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may channel recombinogenic DNA lesions into homologous
recombination pathways that minimize genomic instability.
Recombinational repair of DSBs by sister chromatid exchange (SCE) may minimize genomic instability. Since resistance to ionizing radiation is greater in the G2 phase of the cell
cycle than in the G1 phase in yeast (10, 11), it seems possible
that sister chromatids are preferred substrates for the repair of
DSBs by homologous recombination. Using a yeast strain containing tandemly repeated fragments of the ade3 gene, Kadyk
and Hartwell (27) found that X-ray-stimulated SCE is enhanced when cells are pretreated with the drug methyl benzimidazole-2-yl-carbamate, an agent that arrests cells in G2.
They concluded that X-ray-induced lesions are preferentially
repaired via homologous recombination between sister chromatids rather than recombination between homologs. We
speculate that in cell cycle mutants defective in arrest at the
G2-M checkpoint, unrepaired chromatids are more likely to be
inherited in daughter cells and to increase the frequencies of
some mitotic recombination events.
The S. cerevisiae rad9 mutant (32), which is defective in cell
cycle arrest at the G1 (58, 59) and G2 (67, 70) checkpoints, is
hypersensitive to DNA-damaging agents including UV and
ionizing radiation and exhibits higher levels of chromosome
loss than RAD91 cells (69). However, no mitotic recombination phenotype has been established for the rad9 mutant. rad9
mutants do not exhibit higher levels of spontaneous, allelic
recombination (69) or higher levels of spontaneous, intrachromatid deletions (53). In addition, the mitotic rate of spontaneous SCE is unchanged in rad9 mutants (44). These previous
studies did not analyze recombination events between nonhomologous chromosomes (ectopic recombination) that result in

It has been postulated that DNA damage-induced cell cycle
arrest at cell cycle checkpoints maintains genomic stability by
allowing time for DNA repair prior to the replication or division of damaged chromatids (67, 68). Consistent with this idea,
mutations in genes controlling cell cycle arrest at the G1-S
checkpoint and G2-M checkpoint confer enhanced genetic instability. For example, p53 mutations, which confer deficiencies in the G1-S checkpoint, are correlated with enhanced
spontaneous and UV-stimulated amplification of CAD genes
(35, 73). Cells cultured from patients with ataxia telangiectasia
that are deficient in cell cycle arrest at both the G1-S and G2-M
cell cycle checkpoints (7, 49) also exhibit higher frequencies of
chromosomal rearrangements, including translocations (37)
and deletions (38), and chromosome end-to-end joining (41).
In Saccharomyces cerevisiae, DNA-damaging agents stimulate mitotic, homologous recombination and induce cell cycle
arrest at cell cycle checkpoints (31, 59). For example, DNA
damage-associated recombination between his3 fragments positioned at predetermined loci can result in chromosomal rearrangements, including translocations (18, 19), duplications
(16), and deletions (54). HO endonuclease-generated doublestrand breaks (DSBs) stimulate ectopic gene conversion between Ty1 elements and deletions between delta sequences
(42). Because one DSB is sufficient to trigger RAD9-mediated
cell cycle arrest at the G2-M cell cycle checkpoint (8, 50), we
asked whether cell cycle arrest at specific cell cycle checkpoints
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Genetic instability in the Saccharomyces cerevisiae rad9 mutant correlates with failure to arrest the cell cycle
in response to DNA damage. We quantitated the DNA damage-associated stimulation of directed translocations in RAD91 and rad9 mutants. Directed translocations were generated by selecting for His1 prototrophs
that result from homologous, mitotic recombination between two truncated his3 genes, GAL1::his3-D5* and
trp1::his3-D3*::HOcs. Compared to RAD91 strains, the rad9 mutant exhibits a 5-fold higher rate of spontaneous, mitotic recombination and a greater than 10-fold increase in the number of UV- and X-ray-stimulated
His1 recombinants that contain translocations. The higher level of recombination in rad9 mutants correlated
with the appearance of nonreciprocal translocations and additional karyotypic changes, indicating that
genomic instability also occurred among non-his3 sequences. Both enhanced spontaneous recombination and
DNA damage-associated recombination are dependent on RAD1, a gene involved in DNA excision repair. The
hyperrecombinational phenotype of the rad9 mutant was correlated with a deficiency in cell cycle arrest at the
G2-M checkpoint by demonstrating that if rad9 mutants were arrested in G2 before irradiation, the numbers
both of UV- and g-ray-stimulated recombinants were reduced. The importance of G2 arrest in DNA damageinduced sister chromatid exchange (SCE) was evident by a 10-fold reduction in HO endonuclease-induced SCE
and no detectable X-ray stimulation of SCE in a rad9 mutant. We suggest that one mechanism by which the
RAD9-mediated G2-M checkpoint may reduce the frequency of DNA damage-induced translocations is by
channeling the repair of double-strand breaks into SCE.
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TABLE 1. Yeast strains used in this study
Lab name

YA102
YA148
YB109
YB110
YB119
YB130
YB131
YB132
YB133

YB137
YB138
YB139
YB140
YB141
YB142
YB143
YB144
YB145
YB146
YB147
YB148
YB149
YB150
YB151
YB152
YB153
YB154

Source
2

MATa ura3-52 his3-D200 ade2-101 lys2-801 trp1-D1 gal3
MATa ura3-52 his3-D200 ade2-101 lys2-801 leu2-D1 trp1-D63 Dcup1::ura3
MATa ura3-52 his3-D200 ade2-101 trp1-D1 gal32 leu2-3,112
GAL1::his3-D59 trp1::his3-D39::HOcs lys22 (leaky)
YB109 3 YA102
MATa ura3-52 his3-D200 ade2-101 lys2-801 trp1-289 leu2-3,112
GAL1::his3-D59
MATa ura3-52 his3-D200 ade2-101 trp1-D1 gal32 leu2-3,112
GAL1::his3-D59 trp1::his3-D39::HOcs lys22 (leaky) rad9::URA3
MATa ura3-52 his3-D200 ade2-101 trp1-D1 gal32 leu2-3,112
GAL1::his3-D59 trp1::his3-D39::HOcs lys22 (leaky) rad9::LEU2
MATa ura3-52 his3-D200 ade2-101 lys2-801 trp1-D1 rad9::URA3
MATa ura3-52 his3-D200 ade2-101 lys2-801 leu2-D1 trp1-D63 Dcup1::ura3
rad9::LEU2
YB130 3 YB132
YB131 3 YB133
MATa ura3-52 his3-D200 ade2-101 trp1-D1 gal32 leu2-3,112
GAL1::his3-D59 trp1::his3-D39::HOcs lys22 (leaky) rad1::URA3
MATa ura3-52 his3-D200 ade2-101 lys2-801 trp1-D1 rad1::URA3
YB136 3 YB137
MATa ura3-52 his3-D200 ade2-101 lys2-801 leu2-D1 trp1-D63 Dcup1::ura3
rad9::LEU2
MATa ura3-52 his3-D200 ade2-101 trp1-D1 gal32 leu2-3,112
GAL1::his3-D59 trp1::his3-D39::HOcs lys22 (leaky) rad1::URA3
rad9::LEU2
YB139 3 YB140
MATa ura3-52 his3-D200 ade2-101 lys2-801 leu2-D1 trp1-D63 Dcup1::ura3
rad9::URA3
MATa ura3-52 his3-D200 ade2-101 trp1-D1 gal32 leu2-3,112
GAL1::his3-D59 trp1::his3-D39::HOcs lys2 (leaky) rad9::URA3
rad52-7::LEU2
MATa ura3-52 his3-D200 ade2-101 lys2-801 leu2-D1 trp1-D63 Dcup1::ura3
rad9::URA3 rad52-7::LEU2
YB143 3 YB144
MATa ura3-52 his3-D200 ade2-101 lys2-801 trp1-D1 gal32
trp1::[his3-D39::HOcs his3-D59]
MATa ura3-52 his3-D200 ade2-101 lys2-801 trp1-D1 gal32
trp1::[his3-D39::HOcs his3-D59] rad9::URA3
YB109 3 YA148
MATa ura3-52 his3-D200 ade2-101 lys2-801 leu2-D1 trp1-D63 Dcup1::ura3
rad1::URA3
YB136 3 YB149
YB130 3 YA102
MATa ura3-52 his3-D200 ade2-101 lys2-801 leu2-D1 trp1-D63 Dcup1::ura3
rad52-7::LEU2
MATa ura3-52 his3-D200 ade2-101 trp1-D1 gal32 leu2-3,112
GAL1::his3-D59 trp1::his3-D39::HOcs lys22 (leaky) rad52-7::LEU2
YB152 3 YB153

chromosomal rearrangements or the effect of DNA-damaging
agents on recombination frequencies.
In this study, we measured the spontaneous rates and the
DNA damage-associated stimulation of directed translocations
in both RAD91 and rad9 mutant yeast strains. Both spontaneous, mitotic recombination and DNA damage-associated recombination resulting in chromosomal translocations were
higher in rad9 mutants, whereas levels of DSB-stimulated SCE
were lower in rad9 mutants. We suggest that the rad9 mutant
represents a novel class of mitotic recombination mutants in
yeast, resulting from lack of cell cycle checkpoint control.
MATERIALS AND METHODS
Media and yeast strains. Media for the culture of bacteria are described in
reference 3. Standard media for the culture of yeast, SC (synthetic complete,
dextrose), SC-Trp (SC lacking tryptophan), SC-His (SC lacking histidine), SD
(synthetic dextrose), YP (yeast extract, peptone), YPD (YP, dextrose), and

M. Carlson
C. Guthrie
This laboratory
This laboratory
This laboratory
rad9 disruption in YB109
rad9 disruption in YB109
rad9 disruption in YA102
rad9 disruption in YA148
This laboratory
This laboratory
rad1 disruption in YB109
rad1 disruption in YA102
This laboratory
rad9 and rad1 disruptions in YA148
rad9 and rad1 disruptions in YB109
This laboratory
rad9 disruption in YA148
rad9 and rad52 disruptions in YB109
rad9 and rad52 disruptions in YA148
This laboratory
SCE assay in YA102
rad9 disruption in YB146
This laboratory
rad1 disruption in YA148
This laboratory
This laboratory
rad52 disruption in YA148
rad52 disruption in YB109
This laboratory

sporulation media are described by Sherman et al. (57). YPL medium contains
YP with 2% lactate (pH 5.5), and YPGal medium contains YP medium with 2%
galactose. Ura2 isolates (5-fluoro-orotic acid resistant [FOAr]) were selected on
FOA medium (9). Yeast transformations were performed as described by Chen
et al. (12).
Relevant yeast strains are listed in Table 1. Strains used to monitor translocations contain truncated his3 genes and were derived from YNN287 (16, 18). In
this study, the trp1::his3-D39 gene fragment was replaced with trp1::his3D39::HOcs, containing the recognition sequence for HO endonuclease (HOcs).
The his3-D39::HOcs gene fragment (Fig. 1) was constructed as follows. First,
his3-D39 was constructed by KpnI digestion of pUC18HIS3 to generate 0.8- and
3.6-kb restriction fragments; the 3.6-kb KpnI restriction fragment was circularized by DNA ligation, resulting in a deletion of the his3 sequences that encode
the 11 carboxyl-terminal amino acids (62, 63). The EcoRI-BamHI restriction
fragment containing his3-D39 was subcloned into the EcoRI-BamHI sites of YIp5
(51). By BamHI and BstYI digestion, the 117-bp MATa fragment (30) was
obtained from a modified version of pRK113 (HincII site converted to a BamHI
site [this study]) and was subcloned into the BglII sites of his3-D39, replacing the
60-bp HIS3 BglII fragment. The 117-bp MATa fragment contains the minimal 24
bp necessary for HO endonuclease digestion (40).
The his3-D39::HOcs gene fragment was transplaced (51) at trp1 by using plas-
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mid MFp101, in which the 39 and 59 ends of the his3-D39::HOcs fragment are
flanked by chromosomal sequences Sc4131 and Sc4124 that map immediately
centromere proximal and centromere distal (61), respectively, to the 1.45-kb
EcoRI TRP1 fragment. MFp100 is similar to the previously described plasmid
pNN275 (17) except that MFp100 contains the his3-D39::HOcs gene fragment. To
create MFp101, a 1.2-kb BamHI-XhoI partial fragment of Sc4124 was subcloned
into the BamHI-SalI sites of MFp100. Plasmid MFp101 was then introduced into
the diploid strain YB121 by selecting for Ura1 transformants. A FOAr isolate
containing both trp1::his3-D39::HOcs and GAL1::his3-D59 was sporulated and
dissected; YB109 (Table 1) is a meiotic segregant containing both recombination
substrates. The transplacement also deletes the entire TRP1 gene and GAL3
promoter sequences (65).
Strains to monitor SCE contain the his3 fragments in tandem at trp1 as
previously described (16) except there are no direct repeats that flank the his3
fragments. They were made by first selecting Ura1 transformants of YA102 that
contained plasmid MFp102 at trp1. MFp102 contains the his3-D59 gene fragment
at the BamHI site in MFp101 in the same orientation as in pNN287 (16). We
then identified a FOAr isolate (YB146) that generated His1 recombinants.
Two sets of isogenic diploid strains containing rad1, rad9, or rad52 null mutations were made by one-step gene replacement (48). One set is isogenic to the
Rad1 YB110, a diploid cross of YA102 and YB109, and the other set is isogenic
to YB148, a diploid cross of YB109 and YA148. YA102 is derived from S288c,
while YA148 is derived from a non-S288c strain containing a cup1 deletion that
was subsequently twice backcrossed with an S288c background (34). The
rad9::URA3, rad9::LEU2, rad52::LEU2, and rad1::URA3 disruptions were obtained by introducing digested DNA from plasmids pTW039, pTW0301 (69),
pSM20 (55), and pDH23 (24), respectively, and selecting for transformants with
the appropriate prototrophy. Haploid mutants containing both rad9 and rad1
disruptions or rad9 and rad52 disruptions were made by first introducing the rad9
disruption and then introducing either the rad1 or rad52 disruption. Diploid
strains were made by crossing strains derived from YB109 with those derived
from YA102 or YA148, which do not contain the recombination substrates.
Diploids isogenic to YB110 include the rad9 (YB134) and the rad1 (YB138)
mutants. Diploids isogenic to YB148 include the rad9 (YB135) and rad1 (YB149)
mutants and the rad9 rad1 (YB141) and rad9 rad52 (YB145) double mutants.
The UV or g-ray sensitivities of all transformants were confirmed.

Determining rates of spontaneous recombination and numbers of DNA damage-associated recombinants. The rates of spontaneous, mitotic events that generate either SCE or translocations (Table 2) were determined by the method of
the median (33), as executed by Esposito et al. (14), using 11 independent
colonies for each rate calculation. At least three independent rate calculations
were done for each strain, and the significance of the differences between strains
was determined by the Mann-Whitney U test (74).
The number of His1 recombinants stimulated by DNA-damaging agents was
determined by subtracting the spontaneous frequency from the stimulated frequency and multiplying by 107, the approximate number of cells plated, as done
previously (17, 18). At least three independent experiments were done for each
DNA-damaging agent. The significance of the differences between rad9 mutants
and RAD91 strains was determined by using the two-tailed paired sample t test
(74). Protocols used to test the recombinogenicity of methyl methanesulfonate
(MMS), UV, and g rays have been described elsewhere (18, 19). The X-ray
radiation source was purchased from Rad Source, Inc. (Wheeling, Ill.), and the
dose rate was 440 rads/min. For measuring stimulation of SCE, cells were
preincubated for 30 min in YPD after treatment with the DNA-damaging agent,
washed twice with sterile H2O, and then plated on selective medium (SC-His).
Statistical significance of the X-ray stimulation of SCE was determined by the
nonparametric sign test (74).
To arrest cells at the G2 phase of the cell cycle, cells were grown to an A600 of
0.5 to 1 in YPD, nocodazole (methyl-5-[2-thienylcarbonyl]-H-benzimidazole-2yl-carbamate) (25) was added to a concentration of 15 mg/ml, and cells were
incubated at 30°C for 3 h. Cell cycle arrest was confirmed by visualization of large
budded dumbbell-shaped structures in the light microscope; more than 95% of
the cells were arrested. Cells were washed three times in sterile H2O prior to
irradiation.
Induction of HO endonuclease. The HO gene under GAL control (26) contained on pGHOT-GAL3 (present study) was introduced into both RAD91 and
rad9 strains by selecting for Trp1 transformants. pGHOT-GAL3 was constructed
by subcloning the SmaI-SalI 3.5-kb GAL3 fragment obtained from pT13B (65)
into the XhoI site in pGHOT (40). Trp1 isolates were then cultured in liquid
SC-Trp and diluted in YPL. At a density of 107 cells/ml, glucose or galactose was
added to a final concentration of 2%, to either repress or induce, respectively,
expression of HO endonuclease. After 2 h, cells were plated directly on SC-His
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FIG. 1. Configurations of the his3 recombinational substrates in strains used to generate reciprocal translocations (A) or SCE (B). For simplicity, the left arms of
chromosomes II and IV are not shown. As shown at the bottom, an arrow without feathers represents his3-D59 and an arrow without an arrowhead represents his3-D39.
The recognition sequence for HO endonuclease, designated HOcs, is indicated by an arrow. Wild-type HIS3 is depicted as an arrow with feathers and an arrowhead.
The reciprocal product [his3-D(59,39)] lacks both arrowhead and feathers. Identical shadings within these truncated arrows indicate sequence similarity. The direction
of the arrow is indicative of the polarity of the amino acid coding sequence. Heavy lines represent chromosome IV sequences, and ovals represent CEN4. Black boxes
represent the 3.1-kb EcoRI fragment (Sc4131). Recombination between his3 substrates generates the reciprocal translocation, CEN2::IV and CEN4::II, as shown at
the bottom. (A) Strain construction in which his3-D39::HOcs is transplaced in the genome at the trp1 locus. (B) The his3 substrates for the SCE assay after DNA
replication of the chromatid (G2). The product of unequal recombination between the tandem his3 fragments is also shown.
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TABLE 2. Rates of spontaneous translocations for rad9, rad52, and rad1 mutants and RAD91 strains
Genotypea

Strains isogenic to YB148
RAD9/RAD9
rad9::LEU2/rad9::LEU2
rad1::URA3/rad1::URA3
rad9::LEU2/rad9::LEU2
rad1::URA3/rad1::URA3
rad52::LEU2/rad52::LEU2
rad9::URA3/rad9::URA3
rad52::LEU2/rad52::LEU2

YB148
YB135
YB150
YB141
YB154
YB145

YB110
YB134
YB151
YB138

Avg rateb 6 SD

(3.3 6 1.6) 3 1028
(1.7 6 0.7) 3 1027
(2.1 6 1.0) 3 1028
(5.7 6 1.5) 3 1028
,1.0 3 1029
,1.0 3 1029

Ratioc

1.0
5.1
0.7
1.7
,0.01
,0.01

(4.4 6 2.3) 3 1028
(1.8 6 0.4) 3 1027
(6.0 6 3.4) 3 1028
(5.2 6 0.7) 3 1028

1.0
4.1
1.4
1.2

a

For full genotypes, see Table 1.
As calculated by the method of the median; n 5 3.
c
Rate of recombination in mutant/rate of recombination in RAD91.
b

medium to measure prototroph formation and on SC medium or YPD medium
to measure viability. Colonies were replica plated onto SC-Trp and SC media to
determine the percentage of cells containing pGHOT-GAL3. No stimulation of
recombination was observed when glucose was added to repress HO endonuclease.
Chromosomal DNA gels. Undigested yeast chromosomal DNA (56) was resolved on contour-clamped homogeneous electric field (CHEF) gels, using 220 V
(6 V/cm) for 26 h at a 90-s pulse time (13). Chromosomal DNA was transferred
to nylon membranes after exposure to 60 mJ of UV radiation for Southern blot
analysis (60).
Verification that His1 recombinants result from unequal SCE. Mitotic unequal SCE results in His1 recombinants that contain HIS3 flanked by his3-D59
(his3-D2619 [62]) and his3-D39 (16). Southern blot hybridization (60) was used to
detect a 4.6-kb EcoRI-SalI restriction fragment that contains this configuration
of his3 fragments. The presence of HOcs in His1 recombinants was determined
by PCR (3), using primer 59GTTGCGGAAAGCTGAAACTA39 that anneals to
the HOcs and primer 59GGATCCGCTGCACGGTCCTG39 that anneals upstream of the HIS3 promoter present on his3-D39::HOcs.

RESULTS
rad9 mutants exhibit higher frequencies of chromosome loss
(69), but no mitotic recombination phenotype has been described. We observed that spontaneous and DNA damageassociated translocation events were increased in rad9 mutants
relative to RAD91 strains and then addressed three questions.
Is enhanced recombination dependent on RAD1 and RAD52?
Is enhanced recombination correlated to deficiencies in cell
cycle arrest and in DSB-induced SCE? What types of chromosomal rearrangements are found in rad9 mutants?
Recombination assays. To quantitate frequencies of either
directed translocations or SCEs, we selected His1 recombinants that result from mitotic recombination between two
truncated his3 fragments (16) (Fig. 2). Strains used to quanti-

FIG. 2. Electrophoretic karyotypes of spontaneous and DNA damage-associated His1 recombinants resulting from ectopic recombination of GAL1::his3-D59 and
trp1::his3-D39::HOcs in rad9 mutant YB134. An ethidium bromide-stained CHEF gel is shown on the left, and a Southern blot probed with 32P-labeled HIS3 is shown
on the right. Arrows point to the positions of translocations, and the asterisk indicates the position of additional chromosomal polymorphisms. Lanes: A, MMS-induced
reciprocal translocation; B, DNA damage-induced His1 recombinant in which CEN2::IV is mitotically unstable; C, spontaneous His1 in which CEN2::IV is unstable;
D, spontaneous nonreciprocal translocation; E, reciprocal translocation; F, His2 YB134 (parental configuration).
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Strains isogenic to YB110
RAD9/RAD9
rad9::URA3/rad9::URA3
rad9::URA3/RAD91
rad1::URA3/rad1::URA3
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TABLE 3. Stimulation of translocations by DNA-damaging agents in RAD91 and rad9::URA3 diploids
Stimulation in RAD91 (YB110a)

Stimulation in rad9 (YB134a)

Agent

Concn or
dose

Survival
(%)

MMS

0.1%
10.5 mM
150 J/m2
120 J/m2
60 J/m2
23.4 Kilorads
15.6 Kilorads
7.8 Kilorads
3.9 Kilorads
2.2 Kilorads
880 Rads

94

59 6 13

94
97
98
76
79
94
100
88
86

98 6 12
52 6 12
38 6 10
314 6 44
192 6 6
85 6 5
31 6 5
964
464

UV
g rays

X rays

1

His /10
CFUb

7

Concn or
dose

Survival
(%)

His1/107
CFU

Ratioc

0.1%
10.5 mM
150 J/m2
120 J/m2
60 J/m2
23.4 Kilorads
15.6 Kilorads
7.8 Kilorads
3.9 Kilorads
2.2 Kilorads
880 Rads

81

246 6 21

4.2

68
67
89
21
38
76
95
77
89

733 6 183
563 6 98
296 6 57
984 6 212
1,056 6 197
587 6 121
212 6 45
137 6 37
43 6 31

7.5
11
7.8
3.1
5.5
6.9
6.8
15
11

For complete genotypes, see Table 1.
(His1 frequency with agent 2 His1 spontaneous frequency) 3 107; n 5 3.
(His1/107 CFU for rad9)/(His1/107 CFU for RAD91). Spontaneous frequency of YB110 5 (6.2 6 3.2) 3 1028 (n 5 33); spontaneous frequency of YB134 5 (6.9 6
2.1) 3 1027 (n 5 33).
b
c

tate numbers of translocations contain the his3 fragments positioned on chromosomes II and IV (16, 17), while strains used
to quantitate SCEs contain the truncated fragments of his3 in
tandem at the trp1 locus. The trp1::his3-D39::HOcs fragment
was used to directly target HO endonuclease-induced DSBs.
Diploid strains that monitor translocations contain one set of
chromosome II and IV homologs that do not contain recombinational substrates.
Rates of spontaneous, mitotic recombination in rad9 mutants. Isogenic haploid and diploid rad9 mutant strains were
made by one-step gene replacement (48) using either the
rad9::LEU2 or rad9::URA3 disruption. Rates of spontaneous
His1 recombinants that contain translocations in both haploid
and diploid strains increased, as measured by the method of
the median (Table 2). The rate of mitotic recombination in
rad9::URA3 haploid strain YB130 increased significantly (P ,
0.05) to 5.4 3 1028 from the rate of 2 3 1028 observed in
RAD91 strain YB109. Rates of spontaneous mitotic recombination for both the rad9::URA3 homozygous diploid strain
(YB134) and the rad9::LEU2 homozygous diploid strain
(YB135) are four- and fivefold higher (P , 0.05) than the
rates observed for the wild-type RAD91 homozygous diploids YB110 and YB148, respectively. There are no significant
differences (P . 0.5) between the rates of recombination for
the RAD91 strains YB110 and YB148 or between the rates of
recombination for the rad9 mutants YB134 and YB135. The
rate of mitotic recombination in the RAD91 heterozygous diploid (YB151) is not significantly different (P . 0.5) from that in
wild-type strain YB110. Thus, an enhanced rate of spontaneous recombination that generates translocations can be detected in diploid rad9 mutants.
We also determined rates of spontaneous translocations for
rad1 and rad52 single mutants and rad9 rad1 and rad9 rad52
double mutants to determine whether the excision repair pathway or the recombinational repair pathway contributed to the
higher recombination observed in rad9 mutants (Table 2). In
comparison to the RAD91 strains (YB110 and YB148), there
is no significant decrease (P . 0.05) in rates of translocations
in rad1 mutants. However, rates of translocations in the rad9
rad1 mutant (YB141) are not significantly different (P . 0.3)
from the level of the RAD91 strain (YB148). No recombinants
were detected in either the rad52 mutant (YB154) or the rad9
rad52 mutant (YB145). Thus, higher rates of spontaneous

translocations observed in rad9 mutants are dependent on
RAD1 and RAD52.
DNA damage-associated stimulation of directed translocations in rad9 mutants. Since the DNA lesions that initiate
spontaneous recombination are unknown, we investigated
whether the recombinogenicity of DNA-damaging agents that
produce specific DNA lesions would increase in rad9 mutants.
UV, g rays, and MMS, which are known to trigger cell cycle
arrest at the G2-M checkpoint, stimulate the formation of
directed translocations in both haploid and diploid Rad1
strains (19). Since the stimulation of translocations is greater in
Rad1 diploids than in Rad1 haploids (19), the stimulation of
translocations after exposure to UV, g rays, or MMS was also
quantitated for the diploid rad9 mutant (YB134). Compared
with the RAD91 diploid YB110 (Table 3), the greatest enhancement in the stimulation of translocations, 15-fold for X
rays and 11-fold for UV, occurred after the diploid rad9 mutant was exposed to intermediate levels of radiation. Although
the peak in the numbers of stimulated His1 recombinants in
the rad9 mutant occurred at higher levels of radiation exposure, the lower enhancement of recombination may result from
the radiation sensitivity of the rad9 mutant. The greater enhancement in the numbers of X-ray-stimulated translocations
(15-fold) compared to g-ray stimulated translocations (7-fold)
may result from the higher dose rate (440 rads/min) of ionizing
radiation delivered by the X-ray source. The stimulation of
translocations by the alkylating agent MMS exhibited a significant (P , 0.05) fourfold increase in the rad9 mutant. Thus, the
TABLE 4. g-Ray stimulation of translocations in rad mutants
of S. cerevisiae
Avg frequencya 6 SD
b

Genotype

RAD9/RAD9
rad1/rad1
rad9/rad9
rad9/rad9 rad1/rad1

Strain

7.8
Kilorads

15.6
Kilorads

23.4
Kilorads

YB148
YB150
YB135
YB141

61 6 16
30 6 10
429 6 46
62 6 39

145 6 45
49 6 10
871 6 70
228 6 40

242 6 24
74 6 30
781 6 102
44 6 36

a
(Frequency of His1 recombinants after irradiation 2 frequency of spontaneous His1 recombinants) 3 107; n 5 3.
b
For full genotypes, see Table 1. All strains are derived from YB148.

Downloaded from http://mcb.asm.org/ on May 6, 2021 by guest

a

RAD9 CHECKPOINT CONTROL OF YEAST RECOMBINATION

VOL. 18, 1998

TABLE 5. Stimulation of translocations in rad9 mutants when cells
are pretreated with nocodazole
Avg frequencya 6 SD
Treatment

Ratioc

rad9
(YB134b)

UV (60 J/m2)
Nocodazole 1 UV (60 J/m2)
Fold reductiond

38 6 10
962
4.2

296 6 57
33 6 11
9.0

7.8
3.7

g rays (3.9 kilorads)
Nocodazole 1 g rays (3.9 kilorads)
Fold reduction

31 6 5
18 6 2
1.7

212 6 45
41 6 21
5.2

6.8
2.3

g rays (7.8 kilorads)
Nocodazole 1 g rays (7.8 kilorads)
Fold reduction

85 6 5
42 6 11
2

587 6 121
108 6 56
5.4

6.9
2.6

a
(Frequency of His1 recombinants with agent 2 frequency of spontaneous
His1 recombinants) 3 107; n 5 3.
b
For complete genotypes, see Table 1.
c
Stimulated His1 in rad9/stimulated His1 in RAD9 (see Table 3, footnote c).
d
Agent/(nocodazole 1 agent).

recombinogenicity of DNA-damaging agents that create DNA
base pair damage, DNA cross-links, or DNA strand breaks is
enhanced in rad9 mutants.
To determine whether the enhanced DNA damage-associated recombination observed in rad9 mutants is dependent on
RAD1, single and double mutants were made by one-step gene
replacement. Similar to the RAD91 strain (YB148), the number of g-ray-stimulated His1 recombinants in the rad1 mutant
(YB150) increased in a dose-dependent manner but was ;3fold less (P , 0.05). In comparison to the rad9 mutant
(YB135), the number of g-ray-stimulated recombinants in the
rad1 rad9 double mutant (YB141) also peaked at 15.6 kilorads
but was significantly reduced (P , 0.05) at all levels of radiation exposure (Table 4). The reduced number of stimulated
recombinants in the rad1 rad9 double mutant at 23.4 kilorads
does not result from differences in radiation sensitivity, since
the sensitivity of the rad1 rad9 double mutant to ionizing radiation cannot be distinguished from the rad9 single mutant at
all indicated doses (data not shown). Thus, the enhanced level
of g-ray-stimulated translocations observed in rad9 mutants is
also dependent on RAD1.

The stimulation of translocations in cells treated with nocodazole before irradiation. To determine whether the increase in DNA damage-associated recombination was correlated with failure to arrest the cell cycle at the G2-M
checkpoint, both RAD91 and rad9 mutant cells were prearrested at the G2 phase with the microtubule inhibitor nocodazole before irradiation. As a control, we confirmed that the
resistance to g irradiation of the rad9 cells increased to wildtype levels by using this protocol (data not shown), as previously shown (67). It thus seems plausible that if the cell cycle
was arrested at the G2 phase before irradiation, higher levels of
DNA damage-associated translocations observed in the rad9
mutant would be reduced. Pretreatment with nocodazole without subsequent irradiation did not affect recombination frequencies (data not shown). The stimulation of His1 recombinants in the nocodazole-arrested cells after exposure to g rays
decreased in the rad9 mutant at least fivefold, but the level of
recombination in the wild-type cells was not significantly reduced (P . 0.05). The UV stimulation of translocations decreased in both the RAD9 wild-type (YB110) and the rad9
mutant (YB134) background (Table 5) when cells were pretreated with nocodazole, although the decrease in the level of
recombination was greater in the rad9 mutant (ninefold) than
in the RAD9 wild-type strain (fourfold). Thus, by prearresting
cells at the G2 phase, the radiation-associated stimulation of
translocations is decreased in rad9 mutants.
Stimulation of translocations by HO-induced DSBs in the
rad9 mutant. To determine whether the enhanced level of
recombination observed in the rad9 mutant is also observed for
a single directed DSB, the pGHOT-GAL3 plasmid, containing
the galactose-inducible HO gene, was introduced into both
diploid RAD91 and rad9 strains. HO endonuclease digestion at
trp1::his3-D39::HOcs results in a DSB in which 117 bp of the
centromere proximal end and ;300 bp of the centromere
distal end are homologous to the his3-D59 fragment (Fig. 1).
Because the number of CFU decreases after HO induction and
the pGHOT plasmid is lost in 5 to 10% of the cells in nonselective growth conditions, frequencies of His1 recombinants
were quantitated per Trp1 CFU before and after HO induction; His2 cells that lost pGHOT-GAL3 were thus excluded
from the calculations. Since the HO gene is weakly expressed
under nonrepressing growth conditions, there was .5-fold increase in the recombination frequencies for the rad9 mutant
and the RAD91 strains, respectively, before galactose induc-

TABLE 6. Stimulation of translocations and SCE by HO-induced DSBs
Avg frequency of His1 recombinants 6 SD
No. of
expts

Avg viability after
HO induction 6
SD (%)b

To monitor translocations
RAD91 diploid (YB110)
rad9 mutant (YB134)

8
3

To monitor SCE
RAD91 (YB146)
rad9::URA3 (YB147)

5
4

Straina

a

After HO induction
Per Trp1 CFU
from YPLd

Per Trp1 CFU
from YPGale

89 6 9
75 6 7

(4.5 6 2.3) 3 1026
(3.8 6 0.7) 3 1026

(1.6 6 0.2) 3 1024
(1.8 6 0.1) 3 1024

(2.2 6 0.3) 3 1024
(2.3 6 0.2) 3 1024

201 6 19
173 6 6

91 6 13
77 6 9

(7.5 6 6.0) 3 1025
(3.8 6 1.1) 3 1025

(7.9 6 2.0) 3 1024
(7.1 6 1.8) 3 1025

(8.6 6 2.3) 3 1024
(9.3 6 2.2) 3 1025

715 6 163
35 6 23

For complete genotypes, see Table 1.
(Trp1 CFU after HO induction/Trp1 CFU before HO induction) 3 100.
Number of His1 recombinants before HO induction/number of Trp1 cells at the time of HO induction.
d
Number of His1 recombinants after HO induction/number of Trp1 cells at the time of HO induction.
e
Number of His1 recombinants after HO induction/viable Trp1 cell after HO induction.
f
Average (frequency of His1 recombinants after HO induction 2 frequency of His1 recombinants before HO induction) 3 106.
b
c

Avg no. of
stimulated His1
recombinants/106
cellsf 6 SD

Before HO
induction, per Trp1
CFU from YPLc
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TABLE 7. Electrophoretic karyotypes of His1 recombinants containing translocations in rad9 mutant and RAD91 strains
No. of His1 recombinants containing indicated rearrangement(s)
Chemical or
agent

Strain

YB134 (rad9/rad9)

Reciprocal
translocationa

Reciprocal
translocation
and otherb

Nonreciprocal
translocationc

Nonreciprocal
translocation
and other

2
5
2
2
11
16
16
16
48

1
1
0
0
2
0
0
0
0

2
7
3
10
22
0
0
0
0

0
0
0
2
2
0
0
0
0

MMS
UV
g rays
Spontaneous
Total
UV
g rays
Spontaneous
Total

YB110 (RAD9/RAD9)

a

tion of HO. There were no significant differences (P . 0.05) in
the frequencies or number of HO endonuclease-stimulated
His1 recombinants between RAD91 and rad9 mutant strains
(Table 6). Thus, enhanced recombination was not observed for
a single directed DSB. We speculate that the inability to detect
elevated levels of translocation events results when both sister
chromatids are digested at identical sites.
Nonreciprocal translocations and chromosomal polymorphisms are generated in rad9 mutants. We compared the electrophoretic karyotypes of His1 recombinants derived from the
RAD91 strain (YB110) and the rad9 mutant strain (YB134) to
determine whether the same types of chromosomal rearrangements are generated in both strains (Fig. 2). We observed four
classes of electrophoretic karyotypes for His1 recombinants
that differ from the parental His1 karyotype (Table 7). These
include (i) reciprocal translocations containing only CEN4::II
and CEN2::IV, (ii) nonreciprocal translocations containing
only CEN2::IV, and (iii) reciprocal or (iv) nonreciprocal translocations associated with other heterogeneous genomic rearrangements unrelated to homologous recombination between
his3 sequences. Nonreciprocal translocations containing only
CEN4::II could not be selected on SC-His since HIS3 is contained on CEN2::IV. Karyotypes were determined for 16 UVand 16 g-ray-stimulated His1 recombinants that arose after 3
days on selective medium from the Rad1 diploid YB110, and
all of 32 stimulated recombinants contain reciprocal translocations. In contrast, the majority of both spontaneous and
DNA damage-associated recombinants (24 of 37) obtained

from the rad9 mutant (YB134) contain nonreciprocal translocations and, less frequently, reciprocal translocations (13 of
37).
A few (4 of 37) His1 recombinants obtained from the rad9
mutant YB134 also contain additional chromosomal polymorphisms (Fig. 2) in association with translocations. They include
a novel chromosome VI band and chromosome polymorphisms
that map between chromosomes V and VIII (Fig. 2, lanes A to
C). Southern blot analysis of a CHEF gel demonstrated that
these novel polymorphisms do not contain significant sequence
similarity to either HIS3 (Fig. 2) or Sc4124, centromeric sequences from chromosome IV (data not shown). The recombination mechanism that generates these chromosomal polymorphisms must include an alternative mechanism other than
recombination between his3 fragments. Thus, the hyperrecombinational (hyper-Rec) phenotype associated with rad9 may
also be relevant to naturally occurring genomic sequences.
In two of the four His1 recombinants containing chromosomal rearrangements besides the CEN4::II and the CEN2::IV
translocations, the CEN2::IV translocation which contains HIS3
was mitotically unstable. For both reciprocal and nonreciprocal translocations, the CEN2::IV translocation is lost infrequently (,1%) after 10 generations of growth on nonselective
(YPD) medium, as indicated by the stability of the His1 phenotype and the appearance of the translocation on CHEF gels.
In the two His1 recombinants containing additional chromosomal polymorphisms, CEN2::IV is lost frequently after 10
generations of growth on nonselective (YPD) medium, as is

TABLE 8. Stimulation of SCE by DNA-damaging agents in RAD91 and rad9::URA3 mutant strains
Stimulation in RAD91 (YB146a)

Stimulation in rad9 (YB147a)

Agent

Concn or
dose

Survival
(%)

His /10
CFUb

Concn or
dose

Survival
(%)

His1/107
CFU

Ratioc

X rays

4.4 Kilorads
2.2 Kilorads
880 Rads
0.1%
10.5 mM
60 J/m2
30 J/m2

38
61
80
63

155 6 85
20 6 19
,10
1,097 6 278

24
49
61
40

,10
,10
,10
828 6 125

16
2
1
1.3

55
75

554 6 117
338 6 44

4.4 Kilorads
2.2 Kilorads
880 Rads
0.1%
10.5 mM
60 J/m2
30 J/m2

13
38

416 6 154
208 6 26

1.3
1.6

MMS
UV
a

1

7

For complete genotypes, see Table 1.
(His1 frequency with agent 2 His1 spontaneous frequency) 3 107; n 5 5.
(His1/107 CFU for RAD9)/(His1/107 CFU for rad9). There is no significant difference (P . 0.05) between the X-ray stimulations of SCE for YB146 and YB147
strains after 2.2 kilorads and 880 rads. Spontaneous frequency of SCE in YB146 5 (1.1 6 0.2) 3 1025 (n 5 33); spontaneous frequency of SCE in YB147 5 (8.6 6
1.1) 3 1026 (n 5 33).
b
c
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CEN2::IV and CEN4::II.
“Other” includes polymorphism of chromosome VI and chromosomal band between chromosomes V and VIII (see Fig. 2).
c
CEN2::IV.
b
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induced recombinants, one of nine His1 recombinants from
the RAD91 strain and four of eight His1 recombinants from
the rad9 mutant still contained an HOcs at his3-D39, whereas 10
of 10 spontaneous His1 recombinants from the rad9 mutant
contain the HOcs at his3-D39. Thus, DSB-induced SCE occurred in both RAD91 and rad9 mutant strains but was less
frequent in the rad9 mutant.
DISCUSSION
The rad9 mutant of S. cerevisiae exhibits pleiotropic phenotypes, including radiation sensitivity and higher frequencies of
chromosome loss, that are attributed to lack of cell cycle arrest
at the G2-M cell cycle checkpoint (67, 69, 70). In this study, the
genetic instability phenotype of rad9 was extended to include
the following two novel recombination phenotypes: (i) a significant increase in both the spontaneous and DNA damageassociated frequencies of directed translocations and (ii) a
decrease in the DSB-induced frequencies of SCE. Three major
conclusions can be inferred from experiments to characterize
these novel phenotypes. First, the higher level of recombination induced by the DNA-damaging agents in the rad9 mutant
results from failure to arrest the cell cycle at the G2-M checkpoint. Second, recombinational pathways in rad9 mutants that
generate higher levels of translocation events involve both
RAD1 and RAD52. Third, the rad9-enhanced recombination is
not limited to recombination between his3 sequences.
These conclusions were based on quantitating directed
translocation events in diploid strains. Although elevated rates
of spontaneous translocations were also observed for a haploid
rad9 mutant, in comparison to RAD91 strains, there is more
stimulation for diploid rad9 mutants. Higher levels of translocation events in rad9 diploids may be ascribed to higher frequencies of chromosome loss exhibited by rad9 mutants, which
might reduce the number of viable recombinants in haploid
cells (69).
Two possible explanations for the rad9 recombination phenotypes are (i) failure to arrest the cell cycle at the G2-M
checkpoint and (ii) one or more errors in DNA metabolism or
DNA damage-induced gene expression in rad9 mutants. The
first explanation implies that recombination phenotypes result
from failure to repair recombinogenic lesions prior to the segregation of sister chromatids; specific timing of gene conversion in G1 and crossovers in G2 has been previously suggested
(15, 23, 47). The second explanation implies that recombination is stimulated by more recombinogenic lesions or by a bias
in processing of recombination intermediates toward reciprocal exchange. Pleiotropic phenotypes of rad9 mutants include a
deficiency in the DNA damage inducibility of genes such as
RAD51 (1), which is involved in DSB repair and gene conversion (45), and the accumulation of single-strand DNA gaps
resulting from expression of the putative Rad17 nuclease (36).
Deficient cell cycle arrest at G2 leads to more translocation
events in rad9 mutants. Our results support the hypothesis that
higher numbers of DNA damage-associated translocations result from altered timing of recombinational repair and that the
RAD9-dependent checkpoint is triggered by DNA damage
(67). First, there is a twofold-greater difference between rad9
and RAD91 strains when numbers of radiation-induced translocations are compared than when rates of spontaneous translocations are compared. Second, the elevated DNA damageassociated recombination in rad9 mutants can be suppressed
when cells are temporarily arrested in G2-M phase by a microtubule inhibitor prior to irradiation. This implies that the G2
checkpoint serves to channel DNA damage into either a nonrecombinogenic repair pathway or a recombination pathway
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evident on CHEF gels (Fig. 2) and by the instability of the
His1 phenotype, which ranged from 381 (His2) of 402 (total)
CFU (95%) to 43 (His2) of 1,001 (total) CFU (4%). Additional chromosomal rearrangements may have occurred to decrease the mitotic stability of CEN2::IV in these recombinants.
X-ray- and HO-induced SCE are decreased in rad9 mutants.
We hypothesize that the G2-M checkpoint serves to arrest the
cell cycle and allows for the repair of DNA damage present on
sister chromatids. If this hypothesis is correct, rad9 mutants
should exhibit reduced stimulation of SCE after exposure to
agents that create DSBs. To determine whether DSB-stimulated SCE differed in either rad9 mutants or RAD91 strains,
we made a novel strain (YB146) so that SCE could also be
stimulated by targeted HO-induced DSBs (Fig. 1). SCE was
monitored by selecting for His1 prototrophs as previously described (16). A rad9::URA3 congenic strain was made by onestep gene replacement. Rates of spontaneous SCE were 1.6 3
1026 in a RAD91 strain (YB146) and 1.4 3 1026 in an isogenic
rad9::URA3 (YB147) mutant.
RAD91 and rad9 mutant strains were exposed to X rays,
UV, and MMS to determine whether DNA damage-stimulated
SCE was decreased in rad9 mutants. X-ray exposure of RAD91
cells resulted in the stimulation of ;150 3 1027 His1 recombinants resulting from SCE (Table 8), which is significantly
different from the nonirradiated control (P , 0.05). X-ray
exposures greater than 4.4 kilorads did not stimulate more
SCE. X-ray stimulation of SCE was not observed in the rad9
mutant, and no statistically significant changes in recombination frequencies were observed (P . 0.1) (Table 8). UV and
MMS stimulated SCE in either RAD91 or rad9 strains; however, there are fewer MMS- and UV-stimulated recombinants
in the rad9 mutant (P , 0.05). Thus, SCE stimulation in rad9
mutants depends on the DNA-damaging agent.
Since UV, X rays, and MMS generate a variety of DNA
lesions that may stimulate SCE, we examined the role of a
site-specific DSB in stimulating SCE. After introduction of
pGHOT-GAL3 into the RAD91 and rad9 strains, the HO
endonuclease was induced, and the HO-induced frequencies of
His1 recombinants and the percent survival after HO induction were determined (Table 6). Survival decreased from 91%
in the RAD91 strain to 77% in the rad9 mutant per number of
cells containing pGHOT-GAL3. Whereas there was a 10-fold
increase in the frequency of recombination after HO induction
in RAD91 cells, there was no significant increase (P . 0.1) in
recombination after HO induction in the rad9 mutant. To
verify that HO endonuclease was active in the rad9 mutant, the
efficiency of HO-induced mating-type switching was determined for both the rad9 mutant (YB147) and the RAD91
strains. For both strains, ;50% of the cells that survived HO
induction had also switched mating type.
HO-induced DSBs could theoretically stimulate both intrachromatid recombination and SCE. Unequal SCE was confirmed by Southern blot analysis as previously described (16).
Since no replication origin is present in HIS3, there is a low
probability that His1 recombinants can result from intrachromatid recombination generating an extrachromosomal HIS3
and reintegration of HIS3. Southern blot analysis demonstrated that seven of nine HO-induced His1 recombinants
from the RAD91 strain (YB148) resulted from SCE (16). Multiple rounds of unequal SCE might have occurred to generate
the other two His1 recombinants, as suggested by the presence
of larger restriction fragments that contain his3 fragments
(data not shown). Among HO-induced His1 recombinants
from the rad9 mutant, six of eight resulted from unequal SCE
and two His1 recombinants may have resulted from multiple
rounds of exchange. PCR analysis revealed that among HO-
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that does not generate translocations. Since prearresting cells
with nocodazole does not completely suppress the UV sensitivity of rad9 mutants (1), the inability to completely suppress
the rad9 hyper-Rec phenotype by nocodazole may be correlated with other rad9 phenotypes, such as the increased activity
of the putative 39-59 Rad17 nuclease (36). Thus, deficient cell
cycle arrest at the G2 checkpoint is likely to be one of several
factors that increase translocation events.
Since the major yeast DSB repair pathway is homologous
recombination (46, 64) and one DSB is sufficient to arrest cells
at G2 (8, 50), G2-M arrest likely facilitates DSB repair by SCE
(Fig. 3). It is therefore logical that both X-ray- and HO endonuclease-induced SCE were significantly decreased in rad9 mutants that cannot arrest at the G2-M checkpoint. Although
there is a correlation between defective recombinational repair
of DSBs by SCE and elevated numbers of X-ray-induced translocations, further studies will be necessary to demonstrate
cause and effect.
The observation that the frequencies of HO endonucleaseinduced translocations were the same in RAD91 and rad9
diploid mutants is consistent with the idea that sister chromatids are preferred substrates for recombinogenic repair of
DSBs. DNA damage caused by environmental agents differs
from that caused by site-specific endonucleases in that environmental agents, such as ionizing radiation, would likely create DSBs at nonidentical loci on sister chromatids. Thus, an
undamaged sister chromatid may serve as a template for recombinational repair of radiation-induced DNA damage.
Since the HOcs would be at identical loci on sister chromatids,
we speculate that HO endonuclease could cleave both sister

chromatids at the same location. Repair of both HO endonuclease-generated DSBs at unique sequences cannot occur by
homologous recombination between sister chromatids if there
are two identically cleaved chromatids. We suggest that the
frequency of HO-induced translocations could not be increased in rad9 mutants because SCE may not contribute to
recombinational repair of the targeted DSB in the RAD91
strain.
Our results indicate that the correlation between increased
numbers of DNA damage-induced translocations and decreased numbers of DNA damage-induced SCE in rad9 mutants depends on the DNA-damaging agent; environmental
agents that create DNA DSBs demonstrated the best correlation. RAD9-independent SCE may result from (i) DNA lesions
that trigger cell cycle arrest at other checkpoints and (ii) recombinational pathways that generate SCE but not translocations. For example, MMS and UV stimulation of SCE may
result from DNA lesions that arrest the cell cycle at the Sphase checkpoint (28), which is attenuated but not absent in
the rad9 mutant (43). Since UV can stimulate RAD1-independent SCE (28), whereas the rad9 hyper-Rec phenotype is
RAD1 dependent, there are differences between the UV-induced recombinational pathway(s) that generate SCE and
those that generate higher levels of translocations. Thus, although the defective G2 checkpoint may result in more translocations, some DNA-damaging agents may create lesions that
can be repaired by SCE at other cell cycle checkpoints.
Elevated numbers of translocations in rad9 mutants are
generated by a RAD1-dependent recombination pathway. Our
results indicate that with respect to the rad9 hyper-Rec phenotype, RAD1 is epistatic to RAD9. Rad1, as part of the Rad1Rad10 endonuclease that participates in UV excision repair
(6), has been suggested to play two different roles in the formation of recombinogenic substrates: first, it processes DNA
lesions into DSBs that can initiate mitotic recombination (39),
and second, it cleaves nonhomologous DNA from recombinogenic DSBs to form stable recombination intermediates (20).
RAD1-dependent hyper-Rec phenotypes are found for other
mutants, including top3 (5), pms1 (4), and rem (39) mutants
that are defective in Topo3, mismatch repair, and the Rad3
helicase, respectively. Both top3 and pms1 mutants exhibit enhanced ectopic recombination between the homologous SAM1
and SAM2 genes (4, 5). Thus, gene(s) involved in the excision
repair pathway contribute to genomic instability observed in
both DNA repair and cell cycle checkpoint mutants.
Chromosomal polymorphisms occur in rad9 mutants. Chromosomal rearrangements generated in the rad9 mutant indicate that genetic instability is not limited to directed translocations. It is unknown whether recombinants containing
nonreciprocal translocations first contained reciprocal translocations and lost CEN4::II or whether the nonreciprocal translocations were generated in the absence of the reciprocal product. The unusual chromosomal polymorphisms present in rad9
mutants are secondary changes that likely occurred by recombination between dispersed repetitive sequences (22), as has
been suggested for naturally occurring chromosome III polymorphisms (72).
Since chromosomal fragments may be passed on from
mother cell to daughter cell in rad9 mutants, it is intriguing to
imagine that some nonreciprocal translocations result from
recombination of chromosomal fragments that are inherited in
subsequent generations but remain recombinogenic. Recombination mechanisms that generate nonreciprocal translocations may be similar to those that generate longer yeast artificial chromosomes. Vollrath et al. (66) observed that in vivo
recombination between the free end of a yeast artificial chro-
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FIG. 3. Diagram of the generation of chromosomal rearrangements in rad9
mutants. Large circles represent the mother cell, and large ovals emerging from
the mother cell represent the daughter bud. The nucleus is not shown. For
simplicity, only one set of chromosome II and IV homologs is shown. Small ovals
represent centromeres as designated in Fig. 2. Heavy lines represent chromosome IV, and light lines represent chromosome II. Recombinogenic lesions, such
as DSBs, are either generated spontaneously or created by DNA-damaging
agents. (Left) in RAD91 strains, DSBs arrest cells in G2 and trigger SCE,
resulting in the repair of the DSB. (Right) In rad9 mutants, no cell cycle arrest
occurs, and centric and acentric chromosomal fragments are inherited in daughter cells after segregation. Recombination between nonhomologs then generates
translocations CEN2::IV and CEN4::II.
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translocations. This is the first hyper-Rec phenotype assigned
to the rad9 mutant. Although several factors may contribute to
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into SCE. Since additional cell cycle checkpoints have been
identified in yeast (71), it will be interesting to determine
whether other checkpoint mutants have similar recombination
phenotypes.
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