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Abstract

DNA break lesions pose a serious threat to the integrity of the genome. Eukaryotic cells can 

remove these lesions using the homologous recombination (HR) pathway that guides the repair 

reaction by using a homologous DNA template. The budding yeast Saccharomyces cerevisiae is 

an excellent model system with which to study this repair mechanism and the resulting patterns 

of genomic change resulting from it. In this chapter, we describe an approach that utilizes whole 

genome sequencing (WGS) data to support the analysis of tracts of loss-of-heterozygosity (LOH) 

that can arise from mitotic recombination in the context of the entire diploid yeast genome. The 

workflow and the discussion in this chapter are intended to enable classically trained molecular 

biologists and geneticists with limited experience in computational methods to conceptually 

understand and execute the steps of the genome-wide LOH analysis, as well as to adapt and 

apply them to their own specific studies and experimental models.

1. INTRODUCTION

The budding yeast Saccharomyces cerevisiae has traditionally been, and continues to be, 

one of the premier model systems for the study of mechanisms of meiotic and mitotic 

recombination. Successful adoption of this model organism has been due in large part to the 

many tools available since the early 1980’s for the genetic manipulation and construction 

of sophisticated recombination reporters that produce selectable phenotypes. Assays using 

budding yeast allow for the quantitative measurement of recombination rates and the 

isolation of clones carrying recombinant sequences that can be characterized for insight 

into the molecular mechanisms of genetic rearrangement. These genetic systems continue 

to be developed and still drive innovation in this field (Klein 2001). However, such reporter 

assays can be limiting as they are typically only informative about the DNA sequences in the 

immediate vicinity of the reporter. Little to no information can be gleaned for recombination 

events that may occur elsewhere in the genome. This is because conventional laboratory 
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strains are either haploid or homozygous diploid, and tend to lack genetic markers that can 

be followed outside of the reporter locus.

This limitation has been overcome in the last 15–20 years of study in this field, and 

unprecedented discoveries have been made regarding the distribution of recombination 

processes across the whole yeast genome (Gerton et al. 2000; Mancera et al. 2008; Pan 

et al. 2011; St Charles and Petes 2013; Laureau et al. 2016; McGinty et al. 2017; Zheng 

and Petes 2018). Our current ability to study recombination on a genome-wide scale can be 

attributed to the combination of two factors: The availability of fully characterized genome 

sequences from multiple S. cerevisiae strains that are evolutionarily diverged from the S288c 

reference strain (Cherry et al. 2012), and the dissemination and increasing affordability of 

methods for genome-wide analyses, including genotyping microarrays and whole genome 

sequencing (WGS).

Use of heterozygous hybrid strain backgrounds:

Allelic polymorphisms between two haploid parents give rise to structural and nucleotide-

level heterozygosity in their respective hybrid diploid. In mitotically dividing cells, 

recombination-based repair of DNA double strand breaks (DSBs) using as template the 

allelic sequences on the homologous chromosome can lead to loss-of-heterozygosity (LOH) 

(Symington et al. 2014). As its name suggests, LOH constitutes the loss of genetic 

information resulting in homozygosis or hemizygosis of a region of the genome. Whole 

genome sequence analysis (WGS) of >1000 natural diverged S. cerevisiae isolates has 

revealed a broad spectrum of nucleotide variation between haploids, and heterozygosity 

among diploid strains ranging from ~337 heterozygous single nucleotide polymorphisms 

(referred to in this chapter as HetSNPs) in the laboratory strain Sigma1278b, to >40,000 

HetSNPs in the clinical isolate YJM311 (Magwene et al. 2011; Strope et al. 2015; Peter et 

al. 2018a).

Natural heterozygosity can offer valuable insight into the life history of a strain. For 

example, our group has extensively characterized the genome of a wild isolate called 

JAY270, originally isolated from a bioethanol production facility in Brazil (Basso et al. 

2008). JAY270 is only moderately heterozygous (~12,000 HetSNPs) (Argueso et al. 2009; 

Rodrigues Prause et al. 2018). These HetSNPs, however, are not evenly distributed across 

the genome (Fig. 1A). Rather, there are extended tracts of homozygosity (Fig. 1A), which 

span whole chromosomes (e.g., Chr1) and large sections of chromosome arms (Fig. 1A, 

distal left and right arms of Chr4). While we cannot directly infer the pattern and timing of 

recombination events that have shaped the genome of JAY270, it is tempting to speculate 

that the original heterozygosity of JAY270 has eroded over its life history due to LOH 

events resulting from mitotic recombination and meiotic recombination followed by mating 

between sibling spores. The JAY270 genome illustrates the premise that in the context of 

a heterozygous background, we can “see” the outcomes of inter-homolog recombination 

on a genome-wide scale. However, because heterozygous markers are absent in significant 

portions of the genome, this natural diploid only supports high-resolution characterization of 

new recombination in the genomic regions where it remains heterozygous.
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For many years now, homologous recombination (HR) and specifically LOH events have 

been studied using hybrid diploid strains that are highly heterozygous because they are 

formed by mating two evolutionarily diverged haploid parents (Mancera et al. 2008; St 

Charles and Petes 2013; Dutta et al. 2017). These genetic backgrounds enable researchers to 

map recombination breakpoints and tracts of homozygosity with high resolution, and have 

been instrumental in expanding our understanding of HR-based DNA repair (Zheng and 

Petes 2018). Currently, our group uses a well-characterized hybrid diploid formed by mating 

the reference strain S288c (Mortimer and Johnston 1986; Goffeau et al. 1996) to YJM789, a 

clinical isolate (Tawfik et al. 1989; McCusker et al. 1994). The S288c/YJM789 diploid has 

~60,000 HetSNPs distributed evenly throughout the genome (Fig. 1B, Wei et al. 2007), 

making it an excellent background for genome-wide characterization of recombination 

events.

Genome-wide assessment of recombination outcomes:

The ability to characterize the outcomes of recombination on a genome-wide basis has 

only been possible because of the introduction of single nucleotide polymorphism (SNP) 

genotyping microarrays and WGS technologies (Magwene et al. 2011; Zheng and Petes 

2018; Peter et al. 2018b). SNP microarrays were used to produce the first high-resolution 

maps of both mitotic and meiotic recombination events in the yeast genome (Mancera et 

al. 2008; St Charles and Petes 2013). These arrays can map recombination events and other 

chromosome rearrangements to a resolution of ~1kb (Zheng and Petes 2018), depending 

on the array design. More recently, WGS has been used to map recombination events with 

higher resolution than is practical with SNP microarrays. When would one want to consider 

mitotic recombination events on a genome-wide scale? SNP microarrays and WGS analysis 

have been used to assess the global responses to DNA damaging agents such as ultra-violet 

radiation, as well as to identify recombination-prone regions (e.g., fragile sites) that are 

stimulated by replication stress (Lemoine et al. 2005; Lemoine et al. 2008; St Charles et 

al. 2012; Song et al. 2014; O’Connell et al. 2015; Zheng et al. 2016). In addition, our own 

group uses WGS analysis to characterize mitotic recombination events that co-occur in the 

genome simultaneously (Sampaio et al. 2017).

In this chapter, we describe a general procedure used by our group to detect genome-wide 

LOH associated with mitotic recombination in budding yeast. In the specific type of 

assay described here, we start with a parent diploid strain that contains well-characterized 

HetSNPs distributed across the genome, and at least one hemizygous counter-selectable 

marker. Selection for loss of the marker typically yields clones that contain an LOH 

tract that resulted from inter-homolog recombination in the chromosome arm where the 

marker was inserted. While LOH of the marker may also arise via other events such as 

point mutation, segmental deletion, and chromosome loss (see Notes), the spontaneous 

rates of mitotic recombination are substantially higher than the rates of those alternative 

events, so most of the clones recovered are by such selection regime are typically due to 

mitotic recombination. The procedure outlined below is able to distinguish between the 

causal mechanisms. Moreover, we can place these mutagenic events in the context of the 

entire genome to identify genome-wide mutational patterns surrounding the reporter regions 
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and also any unselected co-occurring mutations that may be present in clones examined 

(Sampaio et al. 2017).

2. MATERIALS and METHODS

Isolation of yeast clones carrying LOH tracts:

Into the S288c/YJM789 hybrid strain background, we have inserted the counter-selectable 

URA3 gene onto a distal position in the right arm of the S288c chromosome IV (Chr4) (Fig. 

2, red homolog). Both endogenous copies of the URA3 gene were mutated or fully deleted 

from the native locus on Chr5. When a DSB lesion occurs at a proximal position on the 

S288c Chr4 homolog containing the URA3 insertion, it may be repaired by HR using the 

allelic position on the YJM789 homolog as template and be resolved as a crossover (Fig. 2). 

In this scenario, depending on the segregation of recombinant chromatids in the subsequent 

mitosis, one of the resulting daughter cells will lose the URA3 insertion, become resistant to 

5-fluoroorotic acid (5-FOA), and form a colony on selective media (Fig. 2, FOAr) ((Boeke 

et al. 1984; Boeke et al. 1987). Again, we note that this procedure may also yield at low 

frequency clones that became resistant to 5-FOA through mechanisms other that mitotic 

recombination (see Notes). The same general approach could also be pursued using other 

counter-selectable markers such as CAN1 and AmdS (Solis-Escalante et al. 2013).

To prepare a culture from which to select clones that have experienced LOH of URA3, we 

streak cells of the above strain to a rich YPD plate (1% yeast extract, 2% peptone, 2% 

dextrose, 2% bacteriological agar) at a low density that enables single colonies to grow in 

isolation. Colonies are grown for 2 days at which point they are individually picked up 

with a sterile toothpick and inoculated into a tube with 5 mL of YPD to expand the culture 

during overnight incubation. The following morning, each culture is appropriately diluted 

and plated on synthetic complete media (0.17% yeast nitrogen base without amino acids, 

0.14% complete drop out mix, 0.5% ammonium sulfate, 2% dextrose, 2% bacteriological 

agar) supplemented with 1 g/L 5-FOA such that individual 5-FOA resistant colonies can 

be selected. Plates are incubated at 30C until colonies are visible (~2–3 days). To ensure 

independence between clones, a single 5-FOA resistant colony from each plated culture 

is then picked using a sterile toothpick and patched to a new 5-FOA plate in order to 

expand the clone under selective conditions. Next, cells from this patch are inoculated into 

a tube with 5 mL of YPD and grown overnight. From this saturated culture, an aliquot 

is frozen in glycerol, and remaining cell pellet is used for genomic DNA isolation and 

subsequent Illumina WGS. Further protocol details regarding the use of this type of assay 

for quantitative LOH rate determination have been described in our previous work (Conover 

et al. 2015; Cornelio et al. 2017; Rodrigues Prause et al. 2018).

Whole genome Illumina sequencing:

Genome sequencing involves two primary steps that are not described in this protocol: 

Preparation of sequencing libraries from genomic DNA, and processing of the libraries 

in a sequencer instrument to generate sequencing read data. These two steps can be 

outsourced completely to a core facility or a service provider, or carried out entirely 

in-house if the equipment is available. Most small labs do not have a next-generation 
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sequencer, but the materials and equipment needed for library preparation are relatively 

simple and generally available. Thus, many users will prepare their own libraries, and 

then ship them out for sequencing at a core facility or private vendor. Preparing libraries 

in-house significantly decreases the overall sequencing costs. However, initially, outsourcing 

both library preparation and sequencing may produce more consistent sequencing data 

output until the user becomes confident enough to prepare their own high quality libraries. 

Protocols for genomic DNA isolation and library preparation of yeast genomes can be found 

at the following references (Wilkening et al. 2013; Baym et al. 2015). Libraries should then 

be sequenced using an Illumina sequencing platform to generate reads of approximately 

150 bp in length. The reads do not necessarily need to be pair-ended for the analysis 

described here, although doing so can provide information with which to characterize 

structural genomic variation. Whether one chooses to generate single or paired end reads, 

at least for the analysis described here, will come down to the cost of library preparation 

kits and sequencing. In order to reliably call LOH at HetSNPs, we aim to produce an 

overall read coverage of between 60x and 120x. In our experience, coverage of 90x supports 

optimal downstream analysis, whereas coverage above 120x has diminishing returns for the 

type of LOH analysis described here. Multiplexing approaches appropriate for the specific 

sequencing instrument’s data generation capacity should be used in order to achieve these 

coverage targets while maximizing the number of LOH clones analyzed per sequencer lane 

and minimizing cost.

Computational analysis of sequencing data to identify LOH tracts:

Although the availability and affordability of WGS technologies has greatly increased, the 

computational analysis of sequencing data remains a limiting step and is often intimidating 

to classically trained geneticists, biochemists, and cell and molecular biologists. We admit 

sharing this hesitancy and consider ourselves to be in that generation of colleagues who 

are not yet fully versed in computational methods. With this in mind, we describe a 

generalized workflow, using primarily commercial bioinformatics software packages, that 

allows researchers with limited command line programming skills to process Illumina 

sequencing data in order to extract single nucleotide variation information and ultimately 

identify LOH tracts in yeast clones. We describe each step of the analysis in broad terms, as 

many of the specific actions will depend on the software used. We use the CLC Genomics 

Workbench proprietary software (Qiagen) in our laboratory due to its intuitive graphical 

user interface and broad sequencing-based applicability. However, comparable analyses 

can be achieved using other commercial packages and a number of open-source sequence 

read mappers such as BWA (https://sourceforge.net/projects/bio-bwa/)(Li and Durbin 2009, 

2010) and Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml)(Langmead and 

Salzberg 2012).

This workflow is designed to interrogate a specific list of genomic positions known to be 

heterozygous (HetSNPs) in the parent hybrid diploid strain from which a FOA-resistant 

LOH clone is derived. While the raw sequencing data also contains the information required 

to identify de novo point mutations, we do not discuss them here. In order to interrogate the 

specific sites mentioned above, the analysis requires that the user generate or have access 

to an accurate list of the reference genome coordinates and base variants of the majority of 
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HetSNPs present in the parent diploid strain (in this protocol we refer to this as the HetSNP 

map). For instance, we use a refinement of the HetSNP map for the S288c/YJM789 hybrid 

diploid originally reported previously (Mancera et al. 2008). In the case of experiments 

using the JAY270 strain, we generated and reported the HetSNPs map ourselves (Rodrigues 

Prause et al. 2018). These HetSNP maps are then used to interrogate the heterozygous status 

of known positions in the genome and to filter out base variants detected at uncharacterized 

genomic positions.

To detect, analyze, and identify LOH tracts in selected clones, sequencing reads are 

processed in the following manner (for schematic, see Fig. 3):

Step 1. Importing sequencing reads derived from a LOH clone: Illumina reads 

are stored in FASTQ format, a file type that describes both the nucleotide sequence and 

the corresponding base calling quality scores. These files can be imported into any of the 

above read mapping programs. During import, information about the availability of paired 

ends is included. Paired end reads should be imported as such, even if the matching read 

information will not be used in the downstream steps.

Step 2. Mapping reads to the reference genome: Once imported, sequencing 

reads from a LOH clone can be mapped to the reference genome. This process assigns 

each read to a corresponding location in the reference genome. Optional inclusion of 

paired-end read information may be taken into consideration at this step, although it 

will not influence the primary LOH analysis described here. The reference S. cerevisiae 
genome from the haploid strain S288c is available for download on the Saccharomyces 

Genome Database (SGD, https://www.yeastgenome.org)(Cherry et al. 2012). We use the 

most recent version (released 01-31-2015), although it is essential to keep the reference 

genome version specifically coordinated with the strain’s HetSNPs map (see Notes). Under 

the SEQUENCE tab on the SGD home page, choose DOWNLOAD. Next, choose the 

S288c_reference/ folder. Then, choose the genome_releases/ folder. Finally, download the 

S288c_reference_genome_Current_Release.tgz file. This file contains full chromosomal 

sequence assemblies as well as the associated annotations of the sequence features. The 

S288c reference genome contains 17 contigs, one for each of the 16 nuclear chromosomes as 

well as a single contig of the mitochondrial genome. The mitochondrial genome is not used 

for the LOH analysis described here.

Sequencing reads spanning repetitive regions may map to more than one genomic site. Due 

to this ambiguity, these reads should be ignored during the downstream analysis. In addition, 

some reads may fail to map to any portion of the S288c reference genome. This may be 

because they are unique to the non-reference parent of the hybrid strain (i.e., YJM789), 

because they are of poor quality, or because they originate from a contaminating source. 

These data are ignored in the analysis described here because the HetSNP map does not 

contain any bases present in the mitochondrial chromosome, or at repetitive elements, or 

within regions of structural variation.

Step 3. Identification of all sequence variants: Once reads derived from a LOH 

clone have been mapped onto the reference genome, a software function is run to detect the 
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presence of sequence variants between the reads and the reference genome. In our case, we 

use CLC Genomics Workbench to detect these variants, and we keep the following variables 

in mind and adjust detection parameters accordingly. In general, the parameters that we set 

for variant detection are quite liberal, in the sense that even minor frequency differences 

(resulting from sequencing errors or mis-mapped reads) will be tolerated and populated into 

a long variant detection output table (VDOT) containing all detected variants. This is not 

a concern because we ultimately filter this table to extract data only for the highly specific 

HetSNPs map. The use of such liberal parameters for variant detection ensures that positions 

in the HetSNP map that remained heterozygous in the LOH clone have a high probability of 

being detected and populated in the VDOT. Our liberal settings enable us to detect variants 

at these positions even in cases where coverage was relatively low, or if the measured allele 

frequency deviated too far from 50% due to stochasticity in the sequencing library. These are 

the parameters we typically use for variant detection:

• Fixed ploidy SNP detection: This parameter enables variant detection with 

the assumption that the genome of the sequenced LOH clone is diploid. 

This is useful for initial automated prediction of LOH in CLC, but is not 

strictly necessary for the interrogation of HetSNP positions described below. 

Furthermore, and as we discuss below, the assumption that the experimentally-

derived LOH clone is in fact diploid is not always correct. Copy number analysis 

should be conducted to validate and supplement the sequence-based genotype 

calls.

• Discard positions with excessively high coverage: As stated above, some 

genomic segments are present at multiple copies in the genome or share high 

similarity to other sequences (e.g. transposable elements, rDNA, telomeric and 

subtelomeric sequences). Reads can and will often be erroneously mapped, 

resulting in artificially high coverage at these repetitive regions. Because it 

is difficult to confidently call variants in these regions, these over-represented 

sequences should be ignored from the subsequent analysis. To determine the 

upper coverage limit value, we first examine the read mapping file and evaluate 

the median coverage for the whole genome and for specific non-repetitive 

regions. We then set the high coverage cutoff at 5–8x the median coverage.

• Set the minimum read coverage: Just like over-represented sequences, under-

represented sequences can also challenge the confidence of variant detection. 

Thus, we typically exclude sequences/regions that are present at less than ~20% 

the median coverage.

• Set the minimum variant count for detection at 1: When performing sequence 

analyses of clonal derivatives of heterozygous diploids (e.g., a clone that was 

selected for LOH), three classes of genotypes need to be identified for each 

HetSNP position in the parent strain: A/B, loci that remained heterozygous in 

the experimentally-derived LOH clone (frequency of non-reference nucleotide 

[i.e., YJM789] ~50%); B/B, loci that became homozygous for the non-reference 

nucleotide (frequency of non-reference nucleotide >95%); and A/A, loci that 

became homozygous for the reference nucleotide (frequency of non-reference 

Heasley et al. Page 7

Methods Mol Biol. Author manuscript; available in PMC 2022 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nucleotide <5%). The first two genotype classes are easily detected directly 

because a large proportion (>50%) of reads differ specifically from the 

reference, and are rarely missed during the SNP variant detection. A/A tracts 

of homozygosity are more challenging to call because the majority of reads, and 

occasionally all of them, will match to the reference genome and will not be 

detected as a variant position, and thus will not be populated into the VDOT. 

In order to boost our ability to identify A/A tracts of homozygosity, we set 

an extremely relaxed stringency parameter for SNP variant detection (minimum 

variant count = 1). As discussed above, this parameter will allow many genomic 

positions to be included in the VDOT, including variant nucleotides that arose 

from amplification or base calling errors during sequencing. However, because 

we have a specific HetSNP map for all heterozygous positions present in the 

parental genome, we are able to recognize these artifacts and interrogate the 

genomic positions of interest to determine that they have become homozygous 

for the reference. For instance, consider a heterozygous genomic position in 

which the reference base is T and the non-reference base is A. If this site is 

heterozygous, then ~50% of the reads mapped to that position will contain T 

and the other 50% will contain A. However, if this site was mapped with similar 

coverage as the rest of the genome, and 97% of the reads contained T and 3% 

contained a C (which is neither the reference or the non-reference base), we 

would conclude that this position had become homozygous for the reference 

base. If instead of 97%, 100% of the reads matched the reference base at that 

site, it would not be included in the VDOT. While we can indirectly infer that 

this type of site had likely become homozygous by examining the genotypes at 

neighboring HetSNPs, we also take the following additional measures to ensure 

that we correctly call the homozygous reference region. First, we always conduct 

a simple visual inspection of the read mapping file at the HetSNP positions that 

were called homozygous reference by an indirect inference. Second, we can map 

the same sequencing reads to the non-reference genome (e.g., to YJM789 instead 

of S288c; see Notes). In doing so, genotype classes A/B and A/A are called 

directly, whereas genotype B/B is called through indirect inference. Combining 

and cross-referencing the analyses based on the two independent read mappings 

to each haploid parent reference genome removes any ambiguity and enhances 

the resolution of genotype calls to equal all positions on the HetSNP map.

• Run the variant detection function: Once the above parameters are specified, the 

software will analyze the whole read mapping file and create a VDOT containing 

each detected polymorphic position, the chromosome and nucleotide coordinate 

of the reference base, the identity of the reference base itself, the identity of the 

variant bases detected at that position, and the total coverage and specific number 

of reads displaying each of the base variants. Note that this table also contains 

lines that show small insertions and deletion polymorphisms (indels) of +/− 1 or 

a few bases between the two haploid genomes that make up the hybrid diploid. 

In some cases, this information can be used later to refine the resolution of LOH 

tract breakpoints, but will not be used initially because the HetSNP map contains 

only single base variants.
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Step 4. Interrogation of the VDOT to call genotypes at HetSNPs: The variant 

detection procedure described above outputs a long VDOT containing a low stringency 

list of variants between the sequencing reads and the reference genome. This table can 

be exported as a Microsoft Excel spreadsheet, where it is most convenient to perform 

the final formatting and LOH tract identification using built-in Excel functions. First, we 

refine the VDOT to isolate only the genomic positions present in the HetSNP map for 

the parental strain. Specifically, we use Excel’s VLOOKUP function to retrieve only data 

from the VDOT rows corresponding to the coordinates in the HetSNP map specific to 

the hybrid diploid used. To identify VDOT rows containing known HetSNPs, we use 

a unique search term called a MarkerID that consists of the chromosome number, the 

underscore symbol, and the nucleotide coordinate within the reference chromosome (e.g., 

Chr03_157963; Chr14_75492). As discussed above, genomic positions that have become 

100% homozygous for the reference base will not be detected, and will not be present in 

the VDOT. Thus, the VLOOKUP approach will not be able to identify a row specifying 

nucleotide information for that genomic position. Those positions are relatively uncommon 

when coverage is higher than 50–60x. The genotype calls in those cases are made initially 

through indirect inference, followed by independent positive validation as described above.

Once retrieved, the base count data for the HetSNP positions are used to calculate overall 

coverage and individual base frequencies in the reads. Those data are used to make the 

genotype calls at each HetSNP.

• Positions that remained heterozygous (A/B) in the sequenced clone have 40–

60% of reads that match the reference genome. Higher sequencing coverage 

will narrow this distribution closer to ~50%. Cases where the frequency of the 

reference base is close to 33% or 66% indicate a possible copy number gain from 

2 copies in the parent strain to 3 copies in the sequenced clone (see below).

• Positions that became homozygous for the non-reference base (B/B) or that 

simply lost the reference base through a deletion (B/-) have <5% of reads that 

match the reference base and >95% that match the non-reference base.

• Position that became homozygous for the reference base (A/A) or that simply 

lost the non-reference base through deletion (A/-) have >95% of reads that match 

the reference genome. In cases where 100% of reads match the reference base, 

the call needs to be made by indirect inference.

Mitotic recombination often affects continuous segments of the genome, rather than 

individual bases independently. Because these events typically affect multiple neighboring 

HetSNPs within the same recombination tract, we are able to enhance the confidence of 

genotype calls by placing them in the context of a regional segment. When we make an 

indirect inference of the A/A genotype, it is helpful to assess the heterozygosity of HetSNPs 

surrounding that individual position. Ultimately, though, these regions should be reviewed 

by visually examining the mapped sequencing reads, and in some cases, confirmation of a 

genotype may require validation using PCR and Sanger sequencing.

Step 5. Copy number analysis: The HetSNP analysis described above is not sufficient 

to differentiate between copy neutral LOH (e.g., crossover type; Fig. 2) and LOH caused 
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by segmental deletion or chromosome loss. It is essential to also take into consideration 

the depth of read coverage at the regions of genotypic change in order to unambiguously 

distinguish LOH mechanisms. For example, in cases where the above HetSNP analysis 

identified genotypes A/A or A/-, the copy neutral A/A call would likely be made initially 

because the rate of mitotic recombination leading to copy neutral LOH is usually 10–100x 

higher than the rates of either segmental deletions or chromosome loss (Fig. 4B; (Symington 

et al. 2014; Klein et al. 2019). However, these two possible genotype alternatives can be 

distinguished through the analysis of the read depth coverage information. The example 

shown in Fig. 4B, illustrates how an initial interpretation of copy neutral gene conversion 

(A/A), can be refined to a segmental deletion call after copy number analysis has been 

integrated into the inference. In this example, CNV analysis shows a ~50% reduction in 

depth coverage coinciding with the LOH tract. Similarly, cases where LOH of an entire 

chromosome is identified using HetSNP analysis might be initially interpreted as a case 

of chromosome loss (Fig. 4C). However, CNV analysis may show that coverage for that 

chromosome is similar to the coverage for the whole diploid genome, indicating that there 

are in fact two copies of the remaining homolog. Thus, instead of calling LOH due to 

monosomy (single copy of a chromosome), the call is refined to uniparental disomy.

Before the broad dissemination and cost reduction of next generation sequencing, genome-

wide CNV analysis would be primarily obtained using microarray-based competitive 

genomic hybridization (aCGH). This technique, which is still useful and remains in use, 

exploits the relative annealing of genomic DNA from an experimental clone and from a 

reference strain to tiled arrays of oligonucleotides, each from a defined genomic position, 

to estimate the number of copies at which that sequence is present in the clone of 

interest (Argueso et al. 2008; Zhang et al. 2013). When WGS data is available, analogous 

relative copy number information can be extracted by examining trends in read depth 

coverage along the genome. For researchers like us with limited coding skills, proprietary 

software such as Nexus Copy Number (BioDiscovery) provide powerful, yet accessible 

genome-wide CNV determination and visualization using BAM read mapping files as 

input. When using this approach, the sequencing coverage of the parental diploid strain 

is used as a reference for normalization. Pairwise coverage comparison between the read 

depth in the experimental LOH clone and in the parental strain identifies under-, neutral, 

or over-represented gene dosage regions. The output of CNV calls from Nexus Copy 

Number includes specific coordinates where the copy number changes occurred, and that 

information is then compared to the HetSNP genotype calls to refine the assessment of 

genomic changes in the experimental clones (Fig. 4). Supplementation of these analyses 

with physical chromosome length measurement by pulse-field gel electrophoresis (PFGE) 

karyotyping can also be used to further characterize changes chromosome structure and 

aneuploidy.

4. NOTES and CONCLUSIONS

Alternative mechanisms of 5-FOA resistance:

Most of the clones resistant to 5-FOA isolated through the procedure described above 

loose the entire URA3 marker insertion through a mitotic recombination event leading to 
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homozygosis at the corresponding region of the homolog lacking URA3. However, clones 

that became 5-FOA resistant through non-crossover mechanisms can also be recovered at 

low frequency. These can include segmental deletions and whole chromosome loss similar 

to the examples shown in Fig. 4, as well as point mutations that inactivate the URA3 gene 

without affecting heterozygosity or copy number in the region. Each of these possibilities 

can be specifically discerned through the combination of HetSNP genotyping and CNV 

analysis, supplemented by PFGE, PCR and Sanger sequencing.

Strain-specific HetSNP map refinement and reference genome version:

The analysis above relies on a map of HetSNPs between the two parent haploids used to 

create a hybrid diploid. These lists do not necessarily need to, and indeed should not, include 

every possible position where the two haploids differ. While such a complete HetSNP map 

would provide maximal resolution for the characterization of LOH tracts, it is best to use 

a conservative HetSNP map that contains only single base variants within unique DNA 

sequences. One should avoid positions that are vulnerable to read mapping errors, such as 

repetitive elements and homopolymer runs. Such refinement of the HetSNPs map might 

reduce resolution by ~10% of the actual variation between the haploids, but it substantially 

improves the reliability and reproducibility of the genotype calls. A good way to optimize a 

HetSNP map is to generate control sequencing reads directly from each of two the haploid 

parents as well as from the hybrid diploid, and then run those control data through multiple 

iterations of the procedure above. Haploid control reads should always return the expected 

single genotype calls and hybrid diploid control reads should always return heterozygosity 

for all positions in the HetSNP map. The positions that do not always conform to these strict 

expectations should be removed from the HetSNP map to improve the reliability of genotype 

calls made from reads derived from the experimental clones. Once this high confidence 

HetSNP map is developed, or if it is obtained from prior publications, it is essential to have 

the genomic coordinates in the map match the reference genome version that is used in the 

read mapping step. Each time the reference genome is updated (Cherry et al. 2012), there 

are usually minor changes in the coordinates for each nucleotide between versions. If the 

coordinates in the HetSNP map are from an older version of the reference genome, they can 

be corrected to match the latest genome release, or the corresponding older version of the 

reference genome should be downloaded and used for read mapping.

Mapping reads to the non-reference genome:

As mentioned above, a good way to resolve ambiguities that may emerge from indirect 

calling of regions of homozygosity for the reference genome base (e.g., the A/A genotype) 

is to use the orthogonal approach of mapping the sequencing reads to the non-reference 

genome. In doing so, the same positions (those that contain the reference base) will 

now be detected as variants relative to the non-reference genome. In principle, these two 

independent read mappings should be used. However, in practice, mapping reads to a 

non-reference genome is more challenging because the assembly of non-S288c genomes, 

including the YJM789 genome (Wei et al. 2007), is not as contiguous and complete. Instead, 

these diverged genomes are usually available for download as a collection of contigs that 

are much more numerous and smaller than the 16 nuclear chromosomes assembled for the 

S288c genome. Therefore, interpreting the mapping of reads to a non-reference genome 
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requires the additional step of generating a good alignment between the reference and 

non-reference genome assemblies, and deriving a set of corresponding coordinates between 

the two. A reasonable, but effective alternative approach is to conduct non-reference read 

mappings primarily for specific genomic segments that are assembled into longer contigs 

of the non-reference genome, and for situations where the homozygous reference LOH call 

(A/A) cannot be independently validated by direct visualization of mapped reads to the 

S288c reference genome assembly.

Conclusions:

Here, we have provided a discussion of how the combination of traditional selectable 

marker-based genetic assays (such as LOH, (Klein et al. 2019)) with WGS sequencing 

and CNV analyses can provide genome-wide context and characterization of the qualitative 

spectrum of recombination events. The discussion and workflow included in this chapter 

are intended to enable classically trained molecular biologists and geneticists with limited 

experience in sequence analysis to conceptually understand the above approach, adapt and 

apply it to their own studies and experimental models, and ultimately advance our collective 

knowledge of the causes, consequences and mechanisms of genomic instability.
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Figure 1. 
Levels and distribution of heterozygosity in natural and artificially created hybrid diploid 

S. cerevisiae strains. A) Linear representation of all nuclear chromosomes in the JAY270 

diploid strain (Rodrigues Prause et al. 2018) displaying the specific positions of HetSNPs. 

Each red/blue line indicates a HetSNP between the two homologous chromosomes. Regions 

that lack HetSNP lines are entirely homozygous. Black circles indicate the positions 

of centromeres. JAY270 contains ~12,000 HetSNPs. B) Linear representation of each 

chromosome in the S288c/YJM789 hybrid diploid showing the high density and uniform 

distribution of its ~60,000 HetSNPs (Mancera et al. 2008).
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Figure 2. 
Inter-homolog allelic mitotic recombination leading to loss-of-heterozygosity (LOH) of 

a counter-selectable marker. The sequence of panels (from top to bottom) illustrates the 

steps of a DSB repair event by HR. Other possible scenarios such as gene conversion and 

break induced replication are not shown. A pair of duplicated homologous chromosomes 

represent the S288c/YJM789 hybrid background; S288c in red, YJM789 in blue. Black 

circles represent centromeres, a “U” labeled yellow circle represents the counter-selectable 

URA3 marker which has been inserted at a distal region of the chromosome. One of the 

chromatids in the S288c homolog sustains a DSB. Repair of the DSB occurs through 

HR using as template the allelic position from a chromatid in the YJM789 homolog. The 

recombination intermediate is resolved as a crossover resulting in a reciprocal exchange 

of genetic information. In the subsequent mitosis, two possible outcomes of segregation 

of the parental and recombinant chromatids produce genetically distinct sets of daughter 
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cells. Left: one daughter cell receives two parental chromatids while the other receives two 

recombinant chromatids. Both daughter cells remain heterozygous for the URA3 marker 

insertion and are thus 5-FOA sensitive, although HetSNP phasing is altered in one of them. 

Right: each daughter cell receives one parental and one recombinant chromatid. One cell 

becomes homozygous for the S288c sequences at positions distal to the crossover site, 

including the URA3 marker insertion and remains sensitive to 5-FOA. The other daughter 

cell (bold) becomes homozygous for the YJM789 sequences, thus losing the URA3 marker 

and becoming resistant to 5-FOA.
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Figure 3. 
Summary of the approach used to identify tracts of LOH. Sequencing reads are mapped 

to the S288c reference genome (red) and regions that are excessively over- or under-

represented are identified and excluded from further analysis. Next, sequence variants are 

detected with relaxed stringency. Variants that remained heterozygous are shown as red/blue 

dashed lines. Variants that have become homozygous are shown as either solid red or solid 

blue lines. Following low-stringency variant detection, specific allele frequency data are 

interrogated and retrieved for only HetSNP positions known to exist in the parent diploid. 

The remaining variants are filtered out and not considered further. Finally, LOH calls are 

made based on the allele frequencies at the HetSNP positions.
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Figure 4. 
CNV analysis is used in conjunction with HetSNP analysis to refine inferences of genotype 

and genome structure. A) First, use HetSNP analysis to identify LOH tracts. This alone can 

lead to an incomplete inference of genotype and genome structure. Next, perform CNV and 

karyotype analysis. With these additional data, refined inferences of genotype and genome 

rearrangement mechanisms can be made. B) Example 1, HetSNP genotyping alone would 

suggest that this clone has become homozygous for a region of red homolog. However, 

CNV analysis detects a ~50% lower coverage in the region, indicating that that this LOH 

genotype is in fact caused by a segmental deletion on the blue homolog. C) Example 2, 

HetSNP genotyping would suggest that this clone has become monosomic due to loss of the 

red homolog. CNV analysis detects coverage similar to the median for rest of the genome, 

indicating that the clone is actually disomic for the blue chromosome (uniparental disomy).
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