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ABSTRACT

Ribonucleotides can be incorporated into DNA dur-
ing replication by the replicative DNA polymerases.
These aberrant DNA subunits are efficiently rec-
ognized and removed by Ribonucleotide Excision
Repair, which is initiated by the heterotrimeric en-
zyme RNase H2. While RNase H2 is essential in
higher eukaryotes, the yeast Saccharomyces cere-
visiae can survive without RNase H2 enzyme, al-
though the genome undergoes mutation, recombi-
nation and other genome instability events at an
increased rate. Although RNase H2 can be consid-
ered as a protector of the genome from the delete-
rious events that can ensue from recognition and
removal of embedded ribonucleotides, under condi-
tions of high ribonucleotide incorporation and reten-
tion in the genome in a RNase H2-negative strain,
sudden introduction of active RNase H2 causes mas-
sive DNA breaks and genome instability in a condi-
tion which we term ‘ribodysgenesis’. The DNA breaks
and genome instability arise solely from RNase H2
cleavage directed to the ribonucleotide-containing
genome. Survivors of ribodysgenesis have massive
loss of heterozygosity events stemming from recom-
binogenic lesions on the ribonucleotide-containing
DNA, with increases of over 1000X from wild-type.
DNA breaks are produced over one to two divisions
and subsequently cells adapt to RNase H2 and ri-
bonucleotides in the genome and grow with normal
levels of genome instability.
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INTRODUCTION

During genomic replication, the replicative polymerases in-
corporate ribonucleotides (rNTPs) instead of deoxyribonu-
cleotides (dANTPs) at a significant rate, about 1 TNTP per
6500 dNTPs (1). These incorporated ribonucleotides main-
tain base pairing but, having the incorrect sugar for DNA,
they cause helix distortion (2-8). All of the replicative DNA
polymerases incorporate ribonucleotides but Pol epsilon
(Pol2), contributes the greatest number of incorporated ri-
bonucleotide residues during one replication cycle that are
not removed during Okazaki fragment maturation (1,9,10).

The incorporated ribonucleotides are recognized by the
enzyme RNase H2, a trimolecular complex of three differ-
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ent subunits. In the yeast Saccharomyces cerevisiae these are
encoded by the RNH201, RNH202 and RNH203 genes. The
RNase H2 enzyme initiates removal of the embedded ri-
bonucleotides in a process termed Ribonucleotide Excision
Repair or RER. Embedded ribonucleotides can be removed
by topoisomerase 1 (Topl) or tolerated through bypass syn-
thesis involving the replicative or translesion DNA poly-
merases (11-15). The Topl removal pathway has preferen-
tial activity against ribonucleotides incorporated by Pol2 on
the leading strand of DNA replication (15).

Variants of the replicative polymerases that incorporate
increased levels of ribonucleotides have mutations near the
active site or in the sugar discrimination pocket (16-18).
The pol3-L612G allele was created through targeted muta-
genesis of the conserved Leu®!? residue in Motif A of the
Saccharomyces cerevisiae Pol3 protein (19). It was identi-
fied as increasing spontaneous mutation rates (19) and later
shown to also allow increased ribonucleotide incorpora-
tion, as demonstrated by the increased number of alkali-
sensitive sites in genomic DNA in strains that are deficient
in RER and carry the pol3-L612G allele (20).

Genome changes including single-base mutations, short
insertions and deletions, inversions and translocations, ane-
uploidy and mitotic recombination events such as cross-
ing over, gene conversion and break-induced replication
(BIR) that lead to loss of heterozygosity (LOH), all con-
tribute to shaping the genome of somatic cells by gener-
ating genetic diversity. While single locus or single chro-
mosome assessment of spontaneous rates of these events
are informative, recent advances have led to the abil-
ity to assess global genomic changes in diploid cells. In
S. cerevisiae, use of diploid strains where the parental
genomes differ by approximately 55 000 SNPs, the contri-
bution of each parental genome and the detection of LOH
can be determined without selection for any specific ge-
netic event (21-24). Through mutation accumulation stud-
ies, global rates of spontancous genomic alterations have
been determined (22), providing a baseline for determi-
nation of specific effects of genome-destabililizing condi-
tions of exogenous and endogenous damage. This approach
provides a powerful genome-wide assessment of the im-
pact of mutagenic conditions in terms of effects on rates
and genomic locations of mutations and double-strand
breaks (DSBs) that lead to genotypic changes in somatic
cells.

Hybrid incompatibility is most often seen as sterility
or lethality in interspecific hybrids (25) that results in go-
nadal failure, often due to nuclease activity of one parental
genome against the other. One example is the mouse spe-
ciation gene Hstl, encoding the Prdm9 meiotic histone H3
methyltransferase (26), which confers sterility in intersub-
specific hybrids due to male infertility. Other examples of
hybrid incompatibility can result from negative epistasis, as
has been found for variants of the mismatch repair (MMR)
complex components in different Saccharomyces cerevisiae
strains (27), resulting in an elevated mutation rate in hybrid
diploids. In Escherichia coli, transfecting DNA containing
mismatches and unmethylated DNA results in a failure of
infectivity, from destruction of the transfecting DNA by the
host MMR system (28). This mismatch-stimulated killing
was found to be dependent on the RecA homologous re-
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combination pathway, indicating that the killing reflected
unrepaired DSBs.

Hybrid dysgenesis in Drosophila melanogaster results in
hybrid sterility in females when the P transposable elements
from one parent can destroy the germline genome of the
other parent (29,30). Flies with P elements have the trans-
poson in their genome and a P element repressor in the cy-
toplasm, to limit transposition, which occurs only in the
germline. These are denoted as P strains. M strains have
no P elements and hence no P element repressor. Of note in
this example of hybrid dysgenesis is that the parental strains
do not show reciprocity in crosses, that is, P x P M x M,
and M males x P females are fertile and produce viable off-
spring while M females x P males result in sterility as the
cytoplasmic P element suppressor resides only in eggs, not
sperm. In this cross, the P elements from the male parent
are activated in and transpose within the germline cells of
the progeny.

Here, we report a case of hybrid incompatibility in S. cere-
visiae wherein parents with identical genotypes efficiently
form viable homozygous diploids while parents in which
one is wildtype while the other has high levels of incorpo-
rated ribonucleotides in DNA (reflecting a lack of RNase
H2 activity and a mutation of DNA polymerase & that in-
corporates more ribonucleotides than normal) results in a
dysgenic cross with most zygotes failing to divide. We show
that this is due to incision of the ribonucleotide-containing
genome by the active RNase H2 of the wild-type parent,
leading to recombinogenic DNA lesions.

MATERIALS AND METHODS
Strains and medium

All strains used in this study are listed in Supple-
mentary Table S1. To examine the frequency of LOH
events in zygotes that were heterozygous for pol3-L612G
and homozygous for rnh202, we crossed the W303-1A-
derived haploid LSY3454-2 (rnh202::kan M X4 pol3-L612G)
with the YJM789-derived rnh202::kanM X4 POL3 hap-
loids MD893-1 or MD893-2. MD893-1 and MD893-2 are
two independent transformants resulting from transforma-
tion of the RNH202 POL3 haploid JSC20-1 (isogenic to
YIM789 (31)) with a PCR fragment produced by amplify-
ing genomic DNA of LSY3454-2 with the primers RH202
KOF (GCGATGAGAATTAAAGTC) and RH202 KOR
(GCCCATTCGTTGGTAGTGAC). The resulting trans-
formants have a replacement of RNH202 with a kanM X4
cassette. Two types of zygotes were produced, MD891
(cross of MD893-1 with LSY3454-2) and MD892 (cross of
MDg93-2 with LSY3454-2). Four zygotes of MD891 and
two zygotes of MD892 were analyzed by microarrays. All
experiments were performed growing yeast at 30°C on solid
YPD medium or in liquid YPD medium.

Imaging of zygote cells

Images of zygote cells after 4 days growth at 30°C were
captured directly from the YPD plates using a Moticam
5+ camera placed in one ocular of an Aus Jena Zeiss dissect-
ing microscope. Images were captured using the software
Mitotic Images Plus 2.0 for OSX as Capture.bmp files.
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Alkaline gel electrophoresis and quantification of ribonu-
cleotide density

Alkaline gel analysis was performed as described (32).
Genomic DNA was isolated from yeast strains grown
overnight in YPD using Qiagen 100/G tips (#10243) and
Qiagen genomic DNA buffer set (#19060). Spg purified
DNA was incubated in 0.3 M KOH for 2 h at 55°C. Sam-
ples were mixed with 6x loading buffer (300 mM KOH,
6 mM EDTA, 18% Ficoll type 400, 0.15% bromocresol
green, 0.25% xylene cyanol) and loaded onto a 1% agarose
gel (UltraPure Agarose, Invitrogen #16500) made with al-
kaline buffer (50 mM NaOH, ImM EDTA). Gels were run
in 1X alkaline buffer (5§ mM NaOH, ImM EDTA) for 18
h at 30 V. Gels were neutralized by gently shaking in neu-
tralizing buffer (1 M Tris—HCI, 1,5 M NaCl, pH 7.5) for 1
h and stained with 1x CYBR Gold.

Extraction and quantification of the gel data intensity
profiles was carried out using MatLab code. The intensity
profile (as a function of gel length) for each lane was cal-
culated by averaging over the width of the lane followed by
background subtraction. To obtain the background profile
subtraction, the background profile was obtained by aver-
aging the gap space on both sides of each lane. The Y-axis
scale (in kb) was determined by extrapolating the specific
peak locations of the different DNA fragments obtained in
the intensity profile of the DNA ladder band, and this kb
scale was transformed onto the Y-axis of the lane profiles.
The maximum of each peak was normalized to 1 and the
X-axis scale are arbitrary labels to 1.

CHETF gel electrophoresis

5 ml yeast cultures were grown to saturation overnight at
30°C in liquid YPD. 2 ml of cells were used to make gel
plugs. Cells were pelleted and washed twice with 1 ml CHEF
TE (50 mM EDTA, 10 mM Tris pH 7.5) and resuspended
in 150 wl CHEF TE with 4 pl zymolyase T100 (10 mg/ml)
(USBiological #71004). Cells were immediately embedded
in 1% agarose (Seaplaque GTG agarose, Lonza #50111)
in 125 mM EDTA using BioRad plug molds (#1703713)
and incubated in overnight at 37°C, followed by incubation
in proteinase K (4 mg/ml) (Millipore-Sigma #70663). and
1% N-lauroyl-sarkosine overnight at 50°C. The plugs with
washed with 1 ml CHEF TE three times for 60 min each.
Plugs were run on a 1% agarose gel (Agarose-Certified
Megabase Agarose Bio-Rad #1613108) in 0.5% TBE, using
a Bio-Rad CHEF-DR 11 system, at 14°C at 6V /cm for 22 h
with pulse times of 45/90. Gels were stained with ethidium
bromide.

Microarray analysis

The methods used for SNP-specific microarray analysis
were described in St. Charles ez al. (21). In brief, for about
13 000 SNPs that were heterozygous in the diploid strain
used in our study, we designed 25-base oligonucleotides
that were identical to the Watson and Crick strands of ei-
ther the W303-1A-derived allele or the YJM789-derived
allele. Since the yeast genome is about 12 Mb, the SNPs
used in our study were located about 1 kb apart. These
oligonucleotides were printed onto glass slides by Agilent

Technologies. Sample preparations, hybridization proto-
cols, and data analysis are described (21). DNA from the
experimental strain was labelled with Cy5-dUTP and mixed
with DNA from an isogenic control diploid strain labeled
with Cy3-dUTP. Following hybridization to the glass slide
with the oligonucleotides, the arrays were scanned with a
GenePix scanner and GenePix Pro software. The normal-
ized ratio of the median signal for each probe (635 nm/532
nm; Ry) was obtained for each probe. These values were
centered around a value of 1 by dividing the Ry of each
probe by the average Ry for all probes.

DNA sequencing analysis

From each colony derived from single zygotes, we generated
a patch of cells and isolated DNA from the resulting patch
without additional single-cell purifications. DNA was iso-
late using the Omega yeast DNA kit (Life Science Products)
and was sequenced by the 150 bp-paired-end strategy using
the Illumina NextSeq 500 platform. The data analysis was
performed as described in Sui ef al. (22).

Analysis of single-colony isolates derived from zygote spore
colonies

One important issue is whether the zygotes resulting from
ribodysgenic crosses have on-going instability. Two argu-
ments suggest that most of the LOH events are produced
early after mating. First, the normalized coverage of most
of the LOH events in the zygote colonies is 2-fold elevated
for one allele and zero for the other allele, indicating that
most or all of the cells in the colony derived from the zy-
gote have identical patterns of LOH. Second, for two of
the zygotes (HK 10 and HK12), we purified single colonies
(two per zygote) derived from the original zygote colony,
and analyzed these isolates by microarrays. In HK 10, of the
13 LOH events observed in the original zygote colony, 12
were present in the single-colony derivatives HK10A and
HK10B; the LOH event on chromosome IV near 480 kb
that was detectable by sequencing of the zygote colony and
not in the microarray analysis of HK10A and HK10B in-
volved a single-SNP that was not presented on the microar-
ray. In addition, both HK10A and HK10B had T-LOH
events on chromosome IV (at 725 kb in HK10A and 1.43
Mb in HK10B); these events were not evident in the se-
quencing data of the HK10 zygote because the cells con-
tained a mixture of at least two types of cells. Both of the iso-
lates derived from HK 12 contained 11 of the 12 LOH events
detected by sequencing; a small I-LOH event on chromo-
some XIV near coordinate 48 kb was not observed in the
microarray data in either HK12A or HK12B because the
SNPs diagnosed by sequencing were not represented on
the microarray. Although HK12A had no additional LOH
events relative to the sequenced HK12 isolate, HK12B had
an [-LOH event on chromosome XI (breakpoint near 258
kb) and a T-LOH event on chromosome XII (breakpoint
near 660 kb) that was not observed in the sequenced strain.

In summary, most of the LOH events in the zygotes ap-
pear to be produced immediately after zygote formation or
at an early division following zygote formation. However,
as discussed above, cells derived from a single zygote some-
times have differences in LOH patterns. These differences



could arise as a consequence of the segregation of recom-
binant products produced in the cell cycle following zygote
formation into different daughter cells. Alternatively, or in
addition, DSBs produced prior to DNA replication could
produce two broken chromatids that are repaired to pro-
duce LOH events with different breakpoints (21).

RESULTS
RNase H2 expression can cause lethality

We examined the ability of cells with DNA polymerase
mutations that allow for increased incorporation of rNTP
residues during replication to tolerate ribonucleotides in ge-
nomic DNA. Such strains include rnh202A poll-Y869A4,
rmh202A poll-L868M, rnh202A pol2-M644G, rnh202A
pol3-L612M and rnh202A pol3-L612G (17,18,20). Al-
though all these haploid strains are viable, the rnh202A
pol3-L612G, when crossed to a wild-type haploid, had
a unique phenotype, very poor zygote viability (Figure
1A). Similar lethality was seen in a cross of RNH201
POL3 by rnh201A pol3-L612G (5 viable: 95 inviable for
rmh201 A pol3-L612G x RNH201 POLS3 versus 7 viable: 93
inviable for rmh202 A pol3-L612G x RNH202 POL3), so the
lethality is not restricted to RNH202 genotype, but is a re-
sult of loss of RNase H2 function. In the rnh202A pol3-
L612G x RNH202 POL3 cross, between 10-20% of the zy-
gotes were viable but often took several days of incubation
before growth could be seen. The recovered colonies grew at
different rates, as seen in Figure 1A. Microscopic examina-
tion of the zygotes that did not give rise to visible colonies
showed that the zygotes did not divide or went through 3 di-
visions or less with grossly altered cells (Figure 1B). Growth
inhibition was due to active RNase H2 enzyme provided
by the wild-type parent as the cross rnh202A pol3-L612G
x rnh202A POL3 showed normal viability. This result sug-
gests hybrid incompatibility of the two genomes as the re-
sult of the active RNase H2 enzyme from the wild-type par-
ent acting on the embedded rNMP residues in the rnh202 A
pol3-L612G parent. As expected by this model, the recipro-
cal cross of rnh202A POL3 x RNH202 pol3-L612G did not
show any inviability (bottom panel of Figure 1A). As the zy-
gote viability was dependent on the parental genotype, we
called this phenomenon ‘ribodysgenesis’. This property was
not observed for any of the other DNA polymerase mutants
that we examined.

To determine why only the rnh202 A pol3-L612G showed
ribodysgenesis, we used alkaline hydrolysis followed by gel
electrophoresis to measure the amount of rNMPs in hap-
loid strains of various genotypes; alkaline hydrolysis cleaves
the DNA backbone at positions of incorporated rNMPs.
As shown in Figure 1C, the rnh202A pol3-L612G strain
genome was most sensitive to alkaline treatment of the
strains we examined in this way, suggesting that a higher
level of rNTP incorporation likely contributes to the hy-
brid incompatability. Published reports on the alkaline sen-
sitivity of rmh201 A poll-L868M and rnh201 A poll-Y869A4
strains showed profiles that were not as shifted towards
lower molecular weight as the rnh202 A pol3-L612G strain
(15,20). From these studies, we conclude that the rnh202A
pol3-L612G has more rNMPs embedded in the genome
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than the other strains used in this study. Similar conclusions
for the rnh202 A pol3-L612G strain have been reported (33).

Embedded rNMPs that are not removed by RNase H2
and the RER pathway can be recognized and nicked by
topoisomerase 1 (11,15,34). To determine whether Topl
cleavage had a role in the ribodysgenesis phenomenon, we
used strains that were deleted for the TOPI gene in crosses.
As seen in Figure 1D, the TOPI genotype had no effect
of the zygote viability and a rnh202 A pol3-L612G topl A x
RNH202 POL3 TOPI cross had the same low viability as a
rnh202 A pol3-L612G TOPI x RNH202 POL3 TOPI cross
(P = 0.05, Fisher exact test), showing that viability is not
related to Topl cleavage at embedded rNMPs. While loss
of topoisomerase 1 activity in both strains in the rnh202 A
pol3-L612G topl A x RNH202 POLS3 topl A cross gave even
lower viability (P = 0.008, Fisher exact test), loss of topoi-
somerase 1 did not rescue viability.

RNase H2 recognizes and nicks at single rINMP residues
in DNA as well as multiple contiguous rNMP residues and
R-loops (35). The rnh-201-RED allele encodes an RNase
H2 protein that cannot cleave single INMP residues, but can
remove multiple contiguous INMP residues (35). Since the
rnh201-RED pol3-L612G x RNH201 POL3 cross resulted
in zygote inviability whereas rnh201-RED pol3-L612G x
rnh201-RED POLS3 resulted in normal zygote viability, the
zygote lethality is primarily due to cleavage at single INMP
residues and not due to R-loop accumulation and process-
ing (Figure 1E).

The few viable zygotes from a rnh202A pol3-L612G x
RNH202 POLS3 cross showed significant evidence of DNA
damage from DSBs or other recombinogenic DNA le-
sions by several criteria. First, we sporulated and dissected
diploids from the viable zygotes and found evidence of
chromosome loss and/or duplication, spore inviability, and
diploids of mixed genotypes. An example of this latter is
shown in Supplementary Figure S1A. Here both spore invi-
ability and 2:2 segregation of colony size are readily visible.
The genes RNH202 and POL3 are both located on chromo-
some 4, but on opposite arms. It can be seen in tetrad 1 both
alleles for RNH202 and POL3 are segregating normally
but, in tetrad 12, the rnh202 A pol3-L612 G chromosome has
been lost and the RNH202 POL3 chromosome has been
duplicated. Second, CHEF (Clamped Homogeneous Elec-
tric Field) gel electrophoresis analysis of the zygote clones
shows evidence of new chromosome bands that could come
from translocations, and reduced intensity of bands that
could come from chromosome loss or translocations (Sup-
plementary Figure S1B); more definitive evidence for chro-
mosome rearrangements will be presented below. Third, the
rnh202 A pol3-L612G strain requires functional Rad52 pro-
tein as the triple mutant rnh202 A pol3-L612G rad52 A was
inviable, whereas the double mutant po/3-L612G rad52 A is
viable but slow-growing, indicating that even in a RNase
H2-proficient background, significant DNA damage occurs
(Supplementary Figure S2).

Ribodysgenesis results in loss of heterozygosity (both intersti-
tial and terminal)

The observation that some of the viable diploids from the
rmh202 A pol3-L612G x RNH202 POL3 cross showed evi-
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Figure 1. Lethality and genome rearrangements in the dysgenic cross pol3-L612G rnh202A x POL3 RNH202. (A) Twelve zygotes were pulled from each
of the crosses shown. The top row shows the parental genotypes POLI/2/3 RNH202 (wildtype) or POLI1/2/3 rnh202 A and the left column shows five
polymerase mutant parents pol3-612G, pol3-L612M, pol2-M644G, poll-L868 M, poll-Y869A in a rnh202 A background. All crosses give twelve viable zygote
colonies with the exception of po/3-L612G rnh202A x POL3 RNH202, and poll-Y869A4 rnh202A x POLI RNH202, which gave 10/12 viable diploids. The
reciprocal cross pol3-L612G RNH202 x POL3 rnh202 A with the mutant alleles in trans gives twelve viable zygote colonies. (B) Microscopic examination
of zygote colonies immediately following microdissection and after 4 days of incubation at 30°C. (C) Alkaline gel electrophoresis and analysis of genomic
DNA. Genomic DNA was isolated form the indicated strains, treated with 0.3N KOH for 2 h at 55°C and run on 1% agarose gel in alkaline buffer.
Gels were neutralized and stained with CYBR Gold. Densitometry tracings using MatLab of lanes in the alkaline gel. (D) Percentage of inviable, small
viable zygote colonies and large viable zygote colonies from the indicated crosses involving ropl A. 100 zygotes were micromanipulated for each cross. (E)
Percentage of inviable, small viable zygote colonies and large viable zygote colonies from the indicated crosses involving rnh201-RED. 100 zygotes were

micromanipulated for each cross.

dence of genome rearrangements prompted us to use assays
that would allow capture of other rearrangements, includ-
ing crossovers and BIR events between homologous chro-
mosomes. We employed a genome-wide mapping approach
using microarray analysis and whole-genome sequencing to
examine a diploid that was heterozygous for approximately
55,000 single-nucleotide polymorphisms (SNPs) (21-24).
This diploid was formed by crosses of haploids isogenic with
W303-1A to haploids isogenic with YIM789 (21). For the
experimental diploid zygotes, the W303-1A-derived hap-

loid parental strain is rnh202A pol3-L612G (LSY3454-2)
was mated to the YIM789-derived haploid parent (JSC20-
1) which is RNH202 POLS3.

As we observed with similar crosses described previously,
with parental strains of these genotypes, most zygotes failed
to divide. From two separate experiments, we isolated sets of
six viable zygotes, HK 1, HK2, HK4, HK7, HK9 and HK 10
in one set and HK11-HK 16 in the second. Unlike the mu-
tation accumulation studies done in yeast diploids (36-39),
we did not subculture strains over multiple generations. In-
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Figure 2. Depiction of I-LOH and T-LOH events. In (A) and (B), we
show data from genomic sequencing experiments that diagnose intersti-
tial (A) and terminal (B) LOH events. Each dot represents the ‘reads’ of
allelic-specific single-nucleotide polymorphisms (SNP), with YJM789- and
'W303-1A-specific sequences indicated by blue and red dots, respectively.
The ratio of coverage (RC) values on the Y-axis indicates the number of
reads for the allele-specific SNP divided by the total number of reads for
all of the SNPs in the genome. Thus, a value of 0.5 indicates heterozygosity,
and values near 1.0 and 0 indicate two copies and no copies of the allele-
specific SNP, respectively. The X-axis shows the chromosome coordinates
as defined by the Saccharomyces Genome Database (SGD). (A) I-LOH
event. This event involved the transfer of about 5 kb of sequences from one
homolog to the other on chromosome IX inisolate HK2. (B) T-LOH event.
This terminal LOH event was observed in isolate HK16 on chromosome
IV. (C) Depiction of a gene conversion event resulting in I-LOH. The event
is initiated by a double-strand break on the W303-1A-derived homolog
(shown in red) followed by transfer of sequences from the YIM789-derived
homolog. The ovals/circles show the centromere, and the arrows at the
bottom of the figure indicate the pattern of chromosome segregation. The
daughter cell with the pattern shown in (A) is outlined by a rectangle. (D)
Generation of T-LOH by reciprocal crossing-over. A crossover between
homologs, followed by segregation of the recombined chromatid with the
unrecombined chromatid, can produce two daughter cells with reciprocal
patterns of T-LOH. (E) Generation of T-LOH by break-induced replica-
tion (BIR). After a DSB in one chromatid, the resulting terminal frag-
ment is lost. The centromere-associated fragment copies sequences from
the other homolog, producing a T-LOH event in one daughter cell, but
not the other.

stead, we analyzed the colonies resulting from growth of a
single zygote (~25 generations of growth) by using single-
nucleotide polymorphism (SNP)-specific microarrays (21)
or Illumina sequencing. As described below, this analysis
allowed the detection of LOH events, as well as other types
of genomic alterations. Since the results were very similar
by the two approaches and since sequencing allows for the
diagnosis of smaller alterations (e.g. single-base changes)
that are undetectable using microarrays, our conclusions are
based on the sequencing data.

DSBs in yeast cells are often repaired by homolo-
gous recombination between homologs or between sister-
chromatids (40). Examples of the interstitial and terminal
LOH events are shown in Figure 2A and B. Although we
show the events initiated after the chromosomes have been
duplicated, spontaneous events in wild-type cells are often
initiated before DNA replication (21,41). As shown in Fig-
ure 2C, in an interstitial LOH event (I-LOH), the chromo-
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some with the recombination-initiating DNA lesion is the
recipient of information (42). I-LOH events, also termed
‘gene conversions,” represent the non-reciprocal transfer of
information from one homolog to the other. The amount of
DNA transferred in crossover-associated conversion events
during mitotic recombination is variable with a median size
of about 10 kb in wild-type yeast cells (21,22). Conversion
events unassociated with crossovers are shorter, about 3 kb
(22).

In a T-LOH event, the region of LOH extends to the end
of the chromosome (Figure 2B). Two pathways can pro-
duce T-LOH, reciprocal crossovers (RCOs) (Figure 2D) or
break-induced replication (BIR) (Figure 2E). RCO events
produce two cells with T-LOH. In BIR events, one broken
chromosome fragment is lost, and sequences are duplicated
by conservative DNA synthesis from the unbroken chro-
matid (42,43). In wild-type cells, RCO is more common than
BIR (40).

DNA sequences from the twelve independent diploid
isolates (six each from two experiments) were examined
by whole-genome sequencing. The locations of the break-
points for both I-LOH and T-LOH events in all strains are
shown in Dataset S1-1, and schematic drawings of each of
the LOH events are shown in Dataset S1-2. As we have
noted in previous studies (21), whereas many of the I-LOH
and T-LOH events involve simple patterns of LOH (e.g.
Classes al and a2; Classes bl1-b4 in Dataset S1-2), others in-
volve multiple transitions between regions of heterozygosity
and homozygosity or other complications. Since the com-
plex events do not have a single unambiguous explanation,
in the discussion below, we will emphasize the simple events.

The total number of LOH events observed in the zy-
gotes was 120, about 10 events per zygote colony. Assum-
ing that these events were accumulated in the 25 cell divi-
sions required to form a colony, the rate of LOH was about
4 x 10! /cell division. Since the rate of LOH events in an
isogenic wild-type diploid is 4.6 x 1073 (22), the zygotes
have a rate of LOH that is elevated 87-fold above the wild-
type rate. This estimate is likely a minimal estimate, since it
is likely that most of the LOH events occurred in the first
division after the isolation of the zygote or shortly there-
after. In support of this conclusion, when we sub-cloned
two of the zygote colonies from a single cell to a colony and
examined four such colonies by microarrays, very few ad-
ditional LOH events were detected (described in Materials
and Methods). Thus, the rate of LOH is likely elevated at
least 2100-fold relative to the wild-type rate.

For the simple events, I-LOH exceeded T-LOH by a
factor of about four; in an isogenic wild-type diploid, I-
LOH was about three-fold more frequent than T-LOH
(22). A critical point is that, in almost all (64 of 67) of
the simple conversion events, sequences from the W303-
1A-derived homolog were deleted and sequences from the
YJM789-derived homolog were duplicated (data derived
from Dataset S1). This result strongly argues that the
recombination-initiating DNA lesions were on the homolog
that contained the rNMPs (Figure 2C).

Both I-LOH and T-LOH events have transitions be-
tween heterozygous and homozygous regions that define
the breakpoint of the event. These breakpoints presumably
contain the location of the recombination-initiating DNA
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Figure 3. Distribution of LOH events. Based on the breakpoints of LOH
events in HK isolates (Dataset S1), we mapped their positions along the 16
yeast homologs. The key to the colors showing the positions of the events
is: red (CO/CON; T-LOH event associated with an I-LOH event); green
(CON; simple I-LOH event), blue (CON/CON; complex I-LOH event),
and black (CO/BIR; T-LOH event).

lesion (21). Using the method of defining breakpoints previ-
ously employed (21) (described in Materials and Methods),
we mapped the breakpoints for both simple and complex
LOH events (Dataset S1-1). The location of these events
on the chromosomes is shown in Figure 3. The breakpoints
are distributed widely over the chromosomes with no pro-
nounced hotspots.

We also determined whether the breakpoints had over-
representations of chromosome elements such as replica-
tion origins (ARS elements), transposable elements, tRNA
genes, and a list of other elements (Dataset S2); the loca-
tion and number of such elements are described in Zheng et
al. (31). In our analysis of 18 such elements, most were not
significantly enriched after we corrected for multiple com-
parisons. In the analysis of the breakpoints for both sim-
ple and complex events, there was an enrichment for the
‘tandemly repeated sequence’ category when we incorpo-
rated both simple and complex events (Dataset S2-1). Tan-
dem repeats sequences are defined in the tandem-repeat-
database (TRDB; https://tandem.bu.edu/cgi-bin/trdb/trdb.
exe?taskid=0) (44). As in our previous study (45), we set the
parameters for identifying tandem repeats as genomic re-
gions with a minimal length of 24 bp that contained tan-
dem repeats in the size range of 1-1998 bp. Since this same
enrichment was not observed for the simple LOH events
(Dataset S2-2), the significance of this relationship is not
clear. If the LOH events are initiated by misincorporated
rNMPs, the lack of a strong association with chromosomal
elements is expected based on the genome-wide analysis of
the distribution of rINMPs in yeast (20,46,47).

Lack of LOH events in crosses of rnh202A pol3-L612G x
rnh202A POL3 strains

As described above (Figure 1E), zygote viability is high
(>80%) in crosses of rnh202 A pol3-L612G x rnh202 POL3
haploid strains of the W303-1A genetic background. To

examine the frequency of LOH in zygotes homozygous
for the rnh202 mutation, we mated the W303-1A-derived
rnh202 A pol3-L612G haploid to a haploid derived from
YJM789 with the genotype rnh202A POL3. Six indepen-
dent colonies derived from different zygotes were analyzed
by SNP-specific microarrays. None of these diploids had
LOH events, large deletions/duplications, or aneuploidy.
This result supports the view that the poor viability in the
rnh202 A pol3-L612G x RNH202 POLS3 is likely the result
of the high level of DSBs resulting from the RNase H2-
catalyzed excision of ribonucleotides in the zygote.

Aneuploidy and uniparental disomy in ribodysgenic crosses

We also detected five whole-chromosome alterations
(Datasets 1-3 and 1-4). Four of these events were uni-
parental disomy (UPD) events, loss of one of the homologs
followed by duplication of the other. Such events could
represent two non-disjunction events: the first resulting
in loss of one homolog in one cell cycle, and the second
resulting in a gain of the remaining homolog in a second
cell cycle. Alternatively, we showed previously that yeast
cells, at low frequency (about 10~7 per homolog) undergo
a meiosis I-like segregation pattern, producing two cells
with reciprocal patterns of UPD; this process was termed
‘reciprocal UPD’ (48). Although our experiments do not
unambiguously distinguish between these two mechanisms,
by the first mechanism, we would expect high levels of
monosomy and trisomy, which are not observed. The
rate of UPD in wild-type cells was about 4 x 107¢/cell
division, whereas the rate in the ribodysgenic isolates was
1.3 x 1072/division if the UPD event occurred during
formation of the zygote colony or 3.3 x 107!, if the UPD
event occurred in the first division after plating. Although
these results suggest that ribodysgenesis may greatly elevate
the frequency of UPD, this conclusion is based on a small
number of events.

Alterations in chromosome structure (large > 5 kb
deletions/duplications and translocations)

Three of the twelve ribodysgenic diploids (HK13,
HK14 and HK16) had large chromosome changes that
could be detected by DNA sequence analysis and CHEF
gel electrophoresis. In HK 13, sequence analysis (Dataset
S1-5) showed that chromosome XV has a heterozygous
deletion of about 65 kb with breakpoints near SGD coordi-
nates 600 kb (near a Watson-oriented Ty element) and 664
kb (near a pair of Watson-oriented delta elements [repeats
associated with Ty elements]). By gel electrophoresis, we
observed a novel band of about 1030 kb, slightly below
the 1090 kb band representing the undeleted chromosome
XV (Supplementary Figure S3A); this band hybridized to
a probe derived from the NDJI gene on chromosome XV
(Supplementary Figure S3B), confirming the deletion.
Strain HK 14 had a terminal deletion on the right arm of
chromosome V (breakpoint near a Crick-oriented Ty at co-
ordinate 446 kb) and a terminal duplication of the left arm
of chromosome XV (breakpoint at a Watson-oriented Ty at
coordinate 120 kb) (Dataset S1-5). As observed in our pre-
vious studies (31), this pattern of coupled terminal deletions
and duplications is expected as a result of a translocation if
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the strain contains only one of the products of the transloca-
tion (Supplementary Figure S4); in addition, such translo-
cations usually involve recombination between Ty elements
or other dispersed repeats (31). Based on the location of the
breakpoints of the deletion and duplication in HK14, we
predicted that a recombination event between the two Ty
elements at the breakpoints would produce a translocation
of 560 kb that includes part of the left arm of XV and the
right arm, centromere, and part of the left arm of V. We did
not observe a novel chromosome of this size on the ethidium
bromide-stained gel (Supplementary Figure S3A), presum-
ably because this size is very similar to that expected from
the native chromosome V (575 kb). However, a band of the
expected size hybridizes to a probe derived from chromo-
some XV (NDJI) (Supplementary Figure S3B), as well as
to a probe near the predicted breakpoint of chromosome V
(GDII) (Supplementary Figure S5).

Strain HK16 had a terminal deletion on the right arm of
chromosome I with a breakpoint near coordinate 160 kb
(the location of a Crick-oriented Ty1), and a terminal du-
plication on the left arm of chromosome II with a break-
point near coordinate 32 kb (the location of a Watson-
oriented Ty2). Based on these breakpoints, one of the pre-
dicted translocations would be about 189 kb in size, slightly
smaller than the intact chromosome I (230 kb). We observed
a faint band at the appropriate position (Figure 4A and
C) that hybridized to probes near the expected breakpoints
(SEN34 at coordinates 158-160 kb on I and ECM21 with
coordinates 25-28 kb on 1I) (Figure 4B and D).

In addition to the chromosome changes described above,
we observed that chromosome XII, the chromosome con-
taining the 1 Mb tandem array of rRNA genes, had fre-
quent changes in size. Similar alterations are observed in
wild-type strains as well as in strains with mutations affect-
ing DNA replication (49). We quantitated the number of
rDNA genes per strain by measuring the sequence coverage
of the rRNA genes relative to the coverage of single-copy
genes (Dataset S1-7). Since the rRNA genes derived from
the W303-1A and YJM789 backgrounds are distinguish-
able by their SNPs, the number of repeats on each homolog
could be determined separately.

In the isogenic wild-type diploid, there were 123 W303-
1A-derived rRNA genes and 72 YJM789-derived rRNA
genes (22), totalling 195 repeats. Among the twelve isolates,
three (HK9, HK 10, and HK16) had a terminal LOH event
proximal to the rRNA gene locus, leading to loss of one
class of repeat (Dataset S1-7). Among the remaining nine
zygotes, the total number of repeats (average of 221) var-
ied widely (138-328), as did the homolog-specific repeats.
Unlike yeast strains under replication stress in which the
number of rRNA genes is reduced (31,50), the zygotes have
both elevated and reduced amounts of rDNA. This varia-
tion is likely generated by homologous recombination: un-
equal sister-crossovers or gene conversions, single-strand
annealing events, and/or intrachromatid deletion and inser-
tion events (31).

Single-base mutations and small (<100 bp) in/dels in diploids
from ribodysgenic crosses

Among the 12 sequenced zygote isolates, we observed
285 single-base mutations and 33 small in/dels (Dataset
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Figure 4. Analysis of a I-II translocation. As described in the text, based on
the observations that isolate HK 16 contained a terminal deletion on chro-
mosome I and a terminal duplication on chromosome II with Ty elements
at the breakpoints, we predicted a I-IT translocation of 189 kb, slightly
smaller than the smallest yeast chromosome (chromosome I). (A) CHEF
gel analysis of four HK isolates. In the lane for HK 16, we observe a faint
band (marked with an arrow) at the expected position for the transloca-
tion. (B) Hybridization of a probe derived from chromosome I1 (ECM21)
to the smallest band from the gel shown in (A); this probe also hybridizes
to the position expected for the wild-type chromosome I1. The bands near
the top of the gel represent cross-hybridization of the probe to the riboso-
mal RNA genes on chromosome XII. This cross-hybridization is observed
with many different probes. (C) Photograph of a different CHEF gel with
the same HK isolates shown in (A). (D) Hybridization pattern for a probe
derived from the end of chromosome I (SEN34). The two chromosome I
homologs have slightly different sizes in the haploid parental strains, pro-
ducing the two bands shown in HK13-15. In HK16, the larger form of
chromosome I is lost because it forms part of the I-II translocation (the
189 kb band).

S3). The distribution of the single-base mutations among
the six classes of alterations is very significantly different
(P = 107! by Fisher exact test) from that observed in iso-
genic wild-type diploids (22). The distributions of different
classes of single-base mutations for the zygotes and for an
isogenic wild-type strain are shown in Supplementary Fig-
ure S6. Most (29 of 33) of the in/dels are deletions of one
to three bases. These deletions were not flanked by short di-
rect repeats unlike those observed in strains with low levels
of DNA polymerase 8 that likely reflect DNA polymerase
slippage (31,51). As discussed below, the small in/dels are
likely the consequence of the removal of misincorporated
rNTPs by topoisomerase 1.

The mutations in the zygotes have several potential
sources. First, some or most of the single-base mutations
were likely introduced into the rnh202 A pol3-L612G hap-
loid prior to zygote formation by misincorporation errors
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of the mutant Pol . Alternatively, mutations could also re-
flect RNase H2-independent error-prone repair of misin-
corporated rNMPs. Since po/3-L612G strains have a much
stronger mutator phenotype than strains with the rnh202
mutation (14,19), the first source of mutations is likely the
more important. In addition, we observed a 71-fold in-
crease (5.4 x 107°) in mutations at the CANI locus in
the pol3-L612G W303-1A strain, compared to a 2-fold in-
crease (1.5 x 1077) in the rnh202 A strain, which we pre-
viously reported (14). This high mutation rate was only
slightly increased (P = 0.46) in the double mutant po/3-
L612G rnh202 A strain to 95-fold (7.2 x 10~%), showing that
most mutations arise from base misincorporation in this
strain and not from processing or bypassing of embedded
rNMPs in an error-prone manner.

Since strains heterozygous for the po/3 mutations have a
mutator phenotype (52), it is possible that some of the ob-
served mutations were generated during growth of the zy-
gotes. However, this possibility can be excluded as an im-
portant source of mutations. Mutations that were a conse-
quence of on-going mutagenesis in the zygotes would be lo-
cated on both of the homologs derived from both W303-
1A and YIM789. We examined whether the mutations in
the zygotes were linked to a W303-1A- or YIM789-specific
polymorphism; since we used Illumina sequencing in our
experiments, the polymorphism would have to be within
about 300 bp in order to observe linkage. Of the 285 single-
base mutations, 138 were linked to a polymorphism; of
these 138 mutations, 132 were on the W303-1A-derived
homolog (rmh202A pol3-L612G background) and 6 were
on the YIM789-derived homolog (RNH202 POL3 back-
ground). The pol3-L612G mutant displays marked bias for
incorporation of rNTPs after C (CrN) (47), we would ex-
pect to see the CrN signature of single-base mutations if
the mutations were a direct or indirect consequence of the
incorporation of ribonucleotides. When we examined the
base located 5 to the mutant base (Dataset S3-1), we found
185/570 = 32% with a 5'C. The expected percentage for a
random association with a 5’ C, based on a genomic G + C
content of 38%, is 35%, indicating that the observed muta-
tions do not reflect mutagenesis induced by ribonucleotides
(P = 0.20 by chi-square test).

Although we cannot definitively determine whether the
mutations in the zygotes were present in the rnh202 A pol3-
L612G haploid before mating or were introduced immedi-
ately after zygote formation, several lines of evidence sug-
gest that most of these mutations are a consequence of
mutations induced prior to zygote formation. First, we se-
quenced one of the haploid rnh202 A pol3-L612G parental
strains (LSY3454-2) used in constructing the zygotes, and
detected 39 mutations relative to the isogenic wild-type hap-
loid (Dataset S3-1); in our analysis, these mutations were
excluded from the mutations found in the zygotes. Sec-
ond, of the 285 mutations observed in the zygotes, we de-
tected 17 identical mutations; these likely represent muta-
tions induced during growth of the rnh202A pol3-L612G
haploid prior to mating. Therefore, we favor the explana-
tion that most of the observed mutations were produced in
the rnh202 A pol3-L612G haploid before mating.

Although the source of the single-base mutations in the
zygotes is likely to be misincorporation errors by the mu-

tant DNA polymerase, the in/dels probably reflect a differ-
ent mechanism. Removal of INMPs by topoisomerase 1 re-
sults in a high frequency of short (2-5 bp) deletions (11).
These deletions often occur in regions that contain repeated
dinucleotides. For example, three hotspot regions for 2-bp
deletions in the CANI gene contained (AG)4, (AT),, and
(TC)s (11). Similarly, of the 33 short in/dels in the zygotes,
21 were two-bp deletions in two or three repeat ‘runs’ of
dinucleotides (Dataset S3-2). Thus, most of these mutations
were likely generated by Topl-mediated removal of INMPs,
although we cannot rule out other modes of mutagenesis.

One unusual feature of the mutations detected in the hap-
loid strain LSY3454-2 is the percentage of ‘reads’ of the
mutant base. For the single-base changes (Dataset S3-1),
the mutant base was detected in greater than 95% of the
sequence reads, as expected for a mutation in a haploid.
However, for many of the in/dels, the mutant base repre-
sented <70% of the reads. These in/dels likely reflect muta-
tions that occurred during the growth of LSY3454-2 before
sequencing, generating a mixture of genotypes in the hap-
loid. In support of this conclusion, the zygotes often lacked
these in/dels or were heterozygous for the in/del. For ex-
ample, the in/del at position 255089 on chromosome I was
supported by 34% of the reads in LSY3454-2 (Dataset S3-
2). Based on analysis of the raw sequencing data, in five
of the HK zygotes, this in/del was found in about 50% of
the reads, as expected for a heterozygous mutation. This
in/del was not observed in seven of the HK zygotes. The
high frequency of mixed in/dels in LSY3454-2, and the ab-
sence of mixed reads for the single-nucleotide variants, can
be explained if the in/dels are generated at high rates at a
small number of loci, whereas the single base alterations are
widely distributed throughout the genome, each individual
alteration at low frequency. Evidence for strong hotspots for
the distribution of in/dels in rnh201 strains has been previ-
ously presented (11).

Loss of RNH202 in recovered diploids from ribodysgenic
crosses

We observed that the ribodysgenesis phenomenon arose
from functional RNase H2 being introduced into a nucleus
with a genome replete with rINMPs incorporated due to the
pol3-L612G allele in a strain lacking a functional RNase
H2 complex. Moreover, the zygote lethality was eliminated
when the mating parents were both defective in RNase H2
enzyme. Thus, it was possible that all of the viable diploids
lost the wild-type RNH202 allele. To test this possibility,
we directly sequenced the RNH202 alleles in 52 recovered
diploids. Only one diploid had a de novo RN H202 mutation.
Three diploids had become homozygous for the RNH202
allele through crossing over/BIR or chromosome loss and
reduplication, while four diploids had become homozygous
for the rnh202 A allele through crossing over/BIR. Thus,
there does not appear to be any strong selection for loss
of RNase H2 activity in the recovered diploids. This re-
sult argues for the lethal events occurring within the first
zygotic cell cycle and stochastic escape from the lethality.
Once the diploid is established, unless the genomic rear-
rangements inhibit growth, diploid cells that are heterozy-
gous POL3/pol3-L612G and any RNH202 genotype are
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HK12- rnh202A POL3 x rmnh202A pol3-L612G
HK13- rnh202A POL3 x rmnh202A pol3-L612G
HK14- RNH202 POL3 x rnh202A pol3-L612G
HK16- RNH202 POL3 x rh202A pol3-L612G
HK15- RNH202 POL3 x RNH202 pol3-L612G
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Figure 5. Alkaline gel analysis of diploids HK11-HK16. These diploids
were formed by the cross pol3-L612G rnh202A x POL3 RNH202. Al-
though all strains were expected to be heterozygous for the rnh202 A mu-
tation, strains HK11, HK12, and HK13 were homozygous for the
rnh202 A mutation and HK15 was homozygous for the wild-type allele.
(A) Picture of alkaline gel with strains of different genotypes. The strains
with the highest level of incorporated ribonucleotides are those that lack
ribonuclease H2. (B) Quantitation of the size of the DNA fragments in the
alkaline gels.

able to grow as the lethality/DSB inducing lesions will have
been removed by the active RNase H2 or tolerated if RNase
H2 activity is absent.

In the twelve HK zygotes examined by DNA sequencing,
three (HK11-HK13) were homozygous for the rnh202 A al-
lele as the result of a crossover/BIR event on the right arm
of V. Since we observed 33 T-LOH events and since the dis-
tance between CEN4 and RNH202 represents about 5% of
the yeast genome, we expect about two events among the
twelve strains, an insignificant departure from the observed
number (P = 0.46 by chi-square analysis). Therefore, there
does not appear to be a strong selection for events that result
in loss of heterozygosity at the RNH202 locus.

We also performed alkaline gel analysis on some of the re-
covered diploid isolates (Figure 5). Diploids that were fully
wild-type (RNH202 POL3/RNH202 POL3), as expected,
had the fewest misincorporated ribonucleotides, diploids
of the rnh202 POL3/rnh202 pol3-L612G genotype had the
most ribonucleotides, and diploids that were heterozygous
for both the rnh202 and pol3-L612G mutations had an in-
termediate level. These observations demonstrate that the
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pol3-L612G mutation is not completely recessive for the
phenotype of ribonucleotide misincorporation. Indeed, a
previous study on mutagenesis in diploids heterozygous
POL3/pol3-L612G suggested that both alleles are active in
diploids (52).

DISCUSSION

Haploid strains with the po/3-L612G mutation have ele-
vated levels of rINMP residues. In haploids with an addi-
tional mutation in genes encoding RNase H2, the level of
rNMPs increases (Figure 1C). Nonetheless, haploid strains
with both the po/3-L612G and the rnh202 mutations have
only a subtle effect on growth, resulting in an extended
S/G2 (19,20). However, when RNase H2 is suddenly in-
troduced into the rINMP-studded genome by mating to a
wild-type strain, the rnh202A pol3-L612G strain, and not
the other strains with mutant polymerases, has very poor
zygote viability. The alkaline gel analysis shows that the
rnh202 A pol3-L612 G strain has more alkali-sensitive sites in
the genome than the other strains (Figure 1C), which could
account for the sensitivity to a sudden burst of RNase H2
activity on the genome. We have shown that it is the pres-
ence of RNase H2 activity that is responsible for the zygote
inviability. This conclusion is based on our observation of
multiple chromosome rearrangements in the few surviving
diploids (likely induced by DSBs) and the requirement for
functional homologous recombination in the rnh202 A pol3-
L612G strain for viability (Supplementary Figure S2).

DSBs and genomic rearrangements initiate on the rNMP-
containing chromosomes

Using diploids where the parental chromosomes can be dis-
tinguished by 55 000 SNPs, we could determine the parental
origin of the chromosomes that initiated LOH events. As
shown in Figure 2A and C, the chromosome with the DSB
is the recipient of information derived from the homolog.
Thus, a duplication of sequences derived from the ‘blue’
chromosome (Figure 2A) is a consequence of the repair of a
break on the ‘red’ chromosome (Figure 2C). Of note in our
studies, it was not necessary to select for events or grow the
diploids through many successive generations as is usually
done in mutation accumulation studies. Instead, we allowed
the zygotes to grow into colonies, which in itself took sev-
eral days longer than normal. Every zygotic colony experi-
enced multiple LOH events, with an increase of >1000-fold
over wild-type, assuming that the LOH events were gener-
ated in the first division following zygote formation. Almost
all simple interstitial events (64 of 67) were initiated on the
rNMP-containing chromosomes and occurred within the
first cell cycle.

Model for zygote lethality by ribodysgenesis

In the absence of RNase H2 and a functional RER path-
way, ribonucleotides incorporated by DNA polymerase ep-
silon (Pol2), can be processed by DNA topoisomerase 1
(15,53) to generate DSBs (54). Therefore, we tested whether
DNA topoisomerase I contributed to the ribodysgenesis
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Figure 6. Two mechanisms for producing DSBs by RNase H2 cleavage of
misincorporated ribonucleotides. In this figure, DNA molecules are shown
as double-stranded molecules and ribonucleotides are depicted as red verti-
cal lines. The density of ribonucleotides is expected to be much greater on
the lagging strand during replication in the po/3-L612G rnh202 A strain.
(A) DSB produced by closely-placed nicks on opposing strands (shown by
scissors). (B) DSB produced by replication of a nicked strand.

phenomenon and find no evidence that TOPI genotype af-
fected zygote viability. In contrast, RNase H2 activity is re-
quired for zygote lethality and we infer produces the DSBs
that lead to the LOH events and the subsequent zygote
lethality.

Indeed, Topl processing of embedded rNMPs is spe-
cific to leading strand synthesis by DNA polymerase ep-
silon (15) and thus the INMPs incorporated by DNA poly-
merase delta (Pol3), must be either tolerated or most likely
removed by other pathways in the absence of RNase H2 and
RER. As we have shown that the zygote lethality arises from
RNase H2 activity, there must be something specific about
the number of INMP residues and their genomic location
that makes them susceptible to generating DSBs.

Recent studies have clarified the DNA polymerase usage
during replication and in yeast leading strand is initiated
by DNA polymerase alpha (Poll) followed by a short re-
gion of synthesis by DNA polymerase delta (Pol3) for about
180 bp followed by a handoff to DNA polymerase epsilon
(Pol2), which continues the processive leading strand syn-
thesis (18,55,56). This replication pattern is universal for
yeast origins based on genomic studies of polymerase usage
(18). In Figure 6, we show the pattern expected for rNTP
incorporation with respect to the origins. This figure also
shows two mechanisms that could produce DSBs in the
zygote. One mechanism is that RNase H2 creates closely
opposed single-stranded nicks on opposite strands of the
DNA.

Although most of the incorporated rNTPs would be ex-
pected to be located on the lagging strand, two condi-
tions could introduce Pol delta-catalyzed mutations on both
strands. First, it has been demonstrated that both strands of
DNA are replicated by DNA polymerase delta (Pol3) for a
short region near the origin. In a strain with the pol3-L612G
rnh202 A genotype, there is approximately one rNTP incor-
porated per 500 bp based on alkaline gel analysis (Figure
1); it is likely, therefore, that some origins will have INMP
residues on both strands. It is unlikely that this model ex-
plains our results, however, since in our analysis of the loca-
tion of LOH breakpoints relative to various types of chro-
mosome elements (Dataset S2), we did not find a significant
association between breakpoints and origins. A related pos-
sibility is based on the observation that in yeast cells un-
der replication stress, DNA polymerase delta can synthe-

size DNA on the leading strand as well as the lagging strand
(56,57). In this scenario, excision of INMPs closely opposed
on opposite strands could produce a recombinogenic DSB
(Figure 6A). A different mechanism is that the repair of very
large numbers of misincorporated rNTPs following zygote
formation may lead to nicked DNA molecules that, when
replicated, produce DSBs (Figure 6B).

Regardless of the details of the process, we suggest that
zygote lethality is a consequence of high levels of DSBs.
Based on our observation of ten LOH events per zygote,
it is likely that there are at least ten DSBs/genome. In ad-
dition, it is estimated that DSBs are repaired by sister-
chromatid recombination about 20-fold more often than by
inter-homolog recombination (40) and, therefore, the true
number of DSBs induced by ribodysgenesis may be closer
to 200 events/isolate. A dose of X-rays that produces about
250 DSBs/diploid yeast genome results in viability between
7-28% (58). This rough calculation is consistent with our
hypothesis that the main cause of lethality in the ribodys-
genic cross is DSBs resulting from the excision of ribonu-
cleotides. One final question to be considered is why the
removal of rNMPs in a haploid with the po/3-L612G mu-
tation is not lethal in strains with the wild-type RNH202
gene. One obvious possibility is that the density of rINMPs
ina pol3-L612G rnh202 A strain is considerably greater than
in a pol3-L612G strain and, therefore, RNase H2 would be
expected to produce more DSBs in the double mutant strain
when RNase H2 is introduced by mating.

Our findings reported here on the presence of INMPs in
the genome leading to lethality when suddenly exposed to
active RNase H2 may have some parallels to self-inflicted
DNA damage by other nucleases. Caspase-activated DNase
(CAD) has been shown to induce a wave of DNA damage
in tumor cells to increase the level of DNA breaks such that
tumors cells with high levels of damage from irradiation
or chemotherapy are prevented from progressing into mi-
tosis (59). We have shown that when a massive number of
breaks are introduced into a genome by RNase H2, the es-
caped diploids have hugely increased (over 2000-fold) LOH
which can also be accompanied by chromosome copy num-
ber changes. Indeed, LOH of essential genes is thought to
lead to cancer vulnerabilities (60). While the genome insta-
bility we observe may be deleterious, it is possible that such
a large number of changes could lead to a selective advan-
tage for a subpopulation of cells.

Additionally, our findings may provide a general model
for zygote death due to the accumulation of damage which
could be of several types, including modified bases that are
not ribonucleotides. Attack by the other genome could gen-
erate high levels of HR and genome instability and could
relate to unknown causes of hybrid dysgenesis and infertil-
ity.

In summary, we have presented evidence that certain
genotypes in yeast, when combined in a cross, result in very
low zygote viability (dysgenesis). In our study, the dysgene-
sis was the result of a cross between one strain with a very
high level of ribonucleotides and a second strain with the
ability to excise these ribonucleotides, resulting in high lev-
els of genetic instability. We term this event ‘ribodysgenesis.’
These findings may be relevant to understanding other ex-
amples of dysgenesis in yeast and in other eukaryotes. It is



intriguing to consider that RNase H2 and ribonucleotides
may underlie some cases of sudden genome catastrophe in
tumor cells resulting in chromothripsis (61).
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