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Ade2-based assays to detect recombination between het-
eroalleles in diploid cells 
The rate of spontaneous recombination between heteroal-
leles on chromosome homologs of diploid cells is ~40-fold 
lower than observed for heteroalleles oriented as direct 
repeats in haploids [51]. Recombination between heteroal-
leles in diploid cells can occur by gene conversion with or 
without an associated crossover. Use of diploids with het-
erozygous markers on opposite chromosome arms allows 
detection of crossovers by loss of heterozygosity (LOH) for 
the marker centromere distal to the heteroalleles. Howev-
er, LOH can also occur by break-induced replication and 
these events can only be distinguished from crossovers if 
both products of the daughter cells from the recombina-
tion event are recovered. To facilitate such analysis, an I-
SceI site was incorporated into one chromosome homolog 
to enable analysis of unselected recombination events 
(Figure 3D) [49]. Induction of I-SceI results in a large in-
crease in white and red/white sectored colonies (Figure 3E). 
LOH events can be detected by replica plating colonies to 
medium containing hygromycin or nourseothricin. Crosso-
vers are detected by one sector that is HygR NatS while the 
other is HygS NatR (Figure 3F). BIR results in colonies in 
which one sector shows LOH for the HPH marker and the 
other retains heterozygosity (Figure 3G). If both broken 
chromatids repair by a crossover, the event cannot be dis-
tinguished from one with no crossovers. Colonies or half 
sectors that fail to repair a broken chromatid are detected 
by simultaneous loss of the MET22 and HPH markers. The 
diploid assay shown can also be used to measure sponta-
neous (no I-SceI induction) LOH by selection for colonies 
that grow on 5-FOA-containing medium [49]. Events that 
are Ura- HygS NatR are due to chromosome loss, whereas 
Ura- HygR NatR events result from mitotic recombination. 

 
Detection and analysis of mitotic recombination events  
There have been three major challenges for the develop-
ment of genetic assays of mitotic exchange: 1) if recombi-
nation events are resolved in G2 of the cell cycle, two 
daughter cells with recombinant products will be generat-
ed, and most selective methods detect only one of these 
products [58]; 2) the rate of spontaneous mitotic recombi-
nation events is four to five orders of magnitude less than 
for meiotic recombination [59], requiring selective or very 
efficient screening methods for detection; 3) most studies 
have been limited to analyzing a single genetic locus rather 
than a more global analysis of recombination events 
throughout the genome.  

A selectable red/white sectoring system that largely 
overcame some of these challenges [59] is shown in Figure 
4A. The starting diploid is homozygous for the ade2-1 allele. 
This allele has a nonsense mutation at codon 65 that can 
be partially suppressed by the tRNA suppressor encoded by 
SUP4-o. In the absence of the suppressor, strains with the 
ade2-1 mutation accumulate a red pigment, resulting in a 
red colony. A diploid with a single copy of SUP4-o results in 
partial suppression, producing a pink colony. If a crossover 
occurs between the centromere and the heterozygous 
SUP4-o marker and if the two recombined chromatids seg-

regate into different daughter cells, one daughter cell will 
receive zero copies of SUP4-o (producing a red colony or a 
red sector) and the other daughter will receive two SUP4-o 
copies (producing a white colony or a white sector). Thus, if 
the crossover event occurs at the first cell division after 
plating, a red/white sectored colony will be formed. The 
two reciprocal products of the crossover can be purified 
from the two sectors. The system shown in Figure 4A, 
therefore, solves the first challenge described above. It 
should be noted that this system detects only half of the 
crossovers, since segregation of the two recombined 
chromatids into one cell and two unrecombined chroma-
tids into the other, does not produce a sectored colony. 
The two different types of segregation are approximately 
equally frequent [60].   

The system described above is a screen for recombina-
tion events rather than a selection. A modification of this 
system allows for selection of crossovers [59]. A diploid 
was constructed in which one copy of CAN1 (a gene locat-
ed near the left end of chromosome V) contained the can1-
100 allele, an ochre-suppressible mutation. The other copy 
of CAN1 was deleted and replaced by SUP4-o. Strains with 
a functional CAN1 gene are sensitive to the arginine analog 
canavanine. In the diploid shown in Figure 4B, the strain is 
sensitive to canavanine because the can1-100 allele is sup-
pressed by SUP4-o. In addition, as in the strain shown in 
Figure 4A, the diploid forms pink colonies because of the 
partial suppression of ade2-1. A crossover between the 
SUP4-o/can1-100 markers and the centromere of chromo-
some V, followed by the appropriate segregation pattern, 
results in one cell that is canavanine-resistant (CanR) be-
cause it lacks the SUP4-o suppressor and one cell that is 
CanR because it lacks the suppressible can1-100 allele. Thus, 
mitotic crossovers are selected as CanR red/white sectors 
(Figure 4B). This system can select for events that occur at 
a rate of <10-6/cell division.  

Although the systems shown in Figures 4A and 4B allow 
one to estimate the rate of crossovers between the can1-
100/SUP4-o marker and the centromere, the location of 
the crossover within this interval is not determined. The 
system was slightly modified by constructing the diploid by 
mating haploid strains with about 0.4% sequence diver-
gence (Figure 4C) [61-63]. In the resulting diploid, single-
nucleotide polymorphisms (SNPs) occur at an average dis-
tance of <1 kb. In such a strain, when genomic samples are 
prepared from each side of a sectored colony, they can be 
analyzed by SNP-specific microarrays. In these arrays, each 
SNP is represented by four 25-base oligonucleotides, two 
with Watson and Crick strands of one allele and two with 
Watson and Crick strands of the second allele. Genomic 
samples heterozygous for a particular SNP hybridize about 
equally well to all four oligonucleotides, whereas samples 
with homozygous for one SNP hybridize better to one pair 
of oligonucleotides than the other. With the appropriate 
control DNA samples, such arrays can readily distinguish 
whether the sector is heterozygous or homozygous for 
each SNP. The position of LOH identifies the position of the 
crossover [62]. This type of analysis can be performed on 
sectored colonies to examine events on a single chromo-
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some arm or, in strains with elevated levels of recombina-
tion events, throughout the genome. The pattern of cross-
overs and associated gene conversion events detected in 
such experiments can be revealing about the mechanisms 
of spontaneous and induced mitotic recombination [63-66]. 
Although many of the earlier experiments were done using 
SNP-specific microarrays, sequencing of genomic DNA iso-
lated from the sectored colonies allows mapping of re-
combination events to even greater resolution. 

Originally, the experiments were done on the left arm 
of chromosome V. Since this arm is relatively short (about 
150 kb), it has a low rate of crossovers and a selective sys-
tem for detection of the events is essential. It should be 
noted, however, that the selection system does not func-
tion well for every chromosome location. When the can1-
100 and SUP4-o genes were inserted near the right telo-
mere of chromosome IV, the diploid had only partial sensi-

tivity to canavanine [63], preventing an accurate meas-
urement of the rate of CanR red/white sectors. The 
red/white sectoring system, however, allowed non-
selective screening for mitotic crossovers which occurred 
at a frequency of about 6 x 10-5/division. There are several 
advantages to using the non-selective red/white sectoring 
assay on chromosome IV. First, the right arm of IV contains 
about 1 Mb of DNA, roughly 10% of the yeast genome, 
whereas the left arm of chromosome V represents only 1% 
of the genome. Second, the non-selective method allows 
detection of recombination events that are non-reciprocal. 
For example, a break-induced replication (BIR) event on 
chromosome IV would produce a red/pink sectored colony 
instead of a red/white colony (Figure 4D). Such a colony 
would not be detectable by the selective method shown 
here. Third, unrepaired DNA lesions that stimulate recom-
bination in the second division following cell plating can be 

FIGURE 4: Recombination between homologous chromosomes during mitosis. Sectoring assay for monitoring mitotic crossover in the 
interval between the centromere (oval) and the SUP4-o insertion (triangle). Blue and red indicate the two homologs in the diploid cell. In 
this version of the assay, the markers are located on the left arm of chromosome V. (A) System for screening mitotic crossover by 
red/white sectoring assay. (B) Selection system of reciprocal crossovers. (C) Hybrid diploid strains with selection system for recovering 
reciprocal daughter cells after a crossover event, and with sequence polymorphisms (marked by blue and red ticks) for mapping positions 
of crossovers. (D) Detection of a non-reciprocal recombination event by a sectoring assay. In the diagram, a DSB on the chromosome 
containing the SUP4-o gene is repaired by a break-induced replication (BIR) event using the other homolog. The centromere-distal frag-
ment containing the SUP4-o gene is lost, resulting in a pink/red sectored colony. 
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of the chromosomal rearrangements leading to amplifica-
tion of the reporter. This is done to obtain insight into the 
repair pathways involved in the formation of CNVs. The 
SFA1-CUP1 experimental system has two attractive fea-
tures  that  distinguish  it from  other  approaches  used  to  
study chromosomal rearrangements in budding yeast. First, 
the initiating DNA lesion that triggers the chromosomal 
rearrangement does not necessarily need to occur near the 
reporter cassette. In fact, the initiating lesion is often a 
double strand break in a different chromosome. Second, 
using diploid cells allows for sampling of a diverse spec-
trum of genome rearrangements, including large deletions 

that are not typically viable in haploids. These two key 
benefits are illustrated by the karyotype of clone FCR112. 
Pulse field gel electrophoresis (PFGE) showed a new chro-
mosome of ~1.3 Mb in this clone (Figure 7C), and array-
based comparative genomic hybridization (array-CGH) 
identified an amplification on the right arm of Chr4 associ-
ated with a deletion on the right arm of Chr7 (Figure 7D). 
The combined size of the preserved segment of Chr7 and 
the amplified segment of Chr4 is 1.3 Mb, suggesting that 
the new chromosome seen by PFGE is a Chr7/Chr4 non-
reciprocal translocation (Figure 7E). Further tests (PCR, 
DNA sequencing) were then conducted to validate this 

FIGURE 7: The diploid CNV assay. (A) Schematic map of Chr4 in a diploid test strain, showing telomeres (terminal boxes), centromere (circle), 
and Ty retrotransposon repeats (white arrows). One homolog has an insertion of the CNV reporter near the right end, the other has TRP1 at 
the allelic position. (B) Reporter dosage-dependent phenotype. Cultures were serially diluted and spotted on plates. The parent strain is una-
ble to form colonies on selective media (Copper [Cu] and Formaldehyde [FA]), while an FCR clone displays full viability. (C) Pulse field karyo-
types showing a ~1.3 Mb chromosomal rearrangement in CNV clone FCR112 (double-end arrow). The bands corresponding to normal Chr4 and 
Chr7 are indicated. (D) array-CGH data for FCR112. The plots show a 3x copy number amplification region on the right arm of Chr4, and a 1x 
deletion on the right arm of Chr7. The copy number breakpoints in both chromosomes correspond to the positions of Ty dispersed repeats. (E) 
Karyotype prediction for FCR112, showing a Chr7/Chr4 non-reciprocal translocation with a breakpoint junction at Ty sequences, suggesting a 
non-allelic homologous recombination mechanism of formation. Data credit to Ane Zeidler; full results to be described elsewhere (Zeidler, 
Argueso, et al., in preparation). 




























































































