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Saccharomyces cerevisiae carries ∼150 copies of rDNA in tandem repeats. It was found that the absence of an
essential subunit of RNA polymerase I (Pol I) in rpa135 deletion mutants triggers a gradual decrease in rDNA
repeat number to about one-half the normal level. Reintroduction of the missing RPA135 gene induced a
gradual increase in repeat number back to the normal level. Gene FOB1 was shown to be essential for both
the decrease and increase of rDNA repeats. FOB1 was shown previously to be required for replication fork
blocking (RFB) activity at RFB site in rDNA and for recombination hot-spot (HOT1) activity. Thus, DNA
replication fork blockage appears to stimulate recombination and play an essential role in rDNA
expansion/contraction and sequence homogenization, and possibly, in the instability of repeated sequences in
general. RNA Pol I, on the other hand, appears to control repeat numbers, perhaps by stabilizing rDNA with
the normal repeat numbers as a stable nucleolar structure.
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In most eukaryotic organisms, the genes for rRNAs
(rDNA) are clustered in long tandem repeats on one or a
few chromosomes. The total number of these chromo-
somal rDNA repeats appears to be maintained at a level
appropriate for each organism. However, under certain
conditions, alterations of rDNA copy numbers have been
observed. Although an increase as extrachromosomal
copies was found as a specific developmental event dur-
ing Xenopus oogenesis (Brown and Dawid 1968; Gall
1968), changes in the number of tandem chromosomal
repeats (Ritossa 1968; Russel and Rodland 1986) appear
to represent a more general feature of rDNA repeats. For
example, variations in rDNA copy number were ob-
served in yeast quite often (see, e.g., Rustchenko et al.
1993), although factors responsible for the variations
were not well defined. Other studies focusing on recom-
bination in yeast rDNA were carried out with genetic
markers inserted into yeast rDNA repeats and have pro-
vided useful information on possible mechanisms in-

volved in sequence homogenization and expansion/con-
traction of rDNA repeats (Petes 1980; Szostak and Wu
1980; Gangloff et al. 1996). However, factors determin-
ing optimal numbers of rDNA repeats as well as those
inducing expansion or contraction of rDNA have re-
mained unexplored. In Drosophila, certain bobbed mu-
tations on the X-chromosome are caused by a partial
deficiency of rDNA repeats. These mutations have been
studied extensively with respect to conditions causing
reversion to wild type, which is accompanied by an
rDNA copy number increase (called magnification), as
well as possible mechanisms involved (Ritossa 1968;
Tartof 1974; Hawley and Marcus 1989). However, these
studies were done mostly by use of elaborate formal ge-
netics of the bobbed locus, and the system has not been
suitable for more direct molecular analyses of the
mechanisms involved in rDNA expansion/contraction.
In this paper, we describe a yeast system in which ex-
pansion and contraction of rDNA repeats can be directly
studied, and report some initial results obtained with
this system.

The yeast Saccharomyces cerevisiae carries 100–200
copies of the rDNA unit that are tandemly repeated on
chromosome XII (Petes 1979). A single unit consists of
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two transcribed regions, 35S precursor rRNA and 5S
rRNA coding regions, and two nontranscribed regions,
NTS1 and NTS2 (Fig. 1). The DNA encoding 35S and 5S
rRNA genes is transcribed by RNA polymerases I (Pol I)
and III, respectively. The origin of replication (ARS) and
the replication fork barrier (RFB) sites are located in
NTS2 and NTS1, respectively (Skryabin et al. 1984;
Brewer and Fangman 1988; Linskens and Huberman
1988). The RFB site contains a specific nucleotide se-
quence of ∼100 bp that allows progression of the replica-
tion fork in the direction of 35S rRNA transcription, but
not in the opposite direction (Brewer et al. 1992; Kobaya-
shi et al. 1992). Two sites analogous to the yeast ARS and
the RFB site have been found in the corresponding rDNA
regions in several other eukaryotes (Little et al. 1993;
Bastia and Mohanty 1996; Gencheva et al. 1996; Gogel et
al. 1996; Lopez-Estrano et al. 1998). The RFB site over-
laps the E element of HOT1 (Keil and Roeder 1984;
Voelkel-Meiman et al. 1987). HOT1 is a DNA element
that stimulates mitotic intra- and interchromosomal re-
combination at nearby regions when inserted at a non-
rDNA location (Keil and Roeder 1984). HOT1 consists of
two elements: the E element, which overlaps the en-
hancer for Pol I transcription (Elion and Warner 1984),
and the I element, which corresponds to the promoter
region for Pol I transcription (Fig. 1). The requirement of
these two elements for HOT1 activity suggests that Pol
I transcription activity and the stimulation of recombi-
nation (HOT1 activity) are causally related, and this sug-
gestion has been supported by the demonstration of a
requirement of Pol I for HOT1 activity (Huang and Keil
1995). However, no experimental evidence has been re-
ported to indicate the actual operation of the HOT1 sys-
tem at the normal rDNA locus.

Because of the location of the RFB site near the rDNA
transcription termination site and its directionality in
function, it has been suggested previously that the RFB
site might have evolved to prevent collision between the
transcription and replication machineries (Brewer et al.
1992). However, transcription of rDNA itself does not
appear to inhibit progression of the DNA fork coming
from the opposite direction (Brewer et al. 1992) and the
physiological significance of the replication fork block
has remained unknown. In Escherichia coli, termination
(Ter) sequences similar to RFB sites have been identified.
These sequences, together with the Tus protein that
binds to the Ter sequences, appear to function to ensure
that two replication forks that have initiated bidirection-
ally from the origin of replication can enter the termina-
tion zone of the chromosome but cannot escape it (for
review, see Hill 1996). It was shown previously that re-
combinational hotspots exist near E. coli Ter sites, and
that RFB activity at the Ter sites may be causally related
to hyper-recombination activity (Horiuchi et al. 1994;
Horiuchi and Fujimura 1995). On the basis of the analogy
to the E. coli Ter system, we considered the possibility
that the RFB function in yeast rDNA might be related to
recombinational events in rDNA. To explore this possi-
bility, we previously screened mutants defective in the
HOT1 function for simultaneous loss of the RFB func-

tion. In this way, we identified the gene FOB1 (fork
blocking) whose mutation causes a simultaneous loss of
both HOT1 and RFB functions (Kobayashi and Horiuchi
1996). Identification of such a gene strongly supports the
suggestion that RFB and HOT1 functions are in fact re-
lated. We have now demonstrated that the FOB1 gene is
essential for both expansion and contraction of yeast
rDNA repeats, and propose a model we call the fork
block-dependent recombination model. Additionally, we
have found that Pol I plays an important role in deter-
mining rDNA repeat number.

Results

Reduction of rDNA copy number in an rpa135 mutant

RPA135 is an essential gene encoding the second largest
subunit (A135) of yeast Pol I. Strain NOY408-1a has a
large deletion in this gene (rpa135D::LEU2), but is able to
grow on galactose because it carries a multicopy plasmid
(pNOY102; helper plasmid) containing the 35S rRNA
coding region fused to a strong Pol II promoter, the GAL7
promoter (Nogi et al. 1991). A reduction in rDNA repeats
in this strain was first noted by Brewer and coworkers
(Brewer et al. 1992). We confirmed this finding. DNA
was digested with BglII and subjected to electrophoresis
followed by Southern analysis with an rDNA probe spe-
cific for chromosomal rDNA repeats (Fig. 1). A single-
copy gene, MCM2, was used as an internal control for
normalization. As shown in Figure 2, the rDNA copy
number in NOY408-1a (lane 1) was significantly reduced
relative to that in the parental diploid strain, NOY408,
carrying a copy of RPA135 in addition to a copy of
rpa135D::LEU2 (lane 15) or a sister RPA135 strain,
NOY408-1b (lane 16). Quantification showed that copy
number was reduced to approximately one-half of that in
the control strains (see below).

To determine absolute copy numbers of rDNA in
these strains, a competitive PCR assay (Diviacco et al.
1992) was carried out. This assay allows quantification
of a target DNA sequence by coamplifying it in the pres-
ence of known amounts of a competitor DNA that
shares the same primer recognition sites. We selected
two rDNA specific sequences, the 5S rRNA gene and a
region in NTS2 (open boxes in Fig. 1), and two reference
single-copy genes, MCM2 and PPR1. DNA was prepared
from NOY408-1a (and NOY408-1af, see below) and the
two control strains, NOY408 and NOY408-1b. Known
amounts of competitor DNA were added to each of the
target DNA samples to be analyzed and PCR reactions
were carried out with appropriate primers. Absolute
copy numbers of rDNA were calculated by dividing the
averages of the values for the two specific rDNA se-
quences (5S and NTS) by the averages of the values for
the two reference single-copy genes (MCM2 and PPR1).
Numbers of rDNA copies calculated in this way are
shown in Figure 3. The copy number of rDNA in
NOY408-1a (rpa135) was ∼80 copies per haploid genome.
This value was approximately one-half of those in the
control strains NOY408 and NOY408-1b (∼150 copies
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per haploid genome), confirming the results of Southern
blot analysis.

We repeated tetrad dissection of the parent diploid,
NOY408, and followed the kinetics of the decrease in
rDNA copy number in freshly germinated rpa135 hap-
loid segregants. We found that the reduction in copy
number was slow and required many generations (see
below), but the individual rDNA copy numbers of all the
rpa135 segregants eventually reached a value similar to
that for the original strain, NOY408-1a (data not shown).
We conclude that in the absence of Pol I, rDNA copy
number decreases to approximately one-half of the nor-
mal value in this strain background.

Restoration of rDNA copy number upon introduction
of the RPA135 gene into the rpa135 mutant

To examine whether the reduction in rDNA copy num-
ber in the rpa135 mutant is reversible, we introduced the
wild-type RPA135 gene into the rpa135 mutant strain
NOY408-1a. The mutant cells were transformed with a

CEN plasmid carrying RPA135 (pNOY117). Four inde-
pendent transformants were isolated and their rDNA
copy numbers were determined at times corresponding
to 44, 80, and 116 generations in glucose medium after
the introduction of RPA135 (see Materials and Methods).
Typical Southern hybridization data for one of the trans-
formants are shown in Figure 2 (lanes 2–4 , DNAs ob-
tained from cells at 44, 80, and 116 generations, respec-
tively). Ratios of rDNA to MCM2 were quantified and
the absolute rDNA copy numbers were calculated by
comparing these ratios (rDNA/MCM2) with the corre-
sponding ratio of a reference strain, NOY408-1b (Fig. 2,
lane 16), which has 150 copies of rDNA as described
above. The averages of the values obtained for the four
independent transformants were calculated and the re-
sults are shown in Figure 4A (d). Copy numbers of rDNA
in the RPA135 transformants increased gradually during
subculture, reaching a value similar to those in control
strains after 80 generations, and remained at this value
thereafter. In parallel, we subjected the rpa135 mutant
strain, NOY408-1a, to the same treatment and measured
rDNA copy numbers (Fig. 4A, j). There was no signifi-
cant change in the copy number over 100 generations in

Figure 1. Structure of rDNA repeats in S. cerevi-
siae. Locations of the 35S and 5S rRNA genes (the
direction of transcription indicated by arrows), the
two nontranscribed spacer regions (NTS1 and
NTS2), ARS (replication origin), and the HOT1 I
element are shown at top. BglII-A and B DNA frag-
ments are also shown. NTS1 and its surrounding
regions are expanded. Three solid bars represent the
HOT1 E element, Pol I enhancer, and RFB site (also
indicated by ). Two open rectangles, indicated as
5S and NTS, are DNA regions used for the competi-
tive PCR assay.

Figure 2. Southern hybridization analysis of rDNA copy num-
bers. The RPA135 gene was introduced by transformation into
strains NOY408-1a (rpa135), NOY408-1af (rpa135 fob1), and
NOY408-1af derivatives carrying FOB1 on a plasmid or control
vector plasmid as indicated. DNA samples were prepared at 44
(lanes 2,6,9,12), 80 (lanes 3,7,10,13), and 116 generations (lanes
4,8,11,14) after introduction of RPA135. NOY408-1a, and
NOY408-1af, which did not receive RPA135 (lanes 1,5, respec-
tively), were also analyzed together with control strains
NOY408 (lane 15) and NOY408-1b (lane 16). In addition to
rDNA, a single copy gene, MCM2, was analyzed as a reference.

Figure 3. Absolute rDNA copy numbers determined by a com-
petitive PCR assay. Values given are rDNA copy numbers per
haploid genome determined as described in Materials and Meth-
ods and text.
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NOY408-1a. (It should be noted that, although rRNA is
synthesized from the GAL7–35S rDNA fusion on the
helper plasmid by Pol II, 5S rRNA is synthesized from
the rDNA repeats on the chromosome by Pol III. There-
fore, we thought that the absence of a further decrease in
rDNA repeat number in the rpa135 strain might be due
to selection against cells with a deficiency in 5S rRNA
synthesis. However, replacing the helper plasmid with a
similar plasmid carrying an additional 5S rRNA gene and
continuing subculture did not lead to any further reduc-
tion of rDNA repeats.) These experiments demonstrate
that yeast cells have the ability to increase rDNA copy
number, and that the absence of intact Pol I in NOY408-1a
apparently prevents this increase in rDNA copy number.

Absence of rDNA copy number increase in a fob1
derivative of the rpa135 mutant

It was shown previously that RFB activity at the RFB site
takes place in the absence of rDNA transcription by Pol
I (Brewer et al. 1992; Kobayashi et al. 1992). This was
confirmed in the experiment shown in Figure 5, which
analyzed restriction-enzyme-digested DNA by two-di-
mensional agarose gel electrophoresis. Accumulation of
chromosomal rDNA with replication fork arrest at the

RFB site in the rpa135 mutant (NOY408-1a) was indi-
cated by a dense spot (Fig. 5A). We constructed a fob1
derivative of NOY408-1a (NOY408-1af; rpa135D::LEU2
fob1D::HIS3) by disrupting the FOB1 gene with HIS3.
This strain did not show the pertinent spot (Fig. 5B),
indicating the absence of the RFB activity. Introduction
of the FOB1 gene on a multicopy plasmid (YEp–FOB1)
into this fob1 mutant derivative restored the RFB activ-
ity (Fig. 5C). These results show that the replication fork
block seen under conditions of no rDNA transcription is
still FOB1 dependent.

We determined rDNA copy number in the rpa135 fob1
strain (NOY408-1af) with and without introduction of
the RPA135 gene. As shown in Figure 2, the copy num-
ber of rDNA in NOY408-1af (lane 5) was even smaller
than that in the parental strain NOY408-1a (lane 1; dis-
cussed below). This conclusion was also confirmed by
the competitive PCR assay described above (Fig. 3). In-
troduction of the RPA135 gene into NOY408-1af did not
lead to any increase in the rDNA copy number during
subcultures extending to 116 generations (Fig. 2, lanes
6–8). This result was in clear contrast to the increase
seen for the rpa135 FOB1 strain (lanes 2–4). The
NOY408-1af strain that contained the missing FOB1
gene on a plasmid regained the ability to increase rDNA
copy number on introduction of RPA135 (lanes 12–14).
The increase was not observed in a control NOY408-1af
strain that contained the plasmid vector without FOB1
(lanes 9–11).

Quantitative data obtained in the above experiments
are shown in Figure 4. The copy numbers of rDNA (∼40
copies) in NOY408-1af did not show significant change
over 100 generations regardless of whether it carried
RPA135 (Fig. 4A,m) or not (Fig. 4A,L). As in the case of
NOY408-1a (pNOY117), NOY408-1af (pNOY117, YEp–
FOB1) showed a gradual increase in rDNA copy number
(Fig. 4B,s), reaching a value similar to the one in control
strains after 80 generations. Thus, the rate of increase
was approximately one copy per generation in both
cases. These results demonstrate that rDNA copy num-
ber increase in this system requires not only intact Pol I
but also the functional FOB1 gene.

Figure 4. Pol I- and FOB1-dependent in-
creases of rDNA copy numbers. Experi-
ments similar to the ones shown in Fig. 2
were carried out. (A) NOY408-1a (rpa135)
and (B) NOY408-1af (rpa135 fob1), as well
as their derivatives with (+YEp–FOB1) and
without (+YEplac195) the FOB1 gene were
analyzed (YEp–FOB1 and YEplac195 are
indicated as +pFOB1 and −pFOB1, respec-
tively). Strains that contained RPA135 on
plasmid pNOY117 are indicated by the
strains’ designation, followed by +pRPA135.
NOY408 (RPA135/rpa135) and NOY408-
1b (RPA135) were also analyzed. Copy
numbers of rDNA relative to the single copy gene MCM2 were analyzed at various generations after introduction of RPA135. Four
independent transformants were analyzed. Values shown are the averages obtained for the four cultures (standard deviations are
shown). Control cultures, which did not receive RPA135, were also analyzed in parallel (standard deviations are not shown).

Figure 5. RFB activity analyzed by two-dimensional gel analy-
sis. DNA was prepared from strains indicated, digested with
BglII and SphI and subjected to two-dimensional agarose gel
electrophoresis followed by Southern hybridization with a
rDNA probe (the HindIII–SphI fragment; see Fig. 1). Spots indi-
cated by arrows show accumulation of Y-form DNA molecules
at RFB site.
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Association of the increased rDNA
with chromosome XII

The rDNA repeat is present on chromosome XII. From
the sequence information, the size of the sum of non-
rDNA regions of this chromosome is ∼1100 kb (Goffeau
et al. 1996). According to the present copy number de-
termination (∼150 copies of the 9.1-kb rDNA unit), the
total size of the rDNA repeat in the control strains is
∼1400 kb and the size of chromosome XII is ∼2500 kb or
2.5 Mb. Thus, significant changes in the number of re-
peats should be detectable by analyzing the size of chro-
mosome XII by use of pulse-field gel electrophoresis.
Yeast cells used for the Southern hybridization experi-
ments shown in Figure 2 were gently lysed in agarose gel
blocks and subjected to pulse-field gel electrophoresis.
After the electrophoresis, gels were stained with ethid-
ium bromide (Fig. 6A) followed by hybridization with an
rDNA-specific probe and autoradiography (Fig. 6B). It is
known that the electrophoretic behavior of chromosome
XII is anomalous in such pulse-field gel electrophoresis
(Olson 1991). One of the anomalies is that chromosome
XII forms a diffuse band presumably due to copy number
heterogeneity of the rDNA repeats in the yeast cell popu-
lation. The broad band of chromosome XII in the control
strain NOY408 corresponded to an average size of ∼2.5
Mb (Fig. 6A,B, lane 11) which is consistent with the cal-
culated value for 150 rDNA repeats as mentioned above.
Chromosome XII in the strain NOY408-1a showed a het-
erogeneous size distribution ranging from ∼1.2 to 2.0 Mb
(Fig. 6A,B, lanes 6 and 7). This size distribution corre-
sponds, by formal calculation, to chromosome sizes with
a very small rDNA copy number to ∼100 rDNA copies
(2000 − 1100/9.1 = 99). Calculation of rDNA copy num-
ber estimated in this way must undoubtedly involve
large errors. Nevertheless, it is clear that the size of
rDNA repeats in NOY408-1a is probably very heterog-
eneous and the value (∼80 copies per genome) obtained
by the Southern hybridizaton/competitive PCR assay is
an average value for the popultion of NOY408-1a cells.
Unexpectedly, strain NOY408-1af, which is a fob1 de-
rivative of NOY408-1a, showed chromosome XII as a
clearly defined band (Fig. 6A,B, lanes 1,2), indicating a
more homogeneous size distribution in the fob1 cell
population (see Discussion).

As mentioned above, NOY408-1a that received
RPA135 (as plasmid pNOY117) increased rDNA copy
number gradually during subsequent subcultures. The
size of chromosome XII increased as shown in Figure 6,
A and B, lanes 8–10, which correspond to samples taken
at 44, 80, and 116 generations after introduction of
RPA135. The size of chromosome XII in the sample at
116 generations (lane 10) was ∼2.4 Mb and was close to
that of the control strain NOY408 (lane 11). In contrast
to NOY408-1a, introduction of RPA135 into NOY408-
1af, which is fob1, did not cause an increase in the size of
chromosome XII (Fig. 6A,B, lanes 3–5), as expected from
the results of analysis of rDNA copy number by South-
ern hybridization. Similarly, restoration of the ability to
increase rDNA copy number by introducing the FOB1

gene (as YEp–FOB1) into this strain, NOY408-1af
(pNOY117), was confirmed by gradual increases in the
size of chromosome XII (observed during subcultures of
44, 80, and 116 generations, data not shown). A control
strain, which received the vector plasmid without FOB1,
did not show such an increase and maintained chromo-
some XII at the original size of ∼1.5 Mb during subcul-
tures extending to 116 generations (data not shown).
These experiments demonstrate that the increase in
rDNA copy number observed on introduction of the
RPA135 gene into FOB1 strains represents an expansion
of tandem rDNA repeats, similar to Drosophila rDNA
magnification, rather than amplification as an extrachro-
mosomal plasmid.

Figure 6. Analysis of the size of chromosome XII by pulse-field
gel electrophoresis. (A,B). Experiments similar to those in Figs.
2 and 4 were carried out. The RPA135 gene was introduced into
NOY408-1a (lanes 8–10) and NOY408-1af (lanes 3–5). Control
cultures without RPA135 introduction, NOY408-1a (lanes 6,7)
and NOY408-1af (lanes 1,2) were also grown in parallel. Samples
were taken at 44 (lanes 1,3,6,8), 80 (lanes 4,9), and 116 genera-
tions (lanes 2,5,7,10) after introduction of RPA135. Wild-type
control culture, NOY408, was also analyzed (lane 11). (C,D).
Haploid strains NOY408-2af (rpa135 fob1) (lanes 1–3) and
NOY408-2a (rpa135) (lanes 4–6) were freshly constructed by tet-
rad dissection of diploid strains NOY408-f and NOY408, respec-
tively. Samples were taken at 44 (lanes 1,4), 80 (lanes 2,5), and
116 generations (lanes 3,6) after germination of spores, and the
size of chromosome XII was analyzed by pulse-field gel electro-
phoresis. (A,C) Chromosome patterns revealed by staining with
ethidium bromide. (B,D) Autoradiographs obtained after hybrid-
ization with an rDNA probe. Size markers (lane M) are Han-
senula wingei chromosomes (Bio-Rad, Hercules, CA). The back-
ground cross hybridization of the rDNA probe to the chromo-
somes without rDNA is not uniform in panels B and D. The
reason is not clear, but its pattern was not reproducible. It
should also be noted that heterogeneous chromosome XII (in B,
lanes 6 and 7, and D lanes 4–6) wih specific hybridization over-
lapped chromosome IV with nonspecific hybridization, result-
ing in an artifactual strong band of ∼1.7 Mb in B, lane 7, and D,
lanes 4–6.
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Requirement of FOB1 for contraction of rDNA repeats
in rpa135 deletion strains

The experiments described above established that FOB1
is required for expansion of rDNA repeats. We then ex-
amined the question of whether the FOB1 gene is re-
quired for the contraction of rDNA repeats observed in
strain NOY408-1a. NOY408-1a was constructed previ-
ously by tetrad dissection of the parent diploid strain,
NOY408 (RPA135/rpa135, FOB1/FOB1, pNOY102). We
first constructed a derivative of NOY408, NOY408-f
(RPA135/rpa135, fob1/fob1, pNOY102), by disrupting
both copies of FOB1 carried by NOY408. NOY408-f was
sporulated, tetrads were dissected, and haploid segre-
gants growing on galactose were analyzed. The size of
chromosome XII in haploid segregants carrying rpa135
and fob1 (and pNOY102) was analyzed at 44, 80, and 116
generations after germination of spores. In parallel,
NOY408 was sporulated, tetrads were dissected, and a
haploid segregant (NOY408-2a) with the same genotype
as NOY408-1a (rpa135 FOB1, pNOY102) was similarly
analyzed by pulse-field gel electrophoresis. The results
are shown in Figure 6, C and D. The size of chromosome
XII in NOY 408-2a decreased gradually during subcul-
tures and a heterogeneous size distribution was also evi-
dent (lanes 4–6). In contrast, an isogenic fob1 haploid
segregant, NOY408-2af, showed no decrease in the size
of chromosome XII, and maintained a homogeneous size
of ∼2.4 Mb (Fig. 6C,D, lanes 1–3). Thus, we conclude that
FOB1 is required not only for expansion, but also for
contraction of rDNA repeats.

Discussion

We have shown that the absence of an essential subunit

of Pol I (or Pol I transcription of rDNA) triggers a gradual
decrease in the number of tandem rDNA repeats and
reintroduction of the missing Pol I gene induces a
gradual increase of tandem repeats. Using this system,
we have demonstrated that the gene FOB1 is required for
both the decrease and the increase of rDNA repeats. In
contrast, Pol I is required to maintain rDNA repeats at
the normal level of ∼150 per cell. Once the RPA135 gene
is deleted, rDNA levels decrease but can be restored by
introduction of the RPA135 gene (Fig. 7A).

It was shown previously that blockage of the replica-
tion fork at the Ter site in E. coli stimulates homologous
recombination at nearby sister chromosomal regions
(Horiuchi et al. 1994; Horiuchi and Fujimura 1995). In
addition, in the yeast HOT1 recombination system, one
of the two DNA elements required for stimulation of
recombination, the E element, contains a RFB site and
FOB1 was found to be required for the stimulation of
recombination (Kobayashi and Horiuchi 1996). Although
the HOT1 system is a homologous recombination sys-
tem artificially constructed outside the rDNA locus, this
finding, combined with the results described in this pa-
per, demonstrates that FOB1 is, in fact, important for
stimulating recombination within the native rDNA.
Thus, in analogy to the E. coli Ter system, we propose
that the DNA replication fork block at the RFB site in
rDNA repeats stimulates recombination and plays an es-
sential role in rDNA copy number adjustment and se-
quence homogenization. We specifically suggest that
pausing of the DNA replication machinery at the RFB
site stimulates double-strand-break (DSB) formation,
perhaps in the sister chromatid with newly synthesized-
lagging DNA fragments. This DSB then is repaired via
gene conversion by a mechanism similar to the DSB re-

Figure 7. (A) Summary of the rDNA ex-
pansion/contraction system studied, and
(B) fork block-dependent recombination
model for rDNA expansion/contraction.
The position of ARS and RFB are shown as
filled oval and , respectively. Individual
lines represent chromatids with double-
stranded DNA except for c8, where indi-
vidual single-stranded DNAs are displayed
to show detail of the structure formed af-
ter strand invasion. In this model, DNA
replication starts from one of the ARS (ori-
2) bidirectionally (a). In the yeast rDNA
repeats, about one in three ARS sites is
used as an active origin (Brewer and Fang-
man 1988; Linskens and Huberman 1988).
A leftward replication fork is arrested at
the RFB site and an exposed single-
stranded region is cleaved by a nuclease
(indicated by an open arrowhead in b). A
recombination enzyme activates the re-
sulting DSB end, and a strand invasion at a
homologous duplex (a downstream sister
chromatid near ori-3 in this example)
takes place (c and c8). A new replication fork is formed as a result of resolution of the Holliday junction (arrowheads). The new
replication fork meets with the rightward replication fork from upstream, resulting in formation of two sister chromatids, one of which
gains an extra copy of rDNA, indicated as boxed 35S-2 (d).
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pair model for recombination proposed by Szostak et al.
(1983). Because of the tandem structure of rDNA repeats,
loss or gain as well as no change of rDNA repeats is
expected to take place depending on which of the rDNA
units is used for gap repair. Figure 7B illustrates how a
net gain of one rDNA copy may take place according to
the proposed model. Conversely, if the DSB end interacts
with an upstream rDNA unit on the sister chromatid
(e.g., at the site near ori-1), a net loss of one rDNA copy
will be the result of the gap repair. In addition, DSB re-
pair might take place by intrachromatid recombination
rather than by the sister-chromatid recombination
shown in Figure 7B. Such DSB repair will lead to forma-
tion of DNA circles and a net loss of rDNA repeats after
segregational loss of the circles, or a net gain of repeats
after replication and reinsertion of the circles. We call
the model developed here the fork block-dependent re-
combination model.

It has been argued frequently that unequal crossing
over is responsible for maintaining homogeneity of re-
peat units and adapting the repeat length to the environ-
ment in tandemly repeated genes including rDNA re-
peats (Szostak and Wu 1980; Tartof 1988; Hawley and
Marcus 1989). However, by analyzing reporter genes in-
serted into rDNA repeats of S. cerevisiae, Rothstein and
coworkers recently demonstrated that gene conversion,
and not unequal sister chromatid exchange, is the pre-
dominant mechanism responsible for the expansion/
contraction of rDNA repeats (Gangloff et al. 1996). The
model proposed by these workers involves DSB and gap
repair between nonaligned sister rDNA chromatids. Our
model is similar to theirs, but specifically proposes that
the DSB is produced at the RFB site of rDNA repeats and
the FOB1-encoded protein is required for this initial
event. It emphasizes the importance of DNA replication
fork arrest and predicts that expansion/contraction of
rDNA tandem repeats is coupled with DNA replication.
This prediction is consistent with the recent discovery
by Zou and Rothstein (1997) that the Holliday junction
recombination intermediate, an x-shaped DNA mol-
ecule, analyzed by an rDNA probe, is mainly detected at
S phase in wild-type cells. They suggested that recombi-
nation is stimulated to repair replication-related lesions.
In addition, from the rate of loss of a single reporter gene
in rDNA repeats, Zou and Rothstein (1997) estimated
0.57 deletion events in rDNA per cell cycle. They also
estimated that 3.6 Holliday junctions form in rDNA per
cell cycle, and thus suggested that a majority of recom-
binational repair does not lead to rearrangement of re-
peat structures. In the present study, the rate of net in-
crease of rDNA repeats observed on introduction of the
RPA135 into the rpa135 FOB1 strain was approximately
one copy per generation (Fig. 4). A similar rate also was
observed for the rate of net decrease of rDNA repeats
after inactivation of Pol I (Fig. 6C,D). Althugh the net
decrease was analyzed in Pol I disrupted mutants and
might not reflect events in normal yeast cells, the net
increase was analyzed in yeast cells growing normally by
use of Pol I. Thus, the observed rate, one copy increase
per generation, may reflect the frequency of unequal sis-

ter chromatid gene conversion observed by Zou and
Rothstein (1997) using a reporter gene in rDNA. The
FOB1-dependent recombinational events responsible for
rDNA expansion/contraction are also expected to lead to
DSB repair without repeat number change. Therefore,
the frequency of recombinational events (3.6 events per
cell cycle) estimated by Zou and Rothstein (1997) can be
largely accounted for by FOB1-dependent recombina-
tional events as postulated in our model. We suggest that
FOB1 plays a major role in normal recombinational
events that take place at rDNA repeats in growing yeast
cells. Actually, we observed that intra- and inter-sister
chromatid recombination was greatly suppressed in nor-
mally growing fob1 cells (K. Johzuka and T. Horiuchi, in
prep.).

FOB1-dependent replication fork arrest at the RFB site
can take place in the absence of Pol I (Brewer et al. 1992;
this paper). The FOB1-dependent net decrease of rDNA
copy numbers can also take place in the absence of Pol I.
Even though the net increase of rDNA repeats appar-
ently required Pol I in our experiments, FOB1 appears to
stimulate both the increase and decrease of rDNA re-
peats in the absence of Pol I. This inference is based on
the observed heterogeneity in the size of repeats in
NOY408-1a cells. Clones of this strain, which were de-
rived from individual single cells, still showed the same
kind of heterogeneity. In contrast, fob1 mutants derived
from this strain showed a remarkable homogeneity (Fig.
6) and the size of chromosome XII was different depend-
ing on the fob1 mutant isolates from NOY408-1a (T.
Kobayashi, unpubl.). It appears that in the absence of Pol
I, rDNA repeat numbers continue to fluctuate, but the
average copy number is kept at ∼80. Disruption of the
FOB1 gene by transformation may prevent the fluctua-
tion by inhibiting FOB1-dependent recombinational
events, leading to rDNA copy numbers being fixed at
values close to those the individual cells had at the time
of gene disruption.

Pol I is required for HOT1 activity (Huang and Keil
1995). It is not clear why stimulation of recombination
in the HOT1 assay requires Pol I, whereas recombina-
tional events involved in expansion/contraction of
rDNA repeats do not. It should be noted that the HOT1
assay uses artificial recombination systems in non-
rDNA chromosomal regions. It is possible that the two
cis-acting elements, E and I, together with Pol I (and
other protein factors) may form a structure resembling
rDNA structures, which might enable FOB1-dependent
stimulation of recombination to take place.

What is the role of Pol I (or its absence) in directing
rDNA repeat numbers toward a net increase (or a net
decrease)? It might be argued that rDNA repeat numbers
change as a result of selection of cells with a growth
advantage. However, there was no significant change in
the growth rate of NOY408-1a in the course of repeat
number increase (from ∼80 copies to ∼150 copies; Fig.
4A) after introduction of the RPA135 gene. Similarly,
there was no significant change in growth rate of
NOY408-2a in the course of repeat number decrease
(from ∼150 copies to ∼80 copies; Fig. 6C,D) after disrup-
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tion of RPA135 gene. Furthermore, there was no signifi-
cant difference in growth rate between NOY408-1a
(rpa135) and NOY408-1af (rpa135 fob1) after introduc-
tion of the RPA135 gene and establishment of the final
rDNA repeat numbers. The former restored the original
repeat number (150 copies) after 80 generations, but the
latter maintained its reduced repeat number (40 copies).
Therefore, selection of cells with a growth advantage
cannot explain expansion/contraction of rDNA repeats,
at least in this range. Parenthetically, we note that only
a fraction of rRNA genes were found to be transcribed
even in actively growing cells in a variety of systems
including yeast (Conconi et al. 1989; Dammann et al.
1993). It appears that the total number of rDNA repeats
is not directly related to the rate of rRNA synthesis.

One possible explanation for the role of Pol I in con-
trolling rDNA repeat numbers is to hypothesize that
nucleolar structures play a role in stabilizing rDNA re-
peats. Strain NOY408-1a does not have the intact cres-
cent nucleolar structure (Oakes et al. 1993) and Pol I
plays a crucial role in the maintenance of nucleolar
structure in addition to its functional role in rDNA tran-
scription (Oakes et al. 1993, 1998). Perhaps there are
some nucleolar components/substructures that interact
with rDNA to form a stable complex. The number of
repeats (∼150 copies in our strain) may be determined by
the stability of such a structure. In the absence of the
intact nucleolar structure, rDNA with the normal repeat
length may become unstable and shift to more stable
structures consisting of rDNA arrays with smaller repeat
numbers and some available components/structures,
which might substitute for the proposed intact nucleolar
components/substructures. This model can also explain
why expansion of the rDNA repeats stops at the original
level (∼150) after reintroduction of RPA135 to cells with
reduced rDNA repeat numbers.

Structures of rDNA repeats are basically conserved.
RFB sites have been identified in rDNA repeats of yeast
(Brewer and Fangman 1988; Linskens and Huberman
1988), peas (Hernandez et al. 1988), frogs (Wiesendanger

et al. 1994), mouse (Lopez-Estrano et al. 1998) and hu-
man cells (Little et al. 1993). All of them are located near
the 38 end of the rRNA gene. This conservation indicates
a functional importance of replication fork block. The
results presented in this paper suggest that the primary
function of replication fork block in yeast is to stimulate
recombination to maintain rDNA homogeneity and to
allow expansion/contraction of rDNA repeats. We sug-
gest a similar role for RFB sites in other organisms.

Finally, we note that the information obtained in the
present work might be relevant to gene amplification in
non-rDNA systems, such as the amplification of dihy-
drofolate reductase gene induced by methotrexate treat-
ment, and that of c-myc during tumorigenesis (Stark and
Wahl 1984; Schimke 1988). DSB repair was suggested
previously to be involved in the massive expansion of
triplet repeats associated with many neurological dis-
eases (e.g., see Gangloff et al. 1996). It remains to be seen
whether a mechanism similar to the fork block-depen-
dent expansion of rDNA repeats plays a role in such gene
amplification or triplet repeat expansion observed in
mammalian cells.

Materials and methods

Strains, plasmids, and media

Yeast strains and plasmids are listed in Table 1. Disruption of
FOB1 was carried out in the following way. Plasmid pUC-
fob1D::HIS3 was constructed from pUC–FOB1 (Kobayashi and
Horiuchi 1996) by replacing the NruI–ClaI fragment containing
most of the FOB1 coding region with a NruI–ClaI fragment
containing HIS3 prepared by PCR. YEp–FOB1 was constructed
by inserting the FOB1 gene amplified by PCR (Kobayashi and
Horiuchi 1996) into the BamHI site of YEplac195. pNOY117 is
a derivative of pRS314 (Sikorski and Hieter 1989) with a 5-kb
XhoI–EcoRV fragment carrying RPA135 (Yano and Nomura
1991) inserted between the XhoI and EcoRV sites of the vector.
This plasmid was constructed by Hisaho Sonoda (University of
California, Irvine). SD is a synthetic glucose medium (Kaiser et
al. 1994). SD supplemented with required amino acids and ad-

Table 1. Yeast strains and plasmids

Designation Genotypes and comments Source

Strain
NOY408 MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/trp1-1

leu2-3,112/leu2-3,112 can1-100/can1-100 rpa135D<LEU2/RPA135 pNOY102 Nogi et al. (1991)
NOY408-f same as NOY408 except for fob1D<HIS3/fob1D<HIS3
NOY408-1a MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 rpa135D<LEU2 pNOY102 Nogi et al. (1991)
NOY408-2a same as NOY408-1a; freshly constructed from NOY408
NOY408-1b MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 pNOY102 Nogi et al. (1991)
NOY408-1af same as NOY408-1a except for fob1D<HIS3
NOY408-2af the same genotype as NOY408-1af, but constructed from NOY408-f by tetrad

dissection

Plasmid
pNOY102 multicopy plasmid carrying GAL7–35S rDNA, 2µ, URA3 Nogi et al. (1991)
pNOY117 CEN6, ARSH4, TRP1, RPA135
YEplac195 multicopy plasmid vector, 2µ, URA3 Gietz and Sugino (1988)
YEp–FOB1 YEplac195 carrying FOB1
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enine was used to select transformants or strains carrying un-
stable plasmids. SG and YEP–galactose are the same as SD and
YEPD (Yano and Nomura 1991), respectively, except that 2%
glucose is substituted by 2% galactose. YEP–galactose was used
to grow rpa135 deletion strains carrying helper plasmid
pNOY102. The incubation temperature was 30°C.

Isolation of DNA and Southern hybridization analysis

The approximate number of generations of yeast cells used for
rDNA copy determination was first estimated from the size of
colonies formed from single transformants (e.g., rpa135 strains
that received gene RPA135 by transformation) or from haploid
meiotic segregants. Single colonies with 1-mm diameter con-
tained ∼2 × 105 cells and we assumed that cells in the colonies
corresponded to progenies after 18 generations starting from
individual ancestor cells. After streaking and taking cells again
from colonies with 1-mm diameter (36 generations), subcul-
tures in liquid YEP–galactose medium were initiated and
growth was followed by measuring the absorbance at 600 nm.
DNA was isolated, digested with BglII, subjected to 1% agarose
gel electrophoresis, and analyzed by Southern hybridization us-
ing probes for rDNA (SphI–HindIII fragment in Fig. 1) and for
MCM2 (1.4-kb fragment prepared by PCR) as described (Sam-
brook et al. 1989). The amounts of probes hybridized were de-
termined by Fuji Bio-Imaging Analyzer (BAS2000, Fuji film, Ja-
pan).

Determination of rDNA copy numbers by a competitive
PCR assay

Competitive PCR assays were done according to the method
described in Diviacco et al. (1992). Competitor DNA that was
added as a reference for target DNA samples was a derivative of
pUC18 into which four reference DNA segments were inserted
into four separate cloning sites. The reference DNAs were NTS,
the 5S gene (Fig. 1, h), MCM2, and PPR1, each carrying an
additional 20 nucleotides (derived from phage l) inserted in the
middle. These four reference DNA segments were designed not
to have an EcoRI site. Yeast DNA samples were digested with
EcoRI and then mixed with known amounts of competitor
DNA. PCR reactions were carried out by use of two primers for
each segment, yielding PCR products of two different sizes for
each segment; competitor (reference) segments gave products
with sizes larger than the corresponding target segments by 20
nucleotides. Amplified products were subjected to electropho-
resis in 10% polyacrylamide gels, followed by staining with
ethidium bromide and quantification by densitometry. The ra-
tio of target to competitor DNA was determined for each seg-
ment and absolute numbers of rDNA copies were calculated as
explained in the Results section.

Other methods

For pulse-field gel electrophoresis, chromosomal DNA was iso-
lated as described previously (Smith et al. 1988) and subjected to
gel electrophoresis in a 0.8% agarose gel, 0.5× TBE buffer, using
CHEF–DRII (Bio-Rad, Richmond, CA) with a pulse time of 300–
900 sec, 100 CV at 14°C for 68 hr. The gel was then stained with
0.5 mg/ml ethidium bromide for 30 min at room temperature,
photographed, and then subjected to Southern hybridization
analysis (Sambrook et al. 1989). RFB activity was analyzed by
two-dimensional gel electrophoresis as described previously
(Brewer and Fangman 1987).
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