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deletion removes the ARS309-associat
from chromosome III. Figure 3A ar

agarose gel analysis of the replication
4.9-kb BamHI-EcoRV fragments co

strain CF4-16B. This strain is disomic
and the presence of only a single sp
fragment demonstrates that the Bam
identified by the probe is the same si
chromosome III. If ARS309 is active
strain, then replication forks are exp(
from ARS309 in both directions and r
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The pattern shown in Fig. 3A is consis
tation, with the intense signal at the lo
arc representing the transition from bul

mediates to Y-shaped intermediates. Our previous analysis
C of overlapping restriction fragments (10) demonstrated that

the replication origin maps to ARS309 and that the light
complete Y arc is the result of breakage of bubble-containing
replication intermediates at one fork. Figure 3C and D shows
the analysis of CF4A309, which is heterozygous for the
ARS309 deletion. The transition from bubble arc to Y arc
characteristic of an active replication origin is readily appar-
ent in the replication intermediates arising from the wild-
type ARS309-containing fragment (4.9 kb). However, the
replication intermediates of the ARS deletion fragment (3.2
kb) are all Y shaped, demonstrating that the ARS deletion
fragment is replicated from an external origin and therefore

BUBBLE D that deleting ARS309 removes a chromosomal replication
origin.

Effects of ARS deletions in the 61-kb ring derivative of
chromosome m. The 61-kb ring chromosome III (Fig. 1B)

y provides a well-defined starting point for studying the con-
tribution of multiple ARS elements to chromosome stability.
It is part of the 200-kb region of chromosome III that has

KB been cloned and analyzed for ARS elements (28). In addi-
tion, a replication map has been prepared by analyzing the

3. 2 KB replication structures present in overlapping restriction frag-
ments covering the entire ring chromosome with 2-D gel

intermediates. Genomic electrophoresis (10). Each of the three ARS elements on the
F4A309 (C) was digested ring chromosome functions as an origin of replication.
-d on a 2-D agarose gel, To determine whether deleting one or more replication
III fragment indicated in origins from the 61-kb ring chromosome III affected its
shown in panels A and stability, we focused on the two highly active origins,
show the replication ARS307 and ARS309, both of which initiate replication more

,izes of the intense spots than 90% of the time (10). Haploid strains carrying the 61-kb
fragments identified by ring chromosome in addition to a full-length copy of chro-
it contains ARS309, and mosome III were constructed so that loss of the ring chro-
ARS309 diagrammed in mosome would not affect the viability of the cell under
g downward and to the
)artially degraded DNA nonselective conditions. This strain was transformed with
[ is prominent because the appropriate ARS deletion plasmid, and transformants
to visualize the arcs of were screened to determine which copy of chromosome III
-xtend leftward from the contained the integrated plasmid by cosegregation of the
t monomer spot in the plasmid URA3 gene with LEU2 or SUP11-1 on the marked
ling of monomer-length ring chromosome. Ura- popouts were selected and screened
tension electrophoresis, as described in Materials and Methods to identify ring

chromosomes carrying the ARS deletion. Wild-type popouts
were used as isogenic controls. The loss of the ring chromo-
some was monitored genetically by the identification of

ted replication origin segregants that had lost markers on the ring chromosome,
nd B show the 2-D either LEU2 or SUPII-1.
intermediates of the Table 2 summarizes the loss rates determined by fluctua-
ntaining ARS309 in tion analysis of the wild-type ring chromosome and deriva-
for chromosome III, tives of the ring chromosome from which one or more ARS
)ot of nonreplicating elements had been deleted. Examination of the data demon-
tHI-EcoRV fragment strates that deletion of ARS307 caused a 2- to 2.5-fold
ize in both copies of increase in loss rate and that deletion of ARS309 caused a
as an origin in this 2.5- to 4.5-fold increase in the loss rate of the ring chromo-

ected to move away some. These increases in the rate of loss of the chromosome
eplication intermedi- occurred irrespective of whether loss rates were measured
i bubbles until one of during growth in liquid cultures or on plates, and they were
the fragment, which also consistent when chromosome loss was scored by the
lication intermediate. appearance of Leu- segregants or the appearance of red
intermediates and colonies in SUP11-1-marked strains.
on different arcs (3), Deletion of both ARS307 and ARS309 (strains llw' and
discontinuous, with PF6-5B-21a; Table 2) caused a 60- to 200-fold increase in the
on a bubble arc and rate of loss of the ring chromosome. Under selective condi-
in a Y arc (Fig. 3B). tions, these strains grew very slowly, with doubling times of
tent with this expec- greater than 10 h. They rapidly accumulated revertants that
wer left end of the Y maintained the ring chromosome more stably, as manifested
bble-containing inter- by a steady decrease in doubling time and the appearance of
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fast-growing colonies when single cells were plated. There-
fore, the measured loss rates are minimum loss rates and are

likely to be higher. One class of faster-growing revertants
was found to carry ring chromosomes in which either
ARS307 orARS309 had been restored, presumably by gene

conversion from the full-length chromosome III (data not
shown).
Comparison of the actual rates of chromosome loss re-

veals that the SUP11-1-marked chromosomes are lost at a

rate two- to fivefold higher than that of the corresponding
wild-type chromosomes. The reason for this higher loss rate
is unknown. The strains carrying the SUP11-1-marked chro-
mosome are not isogenic with the others, and it is possible
that genetic background contributes to the different rates of
loss. However, in a disomic strain that carries two full copies
of chromosome III, one of which is marked with SUP11-1
(see Fig. 4), the SUP11-1-marked chromosome is lost at a

rate three- to fourfold higher than that of the unmarked
chromosome (data not shown). This observation suggests
that the presence of SUP11-1 influences the loss rate di-
rectly. Nevertheless, the relative increases in loss rate
caused by deleting one or both highly active origins in both
sets of strains were consistent.
These results demonstrate that at least one highly active

origin is required for the stable maintenance of the ring
chromosome. The third ARS element on the ring chromo-
some, ARS308, is active as a chromosomal origin in only 10
to 20% of cell divisions. If ARS308 is the only sequence in
the ring chromosome capable of origin function after the
deletion of ARS307 and ARS309, then the double deletion
ring would be expected to be lost at a rate of 0.8 to 0.9 losses
per cell per generation. Since the measured loss rates are
minimum estimates and only fivefold lower than expected, it
seems unlikely that cryptic origins are activated upon dele-
tion of the highly active ones.
The increase in loss rate caused by deletion of a single

highly active origin can be explained in at least two ways.
First, the rate of replication fork movement may be inade-
quate to consistently replicate the whole ring chromosome
from only one highly active origin during the S phase, and
the loss events would reflect failures to completely replicate
the chromosome. In this case, replication forks would move
more slowly than average through this portion of chromo-
some III. Alternatively, the highly active origins may not
initiate replication in every S phase, and the increased rates
of loss would reflect failure of the remaining origins on the
ring chromosome to initiate replication. To distinguish be-
tween these two hypotheses, we deleted ARS307 and
ARS309 from a full-length copy of chromosome III. If the
fork rate is inadequate, this chromosome should also be lost
at an increased rate as ARS elements are removed. In
contrast, if the efficiency of initiation of replication is inad-
equate in the ring chromosome, deletion of ARS307 and
ARS309 from the full-length chromosome should not affect
its stability, because neighboringARS elements would com-
pensate for those removed.

Effect ofARS deletions on the stability of a full-length copy
of chromosome III. To examine the effect of deleting single or
multiple ARS elements from full-length chromosome III,
strain CF4-16B, a haploid strain disomic for chromosome
III, was used (Fig. 4). ARS deletions were made in the
SUP11-1-marked chromosome, whose loss could be de-
tected by the appearance of red colonies. SUP11-1 can be
lost three ways: (i) by loss of the marked chromosome, (ii)
by mitotic recombination between SUPII-J and CEN3 fol-
lowed by segregation of the recombinant chromatid lacking

his4-280 C2G::SUPll-1
l.

his4-290

MATa

MATa

FIG. 4. The chromosome III disome in strain CF4-16B: sche-
matic diagram of the two copies of chromosome III. his4-280 and
his4-290 are complementing alleles. Loss of either allele results in a
His- phenotype.

SUP11-1 to the same pole as the nonrecombinant chromatid
lacking SUP11-1, or (iii) by gene conversion. These events
can be distinguished by assaying red colonies for their
abilities to grow without histidine and for their mating
abilities. Chromosome loss produces red colonies that are
His- and mating proficient, usually mating type a. Mitotic
recombination events give rise to red colonies that are His-
and nonmating. Gene conversion results in red colonies that
are His' and nonmating. As expected, the loss of SUP11-1
by mitotic recombination or gene conversion was infrequent,
and most (80 to 99%) red colonies resulted from chromo-
some loss.
Table 3 summarizes the loss rates determined for the

full-length chromosome III from whichARS307, ARS309, or
both had been deleted. As expected from its larger size, the
loss rate of the full-length chromosome III is several-hun-
dredfold lower than that of the 61-kb ring chromosome (for a
review, see reference 25). All three deletion derivatives were
at least as stable as the wild-type chromosome. Although the
rate of loss of the wild-type chromosome III from strain
CF4-16B appears to be significantly greater than the rate of
loss of the double ARS deletion chromosome from strain
CF4A307-37, further experiments with additional strains
suggest that the values reported in Table 3 are the extremes
of variation seen for normal loss rates and that the apparent
trend in loss rates is not significant (6).

In strain CF4A307-37, from which ARS307 and ARS309
have been deleted, the active flanking origins areARS306 (7,
48) and ARS310 (6). These results demonstrate that the
100-kb region between ARS306 and ARS310 (28) can be
efficiently replicated by the forks that move from them
toward the centromere. Since the amount ofDNA replicated
by the forks emanating from ARS306 and ARS310 (50 kb) is
larger than the amount of DNA replicated by the two forks
from a single active origin on the 61-kb ring chromosome (30
kb), these data suggest that the increase in the loss rate
caused by deleting a single origin from the 61-kb ring
chromosome results from inefficient initiation at the remain-
ing highly active origin.

DISCUSSION

The results presented here demonstrate that each of the
highly active replication origins on the 61-kb ring chromo-

TABLE 3. Mitotic loss rates of full-length chromosome
III derivatives

Strain ARS element(s) Loss ratedeleted (losses/cell/generation)a
CF4-16B None 6.34 x 10-5 + 1.93 x 10-5
CF4A307 ARS307 4.88 x 10-5 2.83 x 10-5
CF4A309 ARS309 4.27 x 10-5 1.92 x 10-5
CF4A307-37 ARS307 and ARS309 2.10 x 10-5 1.48 x 10-5

a Loss rates (- standard deviation) determined by fluctuation analysis
(colony isolation procedure) as described in Materials and Methods.
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some contributes to its stability. Deletion of both highly
active origins results in a chromosome that is lost in at least
20% of cell divisions. This very high loss rate is close to that
expected if ARS308 is the only sequence left on the ring
chromosome that is capable of origin function and if there
are no cryptic origins in the ring chromosome capable of
ensuring its replication in the absence of the origins normally
used. Moreover, extending our previous observation that
deleting ARS307 did not increase the activity of ARS308
(10), the high loss rate of the double deletion ring demon-
strates that even in the absence of both highly active origins,
ARS308 is 30- to 70-fold less active than either ARS307 or
ARS309.

Since deleting ARS307 and ARS309 from the full-length
chromosome had no measurable effect on its stability, it is
likely that the decrease in the stability of the ring chromo-
some caused by deleting either ARS307 or ARS309 is the
result of the failure of the remaining origin to initiate
replication in a small fraction of cells. The absolute loss rates
of the ring chromosome in strains 33-4 and 3-1 (2 x 10-3 and
4 x 10-) suggest that ARS307 and ARS309 initiate replica-
tion in more than 99% of the population. This confirms and
extends our previous observation, based on replication fork
direction analysis, that these twoARS elements are active as
replication origins in at least 90% of the population (10).
The mitotic loss rate of the 61-kb ring chromosome

reported here is similar to those reported previously for
other small derivatives of chromosome III (39) and artificial
circular minichromosomes (14, 24). The mitotic stability of
small circular chromosomes appears to increase as size
increases, to a plateau of approximately 4 x 10-3 losses per
division, while linear chromosomes of comparable size are
less stable but continue to increase in stability as length
increases, to a rate of 10-5 to 10-6 losses per division for
naturally occurring chromosomes. The circular minichromo-
somes previously studied contained small amounts of yeast
DNA and multiple copies of bacteriophage X chromosomes,
which do not contain an ARS element. The observation that
bacteriophage X DNA is not packaged into normal yeast
chromatin (1) suggested that some of the instability of small
circular minichromosomes could be due to faulty chromatin
structure. Our finding that a natural ring chromosome car-
rying only yeast DNA is lost at a similar rate demonstrates
that the instability of small circular minichromosomes can-
not be attributed to the presence of foreign DNA.
We unexpectedly found that the SUPJ1-1-marked copies

of chromosome III are lost at a higher rate than chromosome
III in a Supll+ background. Louis and Haber (22) have
noted that the presence of SUP11-1 induces meiosis I
nondisjunction of yeast chromosomes, an effect that was
independent of the chromosomal location of SUP11-1. Our
preliminary observation that SUP11-1 may act in cis on the
copy of chromosome III that carries it suggests that the
effect we have observed is different from the trans effect
previously described.

Strains in which both highly active origins were deleted
from the 61-kb ring chromosome grew very slowly under
conditions requiring the ring but rapidly accumulated rever-
tants which grew faster. Some of these revertants were gene
convertants in which an ARS deletion on the ring was
replaced by the functional copy carried on the wild-type
chromosome. It is possible that characterization of addi-
tional revertants will reveal interesting trans-acting muta-
tions that allow more stable maintenance of the ring or new
replication origins created by mutations of ring chromosome
sequences. Kipling and Kearsey (20) have reported the

creation of ARS elements by mutation of bacteriophage
DNA sequences.
Although replication of full-length chromosome III ap-

pears unaffected by the removal of highly active replication
origins from 100 kb of its central region, this distance is
within the range that should be replicated efficiently by a pair
of converging replication forks. These results demonstrate
that not every active origin is essential for normal stability of
the full-length chromosome. However, it is possible that in
the strain carrying ARS deletions in the full-length chromo-
some, a mitotic checkpoint, such as the one identified by
rad9 mutations, delays the cell cycle until replication is
completed (12, 45). In this case, the high fidelity of chromo-
some transmission would be dependent on the RAD9 gene
product. In the case of strains carrying ARS deletions in the
61-kb ring chromosome, the RAD9 system would not recog-
nize chromosomes which have not initiated replication at all.
Such chromosomes would simply be lost to one of the
daughter cells. It will be interesting to determine whether the
ARS deletion chromosome is less stable in rad9 mutants and
also to determine how many origins can be deleted before
chromosome stability is compromised.
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