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ABSTRACT Crossing-over between the dispersed repeated
sequences found in eukaryotic genomes would generate chro-
mosomal rearrangements. The stability of the yeast genome sug-
gests the existence of some constraint on the ability of these se-
quences to interact by recombination. We have constructed strains
with two alleles of the his3 gene located on different chromo-
somes. Gene conversion accounts for the majority of the recom-
bination events between these genes, but about 10% of the events
are crossovers that result in a reciprocal translocation. When one
of the alleles is on an autonomously replicating centromere plas-
mid, recombination is 5- to 10-fold more frequent than when both
alleles are chromosomal, suggesting that higher-order chromo-
some structure may play a role in restricting interchromosomal
recombination. We have also used the translocation to deduce the
orientation of the his3 and rRNA genes relative to their centro-
meres.

Eukaryotic cells contain moderately and highly repeated DNA
sequences that are dispersed throughout the genome. The na-
ture and frequency of the recombination events that take place
between such dispersed sequences have important conse-
quences for genomic stability. Gene conversion events have been
postulated to account for the conservation of sequence ho-
mology between dispersed repeated elements (reviewed in refs.
1 and 2). In yeast, gene conversion is associated with a high
frequency of crossing-over, in both meiotic (3) and mitotic (4)
recombination. Crossovers between dispersed repetitive ele-
ments would generate chromosomal aberrations, which are del-
eterious either directly or in subsequent meioses. One might
therefore expect to find severe constraints on the ability of dis-
persed repeats to interact by reciprocal recombination.
We have studied this problem in the yeast Saccharomyces

cerevisiae, in which rare recombination events can easily be
selected and characterized. Several classes of dispersed re-
peated sequences, ranging from two to hundreds of copies, have
been identified in yeast (5-12). If these repeated elements were
free to recombine with each other, translocations and other ge-
nomic rearrangements should be common in yeast. In fact,
translocations in yeast are rare and may not arise from homol-
ogous recombination events. One translocation was found as a
difference between two yeast strains of different background
(13), and is of unknown nature. A second arose during selection
for increased expression of the cyc7 gene and does not appear
to be due to homologous recombination (14). A third occurred
as a revertant of a Tyl insertion mutation (15).

Gene conversion events have been reported between dis-
persed repeats on different chromosomes in yeast: between the
cycl and cyc7 genes (16), between tRNA genes (17), and be-
tween copies of the his3 gene placed on different chromosomes
(18), but no reciprocal exchanges were seen. We examined the

question of whether dispersed repeats can undergo crossing-
over by selecting for recombination between dispersed copies
of the his3 gene. We find that these sequences can recombine
with each other, but at a low rate, suggesting the existence of
a constraint on the ability of sequences in nonhomologous po-
sitions to interact. Furthermore, this constraint appears to be
relaxed when one of the two recombining sequences is on a
centromere-containing plasmid.
A preliminary analysis of the translocation described here

has been reported as part of a general method for constructing
chromosomal rearrangements (19). Recombination, including
crossing-over, between sequences on different chromosomes
has recently been reported by two other laboratories (20, 21).

MATERIALS AND METHODS
The double point mutations leu2-3,112 and his3-11,15 were de-
rived from strain LL20 (a, leu2-3,112, his3-11,15, canl), and
the markers asp5, ura4, and cani were from strain 6657-40;
both were from the laboratory of G. Fink. tcml was from strain
CLP-1 (J. Davies), and trpl and adel were from strain X4001-
39A (M. Olson). All of the markers were crossed into the LL20
genetic background to give the two haploid strains D153-13C
(a, his3-11,15, leu2-3,112, asp5, ura4, cani) and D154-13A (a,
his3-11,15, leu2-3,112, adel, trpl, teml).

Media, genetic methods, mutagenesis, and yeast transfor-
mation were as described (22). Trichodermin plates contained
trichodermin (the gift of W. Gotfredson) at 20 ,ug/ml. Plasmid
constructions and Southern blots were done as described (23).

The his3-11,15 double point mutation was used because of
its low reversion rate. To eliminate the possibility that one of
the point mutations had reverted in the process of constructing
strains D214 and D231, the presence of both mutations was
confirmed. Spontaneous mitotic segregants that had lost the
integrated plasmid by homologous recombination between
flanking ribosomal DNA (rDNA) sequences were isolated and
sporulated. Four spores from one tetrad were crossed to his3-
11 and his3-15 tester strains, and the diploids were tested for
the generation of histidine-independent (His') recombinants
after UV irradiation. his3-11/his3-15 control diploids gave rise
to His+ recombinants at a high frequency, whereas diploids de-
rived from a cross to a strain carrying the double point mutation
did not.

RESULTS
To test the ability of homologous sequences on nonhomologous
chromosomes to recombine, we constructed plasmids contain-
ing a defective allele of the yeast his3 gene and integrated these
plasmids at the yeast rDNA locus. Recombinants were selected
between the his3 gene in the rDNA locus and the his3 gene at

Abbreviations: rDNA, ribosomal DNA (DNA encoding rRNA); kb, kilo-
base(s); His+, histidine-independent; Leu+, leucine-independent.
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the normal his3 locus on chromosome XV. These recombinants

were then analyzed genetically to determine the nature of the

genomic rearrangements that occurred as a result of the re-

combination event.
Insertion of hNO3 at the rDNA Locus. Plasmids containing a

defective allele of the his3 gene, a fragment of rDNA, and the

LEU2 gene were constructed as described in Fig. 1. We-used

a his3 deletion constructed by K. Struhl (24) as a nonreverting
his3 allele. The deletion removes part of the coding region of

the his3 gene and replaces all sequences on the 5' side with

about 300 base pairs of A phage. DNA. As a result there is his3

homology on only one side of the deletion. The 1.4-kb BamHI

fragment containing the his3 allele was inserted in both ori-

entations, yielding pSZ80 and pSZ81.

Strains with these plasmids integrated into the rDNA locus

were constructed as follows. Strains D153-13C and D154-13A

were made by standard crosses. The diploid obtained by cross-

ing these strains is heterozygous for two centromere-linked

markers (adel and trpl) and for markers flanking the rDNA

region (asp5, rad5, and ura4) but is homozygous for leu2-3,112

and his3-11,15. This diploid sporulates-well and has greater than

95% spore viability. D153-13C was transformed withpSZ80 and

pSZ81, and six independent stable transformants from each

plasmid were analyzed further. -We wished to use a transfor-

mant with a single copy of the plasmid integrated at the rDNA

locus. Total genomic DNA was prepared from each transfor-

mant, digested with the restriction enzyme Xba I, blotted by

the method of Southern, and hybridized with a pBR322 probe.

Xba I does not cut either pSZ80 or pSZ81 but does cut flanking

rDNA sequences. The integration by homology of a single copy

of either plasmid within the rDNA cluster results in a 15.8-kb

Xba I fragment. Integration at other loci or multiple tandem

integration at the rDNA locus results in Xba I fragments of dif-

ferent sizes. We identified transformants, from each plasmid;

with a single copy integrated at the rDNA locus (data not shown).

These transformants were shown to be haploids by crossing them

with D154-13A. The resulting diploids showed 95% spore vi-

ability and 2:2 segregation of all markers, including the inte-

grated plasmid. We chose one pSZ80 transformant andone pSZ81

transformant for further study. Each was crossed with D154-13A,

and the resulting diploids (D231 and D214, respectively) were

used for the selection and analysis of His' recombinants. The

relevant aspects of the genotype of D214 are shown in Fig. 2.

The only difference between D214 and D231 is in the orien-

tation of thehis3 deletion fragment relative-to the centromere

of chromosome XII.
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FIG. 1. Plasmids used in this study. pSZ80 and pSZ81 were

structed-by inserting arDNA fragment (double lines) containingthe

RNA gene, a fragment containing a his3 gene with a deletion

end (from YRp7-Sc27&2) (broken lines), and aLEU2 fragment (hatched

areas) from pYeLeulO into pBR322 (single lines). The 5' indicates

5' end of the his3 gene. Both plasmids are 10.3 kilobases (kb). pSZ702
containsthe samehs 3 andLEU2 segmentsinsertedintooYCp5, which

is pBR322 containing CEN4 (solid area) and URA3 (stippled area). Re-

striction sites are R,EcoRI;B.Bamfir; H3,HindIII; Hp,Hpa I;B,.BamHI;

P, PvuII; X, XhoI; S, Sal I-, and A, sites at which URA3 was inserted

by tailing with poly(dG).
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FIG. 2. Genotype of strains D214 and D231. Both strains are het-
erozygous for a LEU2, his3- deletion plasmid (pSZ81 or pSZ80) inte-
grated into the rDNA locus on chromosome XII and homozygous for the
double point mutation his3-11,15 on chromosome XV.

Selection and Analysis of His' Recombinants; Approxi-
mately 70 independent His+ recombinants were selected from
D214 and D231. YPD plates (nonselective medium) were spread
with about 200 cells per plate and incubated for 2-3 days at
30TC. The colonies were replica plated onto complete medium
lacking histidine and incubated at 30TC; all ofthe. colonies were
His-. After 3-6 days, His' papillae appeared on some of the
colony prints. One papillus from each colony print was. picked
and purified on YPD agar. The purified His' recombinants were
analyzed by tetrad dissection. Each strain was grown as apatch
and replica plated onto sporulation medium; 5-10. tetrads were
dissected from every strain that sporulated. Additional tetrad
dissection and genetic analysis were done when necessary to
define the event that gave rise to a His+ recombinant. Several
classes of recombination events were identified; these are de-
scribed below and in Table 1.

For both diploids the largest class of events was due to gene
conversion-of the double point mutation his3-11,15 to HIS3+
(Table 1). Recombinants of this type were identified by their
characteristic2+:2 segregation of both leu2 and his3. The two
genes segregated independently, with leucine independence
(Leu+) mapping to the rDNA locus on chromosome. XII, and
His+ mapping to thehis3 locus on chromosome XV. The good
spore viability in tetrads from these diploids and from the back-
crosses. used to map. His+ and Leu+ indicated that no large
chromosomal rearrangement had taken place. Additional ge-
netic analysis has shown that -these events are not due to double
cross-overs. Such events would result in the transfer of thehis3
point mutations to the-hu3 information on the plasmid in the
rDNA locus. We showed that this had not occurred by crossing
the integrated plasmid away-from the HIS+ gene and into a his3-
11,15 background. In all cases, such strains formed His+ re-
combinants at the same frequency as a control strain con-
structed with the original integrated plasmid. The structure of
several gene conversion recombinants was confirmed by South-
ern blot restriction mapping. No alterations in the structure of
eitherhis3 gene had occurred (Fig. 3). Gene conversion of the
his3 deletion allele could not occur because of the lack ofhis3

Table 1. Number of His' recombinants per class
No. recombinants

Class D214 D231
Gene conversion 29 51
Reciprocal translocation 4 0
Transposition 1 1
Homozygous for Ieu2-,
LEU2+ , orHIS3+ 9 11

No sporulation 10 11
Others 7 2
Total 60 76

Proc. Natl. Acad. Sci. USA. 80 (198-3)
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FIG. 3. Southern blot analysis of normal and translocation strains.
(A) The parental strains D214 and D231 yield Hpa I fragments con-
taining his3 and rDNA of 2.4 and 7.9 kb from chromosome XII, and of
6.9 kb from chromosome XV. In translocation derivatives, rearranged
fragments of 5.3 and 4.0 kb are predicted, as well as the constant 7.9-
kb fragment. Broken line, rDNA; double line, his3; solid area, pBR322;
hatched area, LEU2. (B) Southern blot analysis of Hpa I-cleaved ge-

nomic DNA with a his3, pBR322 probe. Lanes 1and 8 are size markers
of 2.4 and 7.9 kb from Hpa I-cleaved pSZ81. Lane 2, D214-9D, a spore

from the parental strain D214; lanes 3-7, His' spores fromnstrains de-
scribed in the text; lane 3, gene convertant D214R13-4A; lane 4, plas-
mid transposition strain D214R6-5C; lane 5, reciprocal translocation
D214R3S3-2C; lanes 6 and 7, translocation revertants D214R3S1-1D
and D214R353-5104-22B.

homology on the 5' side of the deletion. If such a conversion
had occurred, His' and Leu+ would have cosegregated and both
would have mapped to the rDNA locus; no such events were

observed.
The second class of recombinants we identified were recip-

rocal translocations resulting from a crossover between the two

hMs3 sequences. Four such recombinants were identified on the
basis of their spore viability and marker segregation patterns.
A reciprocal translocation, with both breakpoints not centro-
mere linked, should yield tetrads with 4, 3, 2, 1, and 0 viable
spores in a ratio of 1:0:4:0:1 (14). Dissection of the recom-

binant D214R3S3 resulted in 57:9:166:12:49 such tetrads, close
to the expected ratio.
The HIS3 and LEU2 genes were tightly linked in the trans-

location strain D214R3S3. They segregated 2:2 in the four-
spored tetrads, showing that each functional gene was present
in a single location. The segregation was 1:1 in over 97% of the
two-spored tetrads; this result maps the HIS3 and LEU2 genes

to the translocation breakpoint. An analysis of the genetic prop-

erties of this reciprocal translocation is described below. The
structure of the reciprocal translocation was confirmed by
Southern blot-restriction mapping, which showed the expected
changes- in the sequences surrounding the two his3 genes (Fig.
3).

-A third class of His' recombinants involves "transposition"
of the integrated plasmid from the rDNA locus to the his3 lo-

cus. Two such events were analyzed in detail. D231R76 showed
2:2 segregation for both HIS3 and LEU2, with the two wild-type
alleles being completely linked. Crosses to HIS3' strains showed
that both His' and Leu+ mapped to the his3 locus and that no
major chromosomal rearrangements were present in this strain.
D214R6 showed 4+ :0-,3+ :1-, and 2+ :2- segregation for LEU2,
and 2+ :2- segregation for HIS3. All-HIS3' spores were LEU2',
suggesting that the strain, contained two copies of the plasmid:
one at the original location in rDNA and one at the his3 locus.
This was confirmed by a series of backcrosses in which the two
copies of the plasmid were separated and mapped indepen-
dently. This transposition event probably occurred in G2 of the
cell cycle, followed by segregation of both plasmids (on chro-
mosomes XII and XV) to the same daughter cell.
The remaining HIS3' recombinants fall into a number of di-

verse classes. Many recombinants had apparently experienced
multiple events. For example, several His' recombinants, which
probably arose as gene conversions between the two his3 al-
leles, were homozygous for HIS3 on chromosome XV, were
homozygous LEU2 ura4 or leu2 URA4 on chromosome XII, or
had lost the plasmid from chromosome XII. In one case, both
markers flanking the rDNA locus (ASP5 and URA4) became
homozygous, while the plasmid integrated in the rDNA re-
mained heterozygous. Four other His' recombinants harbored
recessive lethal mutations that were unlinked to either the his3
or rDNA loci. The origin and nature of these mutations is un-
known. One recombinant was mitotically unstable for His+; it
and several other recombinants had unusual spore viability pat-
terns that remain uninterpreted. Finally, many of the recom-
binants (15%). failed to sporulate, for unknown reasons.

Properties 6f the Reciprocal Translocation. If the translo-
cation arose by a crossover between his3 sequences, then the
HIS3+ spores,from a tetrad should contain translocation chro-
mosomes, while the his3- spores should contain wild-type
chromosomes. This was tested by crossing spores of the trans-
location heterozygote D214R3S3 with wild-type tester strains.
All diploids derived from the His- spores had good spore vi-
ability, whereas most of the diploids derived from the HIS3+
spores had spore viability patterns characteristic of a translo-
cation. Unexpectedly, several of these diploids had good spore
viability. This appears to be due to reversion of the translo-
cation as described below. When pairs of translocation spores
were crossed, good spore viability was restored as expected of
a translocation homozygote (Table 2, D420). The spores from
one complete tetrad of this strain were tested by crosses to wild-
type strains; all inherited the translocation.

To confirm the structure of the translocation, we showed that
tcml (chromosome XV) was mitotically linked to ura4 (a chro-
mosome XII marker normally unlinked to tcml). The homo-
zygous translocation, D420, with the genotype tcml, ura4/
TCMI, URA4 was constructed. In this strain, selection for tri-
chodermin-resistant recombinants (tcml /tcml) results in over

Table 2. Spore viabilities of tetrads from translocation strains
and derivatives

4:3:2:1:0 viable
Description Strain spores/tetrad

Original isolates D214R3 10:2:9:3:2
D214R29 11:1:10:0:5
D214R39 12:4:11:0:5
D214R41 5:2:15:1:3

Translocation subclone D214R3S3 57:9:166:12:49
Translocation revertants D214R3S1 21:3:3:0 :1

D214R3S3-S104 34:2:0:0:4
Translocation
homozygote D420 74:4:1:0:1

Genetics: Sugawara and Szostak
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70% of the tcml homozygotes being homozygous for ura4,
whereas in nontranslocation strains only 1% are ura4/ura4. Thus
tcml and ura4 are on one chromosome in the translocation strain.
The initial characterization of the translocation was compli-

cated by the presence of a subpopulation of cells that had good
spore viability when sporulated. For example, D214R3 had an
excess of tetrads with four viable spores. A subclone, desig-
nated D214R3S1, had a spore viability pattern of mainly 4 vi-
able spores per tetrad. All markers segregated 2+:2-. Other
sucblones, such as D214R3S3, had spore viability patterns close
to the theoretical ratio for a translocation heterozygote (Table
2). We observed that diploids heterozygous for tcml and the
translocation showed a frequency of homozygosis of tcml 1/5th
to 1/loth of that for diploids homozygous for either wild-type
or translocation chromosomes. Of 108 mitotic subclones of the
translocation heterozygote D214R3S3, one showed enhanced
recombination to trichodermin resistance; it had good spore vi-
ability (Table 2, D214R353-S104). We believe that these strains
are revertants of the translocation and arose by a crossover be-
tween the flanking rDNA (Fig. 4B). There are over 100 rDNA
repeats; this extensive homology may explain the relatively high
frequency of reversion. Revertants retain the translocation
junctions as determined by Southern blot analysis (Fig. 3). Fur-
thermore, when revertant strains were crossed with wild-type
strains, good spore viability was seen and URA4 mapped to
chromosome XII.
The properties of the translocation revertant raised the pos-

sibility that the previously described plasmid transpositions were
actually translocation revertants (Fig. 4). This difference can-
not be distinguished genetically; however the observation of
small rDNA circles in yeast (25) led us to expect the transpo-
sition of a small number of rDNA repeats to the his3 locus if
a circular intermediate was involved. We measured the number
of rDNA repeats at the his3 locus (Fig. 5) and found that only
the rDNA present on pSZ81 had moved to the his3 locus in
transposition strain D214R6; strain D231R76 contained one ad-
ditional rDNA repeat unit at the his3 locus. In contrast, large
stretches of rDNA have moved to the his3 locus in the trans-
location revertants. Hence we believe that we are observing
two distinct classes of events, plasmid transposition and trans-
location-reversion.

Additional genetic analysis of the reciprocal translocation has
allowed us to deduce the orientations of the his3 and rRNA genes
relative to their respective centromeres. The his3 deletion al-
lele inserted into the rDNA locus on pSZ81 must be in the same
orientation as the his3 gene on chromosome XV, because a
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FIG. 5. (A) Size of restriction fragments generated after transpo-
sition ofpSZ80 to the his3 locus. Each additional rDNA repeat included
in the rDNA segment increases the size of the fragments by 8.9 kb, be-
cause neither enzyme cuts within rDNA. (B) Southern blot hybridiza-
tion, with a pBR322 probe, of genomicDNA cutwith eitherBamHI (B)
orXho I (X). Lanes 1, D214-9D, a spore from the parental strain D214.
The faint bands are due to unequal crossing-over within the rDNA. Most
of the hybridization is at high molecular weight, because the rDNA is
not cut. Lanes 2 and 3, plasmid transposition strains D214R6-5C and
D231R76-18D, showing movement of 0 and 1 rDNA repeats. Lanes 4,
5, and 6, translocation revertants D214R3S1-1D, D214R3S3-S104-22B,
and D417-4D. So much rDNAhas moved that only high molecular weight
DNA hybridizes to the probe.

translocation and not a dicentric was recovered. The two pos-
sible orientations are illustrated in Fig. 6; the orientation de-
termines whether HIS3 and LEU2 become attached to centro-
mere XV or XII in the translocation derivative. Mitotic mapping
on homozygous translocation diploids established that both HIS3
and LEU2 are attached to centromere XV in the translocation
strain. From the known directions of transcription relative to
their restriction. maps (26, 27) the his3 and 5S rRNA genes are
oriented 5' to 3' away from their centromeres.
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FIG. 4. Alternative pathways for the transposition of a plasmid in-

tegrated at the rDNA locus to the hisM locus. (A) The plasmid excises
as a circle, which reintegrates at hisM. (B) Atranslocation is generated,
but it reverts to the wild-type configuration by recombination.
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FIG. 6. Orientations of the his3 and rRNA genes. The his3 genes
on chromosomes XII andXV in strain D214are in the same orientation.
If they are oriented as in A, the HIS' gene produced by crossing-over
is linked to centromere XV. If the orientation is as inB, theHIS' gene
is linked to centromere XII. Broken line, his3; horizontal arrows, di-
rection of transcription; pairs of vertical arrows, double point muta-
tion; A, 5' deletion.
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Plasmid-Chromosome Recombination. Recombination be-
tween an autonomously replicating centromere plasmid and a
chromosome was compared with recombination between two
nonhomologous chromosomes. We inserted the his3 deletion
fragment and the LEU2 fragment used in the experiments de-
scribed above into the centromere-containing plasmid YCp50
(from C. Mann). The resulting plasmid, pSZ702 (Fig. 1), is
maintained as a stable, autonomous plasmid in yeast. It is main-
tained at a copy number of close to one as measured by South-
ern blot hybridization and tetrad dissection. Strain D719 con-
taining this plasmid was constructed by transforming D153-13C
with pSZ702 and crossing it with D154-13A. D719 is isogeneic
with D214 and D231, except that the his3 deletion allele is on
a centromere plasmid instead of integrated at the rDNA locus.

The rates with which D719, D214, and D231 gave rise to
His+ recombinants were determined by fluctuation analysis,
using the method of the median of Lea and Coulson (28). The
rates for D214 and D231 were quite similar (2.4 ± 0.5 X 10-8
and 1.3 ± 0.3 X 10-8 per cell division, respectively), but the
rate for the plasmid-containing strain was 5- to 10-fold higher
(10.7 ± 1.5 x 10-8 per cell division).

DISCUSSION
We have analyzed recombination events between two copies of
the his3 gene located on nonhomologous chromosomes. The
major class of events was due to gene conversion, but about
10% of the events involved one or more reciprocal exchanges
(crossovers), which were observed as reciprocal translocations
or transpositions of an integrated plasmid. This level of cross-
ing-over relative to gene conversion is similar to that observed
for intrachromosomal mitotic recombination between direct re-
peats of the his4 gene (29). Interchromosomal gene conversion
has been postulated to be involved in the maintenance of se-
quence homogeneity between dispersed repeats in yeast and
higher eukaryotes. If the association between conversion and
crossing over is general, the influence of deleterious chro-
mosomal rearrangements that accompany conversion must be
taken into account in models of concerted evolution.

Genetic analysis of our translocation allowed us to determine
the orientation of the his3 and rRNA genes; our results agree
with those of Zamb and Petes (30). Recently, two laboratories
have reported (20, 21) the generation of translocations by pro-
cedures similar to those described here. Potier et al. (21) iso-
lated a ura2:his3 translocation. From their data and ours, we
can conclude that ura2 is transcribed away from its centromere.
We observed two recombinants that appear to have resulted

from the excision of a plasmid integrated at the rDNA locus and
its reintegration at the his3 locus. These events are probably
not translocation reversions because they resulted in the trans-
fer of only 0 and 1 rDNA repeat to the his3 locus, whereas the
translocation reversions resulted in the transfer of a large num-
ber of rDNA repeats. This observation is consistent with phys-
ical observations of small rDNA circles (25) and suggests a role
for such circles in shuffling repeat units within the rDNA clus-
ter.
Many of the recombinants that we analyzed appear to have

resulted from multiple events involving one region of DNA. A
possible explanation for this observation is that lesions in the
DNA remaining after the completion of one event stimulate
secondary events.
The low frequency of interchromosomal recombination that

we observed relative to plasmid-chromosome recombination
suggests that recombination between nonhomologous chro-
mosomes is limited by some aspect of higher-order chromo-
some structure. If, for example, long homologous stretches are
required for pairing to occur, two his3 genes on different chro-
mosomes may only rarely become paired and recombine. Al-

ternatively, some aspect of chromosomal structure could impede
pairing between sequences on different chromosomes. If each
chromosome is coiled in one domain, interactions between
chromosomes could be minimized. More simply, the large size
of a chromosome could decrease diffusion to the extent that
contacts between homologous sequences on different chro-
mosomes are minimized. However, we cannot eliminate the
possibility that the free plasmid shows high recombination lev-
els for some unrelated reason, such as the presence of CEN4
or URA3 sequences, some aspect of plasmid structure, or an
inhibitory influence of the rDNA cluster on recombination. The
system that we have described for studying recombination be-
tween nonhomologous chromosomes may provide an oppor-
tunity for obtaining mutants defective in higher-order chro-
mosome structure; these might have the phenotype of being
hyper-recombinant specifically for interchromosomal recom-
bination.
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