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ABSTRACT This study shows that RADSO, a yeast DNA
repair gene required for meiotic interchromosomal exchange
between homologs, also is required for meiotic intrachromo-
somal recombination. However, only intrachromosomal events
in nonribosomal DNA are dependent on RAD5O; those in
ribosomal DNA (rRNA-encoding DNA) occur in the absence of
this gene. Furthermore, nonribosomal DNA sequences retain
theirRADSO-dependence even when inserted into the ribosomal
DNA array. We argue that these data provide evidence for at
least two pathways of meiotic intrachromosomal recombina-
tion whose activity depends on the specific sequences involved
or their structural context in the chromosome. In contrast to its
role in meiosis, RAD5O is not required for either inter- or
intrachromosomal spontaneous mitotic recombination.

Genetic exchange functions in several important ways in
eukaryotic cells. In addition to contributing to genetic diver-
sity during gametogenesis, it also is required for proper
distribution of homologs at meiosis I (1, 2), maintenance of
copy number (3-5) and sequence homogeneity (6-8) in
repeated gene families, creation of new alleles (9, 10), and
control ofgene expression (11-13). Despite the importance of
these various recombination (Rec) events, relatively little is
known at present about eukaryotic recombination genes
particularly in higher organisms.

In this study we used the yeast Saccharomyces cerevisiae
as a model system to examine the mechanism of intrachro-
mosomal recombination. Using a process of single-division
meiosis in haploid and diploid cells that eliminates meiosis I
segregation of homologs (2, 14), we have inquired whether
intrachromosomal recombination and interchromosomal re-
combination utilize the same recombination functions and
occur via a common recombination gene pathway(s).

In this system it was previously shown that (i) interchro-
mosomal reciprocal exchange occurs at similar levels to
standard two-division meiosis (14, 15); (ii) genetic map
distances along the length of chromosome III are the same in
recombination-proficient (Rec+) diploids (2n) and disomic
haploids (n + 1)-i.e., the presence or absence of pairing and
exchange on other homologs does not affect recombination
on this chromosome (15); (iii) intrachromosomal events be-
tween duplicated genes are elevated in the absence ofa paired
homolog (16); and (iv) the SPOil gene encodes a recombi-
nation function required in common for exchange between
and within individual chromosomes (16).
Here we report that a second gene, RAD50, also is used in

common; however, RAD50, unlike SPOIl, is not essential
for all intrachromosomal recombination. Based on this evi-
dence we propose that there are at least two partially over-
lapping pathways of intrachromosomal exchange acting on
different sequences in the genome. Recombination functions

in both of these pathways are shared with those that operate
in interchromosomal exchange.

MATERIALS AND METHODS
Media and Genetic Procedures. Growth and sporulation

media are as described (17). The radSO-J mutation, which
confers sensitivity to ionizing radiation (18) and methyl
methanesulfonate, was scored on standard YPD medium (17)
containing 0.01% methyl methanesulfonate added after au-
toclaving. Crosses, ascus dissection, mitotic recombination
experiments, and other genetic procedures were done as
described (16, 19).

Cloning RAD50. A rad50-1 ura3 strain was transformed
with a YRP17 yeast DNA library containing the URA3 gene
(provided by R. T. Elder), and Ura+ transformants were
screened for the ability to grow on methyl methanesulfonate-
containing medium. A lO-kilobase (kb) fragment of yeast
DNA was identified that complements the methyl methane-
sulfonate phenotype and integrates at the RAD50 locus (data
not shown); its restriction map overlaps that reported by
Kupiec and Simchen (20).

Construction of Strains Containing his3 Truncated Genes.
Two plasmids, each containing the yeast URA3 gene and
truncated his3 genes (21), were kindly provided by S. Roeder;
5' flanking sequences ofHIS4 present in one plasmid (pR656)
and aBgl II fragment ofrDNA in the other (pR658) were used
to target the his3 genes to the HIS4 and rRNA-encodingDNA
(rDNA) regions, respectively, in strains carrying a genomic
deletion of his3. Transformants were selected on medium
lacking uracil, and the site of integration was confirmed by
genetic and physical tests.

Plasmid Constructions. pSG(RAD50)1 was constructed by
inserting a HindIII fragment complementing RAD50 function
into a yeast centromere plasmid containing the TRPI select-
able marker. pSG(RAD50)2 was constructed by inserting the
HindIII fragment into the integrating vector YIP5. Plasmids
containing the mating type loci were constructed by inserting
a HindIII fragment containing MATa or MATa information
(provided by I. Herskowitz) into a yeast centromere plasmid
containing the LEU2 selectable marker.

RESULTS
RADSO Is Required for Meiotic Recombination Between

Homologs in Chromosome m Disomic Haploids. The experi-
mental system used in this analysis involves three essential
components (16): (i) the presence of the spol3-1 mutation,
which eliminates reductional chromosome segregation at
meiosis I and permits either diploid cells or haploid cells to
complete a single meiosis II-like division and form two viable

Abbreviations: SCE, sister chromatid exchange; rDNA, rRNA-
encoding DNA.
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Table 1. Effect of radSO-J on CEN3-MAT meiotic recombination
in MATa/MATa disomic haploids

Genotype/ Dyads, Dyads with Mat phenotypes, no.
strain no. N,N a,a a,N a,N

RAD50
K355-13A 128 69 27 17 15
JW165-19D 115 61 22 13 19
JW165-37D 127 70 33 14 10
JW167-171B 441 243 103 50 45

Total (%) 811 443 (55) 185 (23) 94 (12) 89 (11)
rad50-
JW168-23A 334 323 0 4 7
JW168-62B 398 371 0 9 18

Total (%) 732 694 (95) 0 (<0.2) 13 (2) 25 (3)
All strains contain aMATa/MATa chromosome III disome, spol3-

1, ura3, and URA3 in rDNA. N,N dyads contain two nonmating
MATa/MATa spores and result from no CEN3-MAT exchange
followed by equational division; a,a dyads contain MATa/MATa and
MATa/MATa spores and occur half of the time when there is
CEN3-MAT exchange and equational segregation and whenever
there is no exchange and reductional segregation; a,N and a,N dyads
result most frequently from aberrant segregation in which one
chromatid separates from three chromatids-e.g., a,N = MATa,
MATa/MATa/MATa (see ref. 15).

meiotic products (2, 14); (ii) repeated genes, either naturally
occurring tandem arrays such as the rDNA or artificially
constructed repeats, for monitoring exchange; and (iii) hap-
loid yeast strains that can enter meiotic development because
they express both alleles of the MAT locus.
The radSO-J amber mutation was previously shown to

dramatically reduce meiotic gene conversion and reciprocal
exchange between homologs in both SPO3 and spol3-1
diploids (22, 23). Its Rec- phenotype was also seen during
spol3-1 haploid meiosis (Table 1). In radSO-J spol3-1 hap-
loids disomic for chromosome III, the frequency of recom-
bination in the MAT-CEN3 interval [23 centimorgans (cM)]
(24) was reduced >100-fold (<0.2%); no exchange (0 of 732
dyads) occurred in the his4-MAT interval (5OcM) (24). Thus,
RADSO is essential for intergenic recombination between
homologs in MATa/a disomic haploids, as well as in diploids.

EXCHANGE
ASSAY

1. his4 duplication

2. rDNA

3. his3 genes

NCO

His P

His P

Ura+

Ura+

HisO

HisP

RADSO Is Required for Intrachromosomal Recombination
Between Duplicated his4 Genes. To determine whether
RAD50 is also essential for meiotic recombination within
single chromosomes, exchange was analyzed in haploid
strains (n) containing duplicate copies ofhis4 on chromosome
III separated by pBR313 plasmid DNA (Fig. 1). These hap-
loids contain a single chromosome III but are functionally
MATa/MATa because of the presence of the sir2 mutation,
which causes derepression of the normally silent HML and
HMR mating-type loci (25). The his4 duplication contains
noncomplementing mutations in the his4A and his4C regions
(26). In Rec+ haploid meiosis, the frequency of detectable
intrachromosomal recombination in the his4 system was
30%o (Table 2; see also ref. 16), compared with 1-2% previ-
ously reported in Rec+ diploid meiosis (27). The vast majority
of events (80%) were evenly divided between reciprocal
unequal sister chromatid exchanges (SCEs) and reciprocal
intrachromatid exchanges (16). The high level of intrachromo-
somal exchange during haploid meiosis suggests that the
presence of the other homolog in diploid cells suppresses
recombination events within single chromosomes (16).

In rad50-1 sir2 spol3-1 haploid strains, the rate of intra-
chromosomal recombination per meiosis was reduced -100-
fold (Table 2). Thus, RAD50 is required for exchange be-
tween duplicated his4 genes within a single chromosome as
well as for exchange between homologs.
A Cloned RADSO Gene Restores Intrachromosomal Ex-

change at his4 in rad50-1 Haploid Meiosis. Transformation of
the rad50-1 haploid G15-4 with plasmid pSG(RAD50)1 (see
Materials and Methods) yielded a haploid that exhibited 27%
recombination in the his4 duplication, similar to other Rec+
haploids (Table 2). Southern hybridization analysis of 18 of
the recombinant dyads indicated that 7 of 18 (39%) arose from
reciprocal unequal SCE, 7 of 18 (39%) from reciprocal
intrachromatid exchange, and 4 of 18 (22%) from intrachro-
mosomal gene conversion, analogous to other Rec+ haploids
(16). This result shows that the lack of intrachromosomal
recombination in radSO-J haploids is due to the rad5O muta-
tion and not another gene(s) in the strain background.

Meiotic Intrachromosomal Recombination Within the Ribo-
somal DNA Occurs in the Absence of RADSO. Recombination

USCE

His+ or His-

His P

Ura+

Ura

His +
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His+or His

HisP
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HisP
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FIG. 1. Spores produced after either no exchange or meiotic intrachromosomal recombination in spol3-1 single-division meiosis. In all cases,
spore phenotypes are written above or below the representative chromatid. NCO, no crossover; USCE, reciprocal unequal sister chromatid
exchange; ICE, reciprocal intrachromatid exchange; GC, gene conversion. Assay 1: his4 duplication. Open rectangles represent the his4 gene;
the filled rectangles represent pBR313 sequences. The two copies of his4 contain noncomplementing mutations in either his4A or his4C.
Recombination produces one HisP spore (His- with His' papillae) and either one His' or one His- spore depending on the site of the exchange
event between the duplicated genes. Assay 2: rDNA. Open boxes represent individual rDNA repeats; the filled boxes represent the yeast URA3
gene. Recombination will lead to loss of the URA3 insert on one chromatid. Assay 3: his3 truncated genes. The 3' end of the his3 gene is
represented by an arrowhead; the 5' end is represented by an arrowtail. The darkened arrow represents an intact his3 gene. The two sequences
overlap by 300 base pairs.
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Table 2. Effect of rad50-1 on meiotic intrachromosomal exchange in the his4 duplication

Genotype/ Dyads, Dyads with His phenotypes, no. %
strain no. p,p p,- p,+ +,- -,- recombination

RADSO
JW2014B 157 108 43 5 0 1 30.8
JW211-15C 76 57 14 2 2 1 24.0
G15-4/
pSG(RAD50)1 370 269 85 15 0 1 27.1

Total 603 434 142 22 2 3 27.7
radSO-J
G15-4 445 440 1 0 0 4 0.2
Strains JW2014B (MATa), JW211-15C (MATa), and G15-4 (MATa) contain the his4 duplication

(his4-39,26OpBR313 his4-1176,864), sir2, and spol3-1. G15-4 also has trpl-1, ura3, and URA3 in rDNA.
Three spore phenotypes are observed: His+, His-, and HisP (His- with His+ papillae). In the absence
of meiotic intrachromosomal recombination, the two spore clones in a dyad are HisP, designated above
as p,p. The other phenotypes are generated by exchange during meiosis and mitosis [see Fig. 1 and ref.
16]. Percent recombination = [(p,-) + (p, +) + (+, -)]/[(p,p) + (p,-) + (p,+) + (+, -)]; the -,- dyads
are assumed to be due to prior mitotic recombination and are omitted from this calculation.

was next examined between the repeated rDNA genes pres-
ent in a tandem array of -150 copies on chromosome XII
(28). In contrast to the near absence of meiotic intrachromo-
somal exchange between duplicated his4 genes in radSO-1
mutants, the level of recombination in the rDNA was unaf-
fected by the absence ofRAD50function (Table 3). Exchange
was assayed in strains containing the URA3 gene integrated
in the rDNA array (Fig. 1) and were either MATa/MATa
disomic haploids or haploids transformed with a CEN plas-
mid containing the opposite mating-type allele. The URA3-
rDNA inserts were derived either from strain TP406pSS31(1)
(29) or by independent transformations with the integrating
plasmid pSS31(29). Intrachromosomal exchange between
repeats flanking the URA3 insert yields dyads containing 1
Ura+ spore and 1 Ura- spore. In RADSO and radSO-J strains,
the frequency of these dyads was similar, 2.1% and 1.2%,
respectively. In all dyads examined by Southern hybridiza-
tion analysis, the Ura- spore contained no URA3 sequences
integrated in the rDNA array. Therefore, these events are
due to recombination between rDNA repeats leading to loss
of the URA3 gene rather than gene conversion between the
URA3 gene inserted in the array and the chromosomal ura3
allele on chromosome V. Although there was some variability
among strains, the observed frequencies indicate that the
RADSO function is dispensable for intrachromosomal events
between rDNA genes.
Recombination Between Truncated his3 Genes, Inserted

Either at theHIS4 Locus or in the rDNA, IsRAD5O-Dependent.
To address whether RAD50-independent recombination be-
tween rDNA repeats is a property ofthe region containing the
tandem array, a duplication of non-rDNA sequences was
inserted into the rDNA, and exchange was measured be-
tween the non-rDNA repeats in wild-type and radSO-J back-
grounds. The non-rDNA duplication contains 5' and 3' trun-
cated his3 sequences with -300 base pairs of internal se-
quence homology (Fig. 1; ref. 21). It was inserted at both the
HIS4 locus and into the rDNA in haploids containing a
deletion of the HIS3 locus. In such strains, the only way to
produce a His' cell is by recombination between the homol-
ogous sequences present in the inserted duplication.

In Rec+ strains, the frequency of exchange yielding His'
prototrophs was similar at both HIS4 and in the rDNA: -1
X 10-3 events per meiosis (Table 4). Strikingly, the radSO-1
mutation caused a nearly complete loss of meiotic exchange
between the his3 genes at both locations (Table 4). Therefore,
unlike intrachromosomal recombination between rDNA re-
peats, which can occur in the absence of RADSO, exchange
between unique sequences inserted in the rDNA is RAD50-
dependent. One possible explanation for the RAD50-
dependence of his3 recombination in rDNA is that the

duplication may have been inserted near the junction be-
tween rDNA and unique sequences enabling them to retain
their original recombination properties. We consider this
possibility unlikely because exchange between rDNA repeats
leading to loss of the entire his3 insert is RAD50-independent,
providing an internal control (S.G., data not shown).
Another difference in the exchange properties of rDNA

repeats and unique DNA has been reported recently. The
SIR2 gene, which represses transcription of the silent mating
type loci (25), also suppresses recombination between rDNA
repeats while having no effect on exchange between dupli-
cated HIS4 genes (30). Therefore, we inquired whether the
property of enhanced recombination in rDNA characteristic
of sir2 strains is acquired by the his3 duplication when it is
embedded in the rDNA array. The experiments shown in
Table 4 were performed in sir2 strains. Comparable studies in
SIR2 strains gave similar frequencies of His' recombinants:
1.42 x 10-4 during mitosis and 8.92 x 10-4 during meiosis.
Thus, recombination between duplicated non-rDNA se-

Table 3. Effect of radSO-1 on intrachromosomal recombination in
the rDNA array

Genotype/ Dyads, Ura phenotype, no.
strain no. +, + +, - -, - recombination

RAD50
K355-13A 128 118 2 8 1.7
JW165-19D 115 99 7 9 6.6
JW165-37D 127 119 2 6 1.7
JW167-171B 441 426 8 7 1.8
JW230-5A 93 86 5 2 5.5
SG25-34C 232 231 1 0 0.4
SG25-36D 156 154 2 0 1.3

Total 1292 1233 27 32 2.1
radSO-I
JW168-23A 334 280 5 49 1.8
JW168-62B 398 359 4 35 1.1
JW231-4D 102 90 2 10 2.2
SG25-12A 122 120 1 1 0.8
SG25-29C 218 205 1 12 0.5

Total 1174 1054 13 107 1.2

All strains are disomic (n + 1) for chromosome III (MATa/MA Ta),
except for haploids (n) SG25-12A (MATa), SG25-29C (MATa),
SG25-34C (MATa), and SG25-36D (MATa), each ofwhich carries the
opposite MAT allele on a CEN plasmid. All of the above strains also
contain spol3-1, ura3, and URA3 in rDNA. The absence or presence
of meiotic intrachromosomal exchange is detected by Ura+,Ura+
and Ura+,Ura- dyads, respectively [see Fig. 1 and ref. 16). Percent
recombination = (+,-)/[(+,-) + (+,+)]; Ura7,Ura- dyads are
assumed to be due to prior events during mitotic growth and are not
included in this calculation.

7074 Genetics: Gottlieb et al.



Proc. Natl. Acad. Sci. USA 86 (1989) 7075

Table 4. Effect of radS0-1 on intrachromosomal recombination in
a his3 duplication integrated at HIS4 or in the rDNA array

Genotype/ His' per 104 cfu, mean
strain Mitotic Meiotic Meiotic increase

his3 at HIS4
RAD50
SG9-36B 1.19 12.80 11.61
SG9-24B/
pSG(RAD50)1 0.50 10.47 9.97

rad50-1
SG9-24B 1.06 1.50 0.44

his3 in rDNA
RADS0
SG9-36B 1.89 13.84 11.95
SG9-24B
pSG(RAD50)1 4.13 15.86 11.73

radS0-1
SG9-24B 2.98 2.89 -0.09

SG9-24B (MATa) and SG9-36B (MATa) are his3A200 sir2 spol3-1
trpl-J ura3 haploids and have plasmids pR656 and pR658 containing
the his3 duplication and URA3 integrated at either HIS4 or in the
rDNA, respectively. His' recombinants retain the integrated plas-
mid and are therefore Ura'. Mean frequencies ofHis' are an average
of five (or six in the case of SG9-36B/pR658) independent cultures
per strain and are calculated from His' colony-forming units (cfu)/
Ura' cfu to correct for loss of the plasmid. Sporulated cells were
treated with Glusulase for 4 hr, and spores were plated on His- or
Ura- selective media. The rad50-1 and RAD50 spol3-1 haploids both
sporulated -40-50%. The meiotic increase was determined by
subtracting the mitotic frequency of His' cfus from the meiotic
frequency of His' cfus.

quences inserted in the rDNA is unaffected by the presence
or absence of SIR2.
Taken together, these results indicate that sequences in-

tegrated in the rDNA do not acquire the properties of
exchange characteristic of the rDNA, suggesting that the
recombination behavior of the array is due either to specific
rDNA sequences themselves or general properties of genes
that are present in many multiple copies.

Mitotic Intrachromosomal Recombination in rad5O-1 Hap-
loids Occurs at Normal or Increased Frequencies. The radia-

Table 5. Spontaneous mitotic recombination in RADS0 and
radS0-1 haploids

Recombination event

URA3 in HIS4
leu2 alleles, rDNA, duplication,

Genotype/ Cultures, Leu+ per Ura+:Ura- His' per
strain no. 106 cfu per 102 cfu 105 cfu

RADS0
JW167-171B 5 9.2 0.1
JW168-7B 3 7.8 0.1
JW211-43B/
pSG(RAD50)2 5 10.5

rad50-1
JW168-23A 5 NT* 1.3
JW168-62B 3 36.7 0.8
JW211-43B 6 9.7

rad50-1/RAD50t 4.3 14.0 0.9
JW211-43B is G15-4 (see Table 2) without the URA3 gene in the

rDNA. All other strains are disomic for chromosome III MATa/
MATa, are heteroallelic at the LEU2 and HIS4 loci (leu2-27 his4A-
25/leu2-1 his4B-331), and contain spol3-1, ura3, and URA3 in rDNA.
All values are the means of the indicated number of cultures. Since
Ura+:Ura- are sectored colonies, they indicate the rate of these
events per cell division.
*JW168-23A could not be tested since it is a leul auxotroph in
addition to being heteroallelic at leu2.

tRelative increase in radSO-J in all cultures tested.

tion sensitivity ofradSO strains indicates that the RADSO gene
product acts during mitosis. Malone and Esposito (23) noted
that radSO-J diploids in some intervals show elevated levels
of spontaneous mitotic recombination between homologs,
although Saeki et al. (31) have reported reduced rates of
t-ray-induced mitotic gene conversion and reciprocal ex-
change in radSO diploids. To determine the effect of radSO-J
on spontaneous mitotic intrachromosomal exchange in our
strains, spol3-1 haploids containing either the his4 duplica-
tion or URA3 integrated in the rDNA were examined. In
contrast to meiotic cells, the lack of RADSO function in
mitosis did not abolish exchange and therefore is not abso-
lutely required for exchange in non-rDNA regions (Table 5).
As in previous studies (23), the absence ofRADSO appears to
be associated with a hyper-Rec phenotype in some regions of
the genome. Recombination in rDNA (monitored by the
percentage of Ura+:Ura- sectored colonies) and between
leu2 alleles is increased, whereas there is no enhancement of
exchange between duplicated his4 genes. The basis of this
variable hyperrecombination behavior is presently unknown.
It has been proposed that it may be due to DNA lesions that
accumulate in the absence of RADSO that stimulate recom-
bination (23).

DISCUSSION
The conclusion that reciprocal intrachromosomal meiotic
recombination and interchromosomal meiotic recombination
require common recombination functions and utilize the
same recombination pathway, at least in non-rDNA, is sup-
ported by the following observations. In the presence of both
homologs, reciprocal exchange between chromosomes oc-
curs much more frequently (>10-fold) than intrachromo-
somal events involving the same gene duplication (ref. 27;
R.E.E., unpublished observations). Moreover, when only
one homolog is present, reciprocal intrachromosomal events
increase (-15-fold) (ref. 16; this study). Taken together these
results suggest that reciprocal events between homologs can
suppress events within chromosomes. One explanation for
this behavior is that both types of recombination events may
compete for common recombination functions and/or inter-
mediates. The results presented here, and in a previous
report (16), support this view: at least two meiotic recombi-
nation genes, SPOII and RADSO, have been shown to be
required for both events. How might such functions be
executed preferentially in interchromosomal events? One
possibility is that the structure or conformation of paired
homologs reduces the probability of forming appropriate
recombination intermediates within a chromosome.
The behavior of rDNA is intriguing in this regard. In

wild-type cells, rDNA reciprocal exchange between ho-
mologs occurs at <2% the rate predicted by physical dis-
tance, while intrachromosomal events are relatively more
frequent (3, 32). These findings are also compatible with the
notion that intra- and interchromosomal events are compet-
itive. In this case however, intrachromosomal events pre-
dominate and occur at similar levels in diploid and haploid
meiosis, while interchromosomal events are highly sup-
pressed (3, 16, 32). These observations suggest that the
properties of either the rDNA sequences themselves and/or
the physical arrangement ofa large number oftandem repeats
favors intrachromosomal events and utilizes a different re-
combination function(s) and/or intermediate(s). Some evi-
dence for this proposal comes from the discovery that rDNA
exchange in meiosis does not depend on the presence of
RADSO, which is required for non-rDNA exchange.
Below we present two explanations for why RADSO does

not appear to be required for meiotic intrachromosomal
recombination events in the rDNA. The first is that RAD50
either regulates or promotes meiotic pairing and that it does

Genetics: Gottlieb et al.



Proc. Natl. Acad. Sci. USA 86 (1989)

so only in non-rDNA regions, so that its absence has no

consequences for rDNA exchange. This proposal is based on
the findings that (i) radSO diploids (ref. 33 and B. Byers,
personal communication) and rad5O spol3-1 haploids (S.G.,
J.W., L. Jensen, and R.E.E., unpublished data), lack syn-

aptonemal complexes (SCs), structures thought to mediate
homolog pairing during meiotic prophase (34); (ii) SCs cannot
be visualized in the rDNA-containing nucleolus in yeast (35);
and (iii) genetic and molecular tests suggest that the RADSO
gene functions early in the recombination process (23, 36,
37). These results suggest that rad5O is defective in a pairing
mechanism involving SC formation, although the absence of
SCs in rad5O mutants and in the nucleolus could be due to
other reasons. However, if this model is correct then one may
infer that SCs can initiate between relatively short stretches
ofhomology, as suggested by Carpenter (38). This is based on
the striking finding that intrachromosomal recombination
between his3 truncated genes with only 300 bases of homol-
ogy still requires the RAD50 function, even when inserted in
the rDNA. Furthermore, the fact that recombination between
the his3 sequences occurs at approximately the same fre-
quency at both HIS4 and in the rDNA in wild-type cells
suggests that embedding sequences within the array does not
affect their accessibility as recombination substrates.
The second explanation is that RAD50 is required for

meiotic rDNA exchange, but the events observed during
radSO-1 meiosis occur by an independent recombination
pathway operating in the absence ofRADSO. This possibility
is considered in the light ofour data on mitotic recombination
in the rDNA in radSO-J mutants, where the rate of mitotic
recombination in the rDNA is seen to increase 14-fold in
rad5O-1 mutants (Table 5). Since the induction of meiotic
rDNA exchange in wild-type strains is only =20-fold, the
recombination events observed in radSO-1 mutants during
meiosis could occur by the same pathway as the enhanced
rDNA recombination events in radSO-1 mitosis. Evidence
against this view is that a correlation between the rates of
mitotic and meiotic rDNA recombination has not been ob-
served-e.g., strains with both high (see strain JW194-64B in
15) or low (SG25-12A in Table 3) levels of mitotic exchange
in rDNA exhibit similar frequencies (:2%) ofmeiotic events.
We emphasize that the second explanation requires the
existence of a substitute function for RADSO that restores
wild-type levels of recombination in rDNA. Thus, in consid-
ering either hypothesis, one must conclude that there are at
least two pathways by which intrachromosomal exchange
occurs.

In summary, our data show that RADSO, like SPOIl, is
required for meiotic intrachromosomal recombination be-
tween non-rDNA repeated DNA sequences. However, un-
like SPOIl, RADSO is dispensable for meiotic intrachromo-
somal recombination in rDNA, indicating the operation of an
alternate pathway of recombination in the rDNA.
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