal, suggested that the top of
chromosome 4, including much of NOR4 and its associated telo-
mere, might have been replaced by the corresponding sequences of
chromosome 2 in line ASC1. If so, VAR1 and NOR2-TEL2N
junction sequences that normally map exclusively to chromosome 2
in WT should genetically map to chromosomes 2 and 4 in line
ASC1. We tested this hypothesis by crossing WT Col-0 or ASC1
with ecotype Shahdara (Sha), whose rRNA genes are exclusively of
the VAR3 subtype (Fig. 4 B and D). Resulting F1 hybrids were
allowed to self-fertilize and F2 progeny were tested for rRNA gene
variant content, telomere–NOR junctions, and NOR-adjacent
markers that discriminate Col-0 from Sha chromosomes (Fig. 4 and
Figs. S2 and S3). As expected, VAR1 genes of WT Col-0 cose-
gregated with NOR2-adjacent markers (Fig. 4B), being detected in
all plants homozygous or heterozygous for Col-0 NOR2-adjacent
markers, but not in plants homozygous for ShaNOR2, regardless of
the NOR4 genotype (Fig. 4C). However, VAR1 genes of line ASC1
mapped to NOR2 and NOR4 (Fig. 4D), such that they were present
in all five plants homozygous for Sha NOR2 and Col-0 NOR4 and
all six plants homozygous for both Col-0 NOR2 and Sha NOR4
(Fig. 4E). VAR1 genes were also detected in all F2 individuals that
carried at least one Col-0 NOR (NOR2 or NOR4; Fig. 4 D and E).
F2 progeny with informative genotypes were tested for Col-0

NOR–telomere junctions by PCR analysis by using primers for
TEL2N or TEL4N that are Col-0–specific (see ecotype controls in
the first two lanes in Fig. 4F). In Col-0 (WT) × Sha F2 progeny,
NOR2-TEL2N junctions were detected in all five plants homozygous
for Col-0 NOR2 and ShaNOR4, as expected. Likewise, NOR4-
TEL4N junctions were detected in all individuals that were

homozygous or heterozygous for NOR4 of WT Col-0 (Fig. 4F), also
as expected. By contrast, in the F2 progeny of ASC1 × Sha, the
NOR2-TEL2N junction sequence was detected in all individuals that
inherited NOR2 or NOR4 from the ASC1 parent, and, in these
plants, the WT NOR4-TEL4N junction sequence was undetectable
(Fig. 4G).
The genetic mapping and molecular analyses in Fig. 4 show that

NOR and telomere sequences that are normally present only on
chromosome 2 in WT plants are present on chromosome 2 and
chromosome 4 of line ASC1. We conclude that a multimegabase
conversion event replaced chromosome 4 sequences with corre-
sponding sequences of chromosome 2. This conversion event was
restricted to NOR4, as shown by the fact that sequences located
∼0.6 kb, 96 kb, or 196 kb from the centromere-proximal edge of
NOR4 persist in line ASC1, and thus were not converted to se-
quences of chromosome 2 (Fig. S4).
To test whether VAR1 expression in line ASC1 requires the

atxr5 or atxr6 mutations, we crossed ASC1 to WT Col-0 plants and
analyzed F1 and F2 progeny (Fig. 5). F1 individuals had genotypes
and phenotypes that were additive of the parents, such that VAR1,
2, 3. and 4 were all expressed (Fig. S5). F2 progeny were next
genotyped to identify individuals homozygous for WT ATXR5 and
ATXR6 (Fig. 5A) or for mutant atxr5 and atxr6 (Fig. 5B) alleles.
The homozygous WT ATXR5 ATXR6 individuals displayed several
rRNA gene-expression profiles (Fig. 5A; see RT-PCR Assays).
Those F2 individuals that lacked WT NOR4-TEL4N junction se-
quences, indicating homozygosity for converted NOR4 loci (here-
after referred to as NOR4*) inherited from ASC1, displayed rRNA
gene expression profiles indistinguishable from ASC1 (F2 indi-
viduals 1, 4, and 7 in Fig. 5A). This shows that altered rRNA gene
subtype expression in ASC1 depends on NOR2→NOR4 conver-
sion, not mutation of ATXR5 or ATXR6. Those ATXR5 and
ATXR6 homozygotes that expressed VAR2 and VAR4 genes all
had at least one WT NOR4 locus, based on detection of NOR4-
TEL4N junction sequences in these plants (individuals 2, 3, 5, 6,
and 9–11 in Fig. 5A). F2 individuals 9–11, which lack significant
VAR1 expression, like WT Col-0, are likely homozygous for WT
NOR4 and thus lack a NOR4* locus inherited from ASC1
(Fig. 5A).
F2 individuals that were homozygous for the atxr5 and

atxr6 mutations were also informative (Fig. 5B). Individuals
whose NOR2-TEL2N and NOR4-TEL4N junction signals were
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Fig. 3. Absence of the WT NOR4–telomere (NOR4-TEL4N) junction in line ASC1. (A) DNA of BAC clone F1J10 (containing rRNA gene repeats), WT Col-0, or
line ASC1 was subjected to pulsed-field gel electrophoresis with or without prior digestion by I-PpoI. Following Southern blotting, transferred DNA was
hybridized to a telomere repeat probe and visualized by phosphorimaging. Positions of size markers run in an adjacent lane are shown. Images are from the
same exposure of the same blot; the image was spliced to remove extra lanes. Undigested telomere-containing DNA fragments account for the signals in the
20–50 kb range. (B) Diagrams depicting the I-PpoI site and NOR2-TEL2N and NOR4-TEL4N junction sequences of WT Col-0. Telomere repeats (A3TC3) are
depicted as black ovals in the diagram and shown in parentheses in the junction sequences. The underlined motif, GATCCC, immediately precedes the
telomere repeats at NOR2 and NOR4. Also shown are the relative positions of primer pairs used to amplify and clone the NOR–telomere junctions, yielding the
sequence data of Fig. S1. (C) Primer pairs specific for the NOR2-TEL2N or NOR4-TEL4N junctions or actin control were used to amplify genomic DNA of Col-0 and
line ASC1. Amplification products were resolved by agarose gel electrophoresis.
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equivalent to those of the Col-0 control, indicating homozy-
gosity for WT NORs 2 and 4 (individuals 1–4, 7, and 8), dis-
played strong VAR2 expression and weak VAR1 expression
like WT Col-0. By contrast, F2 individuals displaying strong
VAR1 expression and weak VAR2 expression (individuals 5, 6,
9, and 10) had weak, but detectable, NOR4-TEL2N junction
signals. They also had decreased VAR2 DNA content relative
to other F2 individuals or Col-0, suggesting that these plants
are NOR4 NOR4* heterozygotes. Collectively, the genetic tests
of Fig. 5 indicate that the atxr5 and/or atxr6 mutations are not
responsible for the loss of NOR2 silencing, resulting in VAR1
expression. Instead, VAR1 expression is observed only in in-
dividuals that have at least one copy of NOR4*, in which
VAR1 genes have been translocated from chromosome 2 to
chromosome 4.
A difficult question to test directly is whether NOR2 silencing is

impacted in cells in which NOR4 has been converted to NOR4*.
This is because the relocated genes at NOR4* are identical in

sequence to the genes that remain atNOR2, and there is no way to
discern which are which. Therefore, we turned to an indirect, cell-
biological approach to address the question. We showed pre-
viously that nuclei and nucleoli liberated from cells of transgenic
plants expressing YFP fused to the nucleolar protein, Fibrillarin
can be purified by fluorescence-activated sorting (25). Active
rRNA genes, which are transcribed in the nucleolus, are enriched
in purified nucleoli relative to inactive rRNA genes (25). Se-
quences closely linked to active NORs also associate with purified
nucleoli (26). By using this assay, we detected no increased NOR2
association with nucleoli in atxr5 plants, which have converted
NOR4* loci, compared with WT Col-0 plants (Fig. S6). By con-
trast, in an hda6 mutant, which served as a positive control, NOR2
and NOR4 are both active, and sequences linked to NOR2 and
NOR4 were detected in sorted nucleoli. These results suggest that
VAR1 genes expressed in line ASC1 are those of NOR4*, not
those located at NOR2.
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Discussion
More than one mechanism could account for replacement ofNOR4
and TEL4N sequences by corresponding sequences of NOR2 and
TEL2N (Fig. 6). One possibility is a recombination event involving a
single crossover between chromosomes 2 and 4 occurring within the
NORs. For instance, if this occurred during meiosis, male or female
haploid gametophytes bearing NOR2, NOR2*, NOR4, or NOR4*
alleles would result. If a gametophyte carrying a NOR4* locus and
WT NOR2 locus were to combine with a WT gametophyte during
fertilization, one quarter of the progeny of the resulting hemizygous
diploid plant would be homozygous NOR4*/NOR4* and WT
NOR2/NOR2. Other scenarios involving independent segregation of
crossover products are also possible. Another possibility is that a
nonreciprocal translocation of rRNA genes from chromosome 2 to
chromosome 4 resulted from break-induced replication (27–30)
initiated by a collapsed replication fork or double-strand break
within NOR4. Homologous repair initiated by one broken strand of
NOR4 invading the essentially identical sequences of NOR2, rather
than the NOR4 sequences of the presumably unbroken sister
chromosome 4, followed by branch migration of the resulting
D-loop all the way to the end of the chromosome, could potentially

account for replacement of NOR4 and TEL4N sequences by cor-
responding NOR2 and TEL2N sequences (29, 31).
The failure to silence NOR2-derived rRNA genes upon their

relocation to NOR4 provides direct support for the hypothesis that
selective rRNA gene silencing results from selective NOR in-
activation, not silencing of individual rRNA genes based on their
sequences. Because NORs span millions of base pairs of chromo-
somal DNA, their regulation suggests parallels to other large, se-
lectively silenced domains, such as the silent mating type loci of
yeast or the inactivated X chromosomes of somatic cells of female
mammals (32–34). Genes translocated into these regions are typi-
cally repressed, a phenomenon known as position effect variegation
(33). Genes placed near telomeres can also display position effect
variegation in yeast (35), which has suggested the possibility that
NOR2 silencing is initiated via its associated telomere, TEL2N.
However, TEL2N is translocated to chromosome 4 in line ASC1
along with the adjacent NOR2-derived rRNA genes, yet silencing
does not occur. This indicates that TEL2N can be ruled out as a
regulatory element sufficient for NOR2 inactivation, increasing the
likelihood that sequences centromere-proximal to NOR2 direct its
selective silencing during development. By using techniques for
large-scale chromosome engineering, it may be feasible to identify
such sequences and determine the chromosomal basis for selective
NOR inactivation.

Methods
Genetic Materials. A. thaliana ecotypes Col-0 (stock no. CS22681) and Sha
(stock no. CS22690); BAC clones F1J10, F25K9, and T15P10; and yeast artificial
chromosome (YAC) clones CIC5B11, CIC5C7, and CIC7C11 were obtained from
the Arabidopsis Biological Resource Centre (The Ohio State University,
Columbus, OH). Line ASC1 (atxr5 atxr6 double mutant in the Col-0 background)
is derived from seeds initially obtained from Scott Michaels (Indiana University,
Bloomington, IN). Interecotype genetic crosses of Sha × ASC1 (pollen donor),
Col-0 × Sha (pollen donor), and ASC1 × Col-0 (pollen donor) produced F1
progeny that were then allowed to self-fertilize to generate F2 mapping
populations. Plants were grown on soil in a growth room under artificial
illumination, with a 16-h light/8-h dark cycle.

DNA Procedures. DNA was isolated from leaf tissue of 4-wk-old plants by using
Illustra Nucleon Phytopure extraction kit reagents (GEHealthcare). BAC cloneDNA
was isolated by using Qiagen Midi plasmid preparation kits (Qiagen). YAC clone
DNA was obtained by suspending the cells of single yeast colonies in 50 μL of
20 mM sodium hydroxide and heating in a microwave for 35 s in an open PCR
tube. A total of 4 μL of 0.25 M hydrochloric acid was added to neutralize the
lysate, and 1-μL aliquots were used for PCR assays. For telomere segregation
analyses, the PCR primer pair 5′-CCCTAAACCCTAAACCCTAGCCTC-3′ and
5′-GGTGGGCGT TTTGGACAAGTCTGTC-3′ was used to detect the NOR2-TEL2N
junction fragment and primer pair 5′-CCCTAAACCCTAAACCCTAAACCCTAGTG-3′
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and 5′-CATATGACTACTGGCAGGATCAACCAGG -3′ was used to detect the NOR4-
TEL4N junction. Other PCR primers used in the study are shown in Table S1.
Restriction endonucleases (shown in parentheses) used for cleaved amplified
polymorphic sequence (CAPS) marker segregation analyses were c2_00069
(MlyI), c2_00078(MseI), c4_00012 (ApoI), c4_00049 (DraI), c4_00086 (HinfI), and
c4_00090 (HinfI). CAPS marker digestion products were resolved by agarose
gel electrophoresis.

For sequencingNOR2-TEL2N andNOR4-TEL4N junction regions, PCR products
were cloned into pGemT Easy (Promega) and sequenced by using ABI PRISM Big
Dye Terminator Cycle Sequencing Ready Reaction Kit reagents (Applied Bio-
systems) using an Applied Biosystems 3130 DNA sequencer. The sequences were
submitted to GenBank under accession numbers KR232397 (Col-0 NOR2–telo-
mere junction) and KR232398 (Col-0 NOR4–telomere junction).

RT-PCR Assays. Total RNA was isolated from 4-wk-old A. thaliana leaf tissue by
using an RNeasy Plant Mini Kit (Qiagen). RNA was further purified by using a
Turbo DNase treatment and DNA removal reagent kit (Ambion). Semi-
quantitative RT-PCR was performed by using cDNA generated from 100 ng of
total RNA using random hexamer primers and SuperScript III reverse
transcriptase (Invitrogen).

Contour-Clamped Homogenous Electric Field Gel Electrophoresis and Southern
Blotting. NOR-associated telomere Southern blot analyses were conducted
essentially as described by Copenhaver and Pikaard (19). Briefly, 1μg of ge-
nomic DNA was subjected to digestion with 200 U of I-PpoI (Promega), fol-
lowed by contour-clamped homogenous electric field (CHEF) electrophoresis
using a CHEF-DR II pulsed-field gel electrophoresis system (Bio-Rad) and 1%
Certified Megabase Agarose (Bio-Rad) gels in 50 mM Tris·borate EDTA (TBE)

buffer. Electrophoresis was performed at 200 V with a switching ramp time of
1–12 s for 18 h in 50 mM TBE running buffer. The gel apparatus was located in
a 4 °C cold room, such that additional cooling of the recirculating buffer was
unnecessary. Following electrophoresis, the gel was stained with ethidium
bromide (1.5 μg/mL in 50 mM TBE) for 40 min and imaged by using a Gel Doc
system (Bio-Rad) to visualize size markers. The DNA in the gel was then sub-
jected to nicking in a UV chamber (GS Gene Linker; Bio-Rad) using the “nic”
option delivering 60 m of 254-nm UV light, and transferred to nylon mem-
branes (GeneScreen Plus; PerkinElmer). For detection of telomeric DNA, the
insert from plasmid pAtT4, containing cloned telomere repeats (36), was
denatured and annealed to a mixture of seven partially overlapping hexamer
primers (CCCTAA, CCTAAA, CCTAAC, CTAACC, TAACCC, AACCCT, and
ACCCTA) followed by labeling using 40 μCi of [~α32P]dCTP (6,000 Ci/mmol),
1 mM of each unlabeled dNTP, and 1 U of DNA Polymerase I Klenow fragment
(New England Biolabs). The blot and denatured probe DNA were incubated
overnight at 60 °C in 1% (wt/vol) BSA, 1 mM EDTA, 0.5 M sodium phosphate
buffer, pH 7.2, and 7% (wt/vol) SDS, then washed once for 10 min. at 65 °C in
0.2× SSC, 0.1% SDS and twice for 15 min at 65 °C in 0.1× SSC, 0.1% SDS.
Membranes were imaged by using a Bio-Rad PhosphorImager.
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