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Yeast strains with low levels of the replicative DNA polymerases
(alpha, delta, and epsilon) have high levels of chromosome dele-
tions, duplications, and translocations. By examining the patterns of
mutations induced in strains with low levels of DNA polymerase by
the human protein APOBEC3B (a protein that deaminates cytosine
in single-stranded DNA), we show dramatically elevated amounts of
single-stranded DNA relative to a wild-type strain. During DNA rep-
lication, one strand (defined as the leading strand) is replicated
processively by DNA polymerase epsilon and the other (the lagging
strand) is replicated as short fragments initiated by DNA polymerase
alpha and extended by DNA polymerase delta. In the low DNA po-
lymerase alpha and delta strains, the APOBEC-induced mutations
are concentrated on the lagging-strand template, whereas in
the low DNA polymerase epsilon strain, mutations occur on the
leading- and lagging-strand templates with similar frequencies.
In addition, for most genes, the transcribed strand is mutagenized
more frequently than the nontranscribed strand. Lastly, some of the
APOBEC-induced clusters in strains with low levels of DNA polymer-
ase alpha or delta are greater than 10 kb in length.
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Cells derived from solid metastatic tumors often have very
high levels of chromosome rearrangements and aneuploidy,

and it has been argued that such genomic changes may be a
consequence of DNA replication stress (1, 2). In addition, when
mammalian cells are exposed to drugs that inhibit DNA synthesis
such as aphidicolin, there is an elevated rate of chromosome
breakage at regions termed “fragile sites” (3).
Saccharomyces cerevisiae, like other eukaryotes, has three rep-

licative DNA polymerases, alpha, delta, and epsilon; the catalytic
subunits of these polymerases are encoded by the genes POL1,
POL3, and POL2, respectively (4). DNA polymerase alpha syn-
thesizes the RNA–DNA primers that are extended by the other
replicative DNA polymerases (5). DNA polymerases delta and
epsilon are responsible for most of the synthesis on the lagging
and leading strands, respectively (6). However, the catalytic do-
main of DNA polymerase epsilon is not required for DNA rep-
lication or cell viability (7) and, in certain mutants of DNA
polymerase epsilon, DNA polymerase delta is capable of DNA
synthesis on the leading strand (8).
To examine the genomic changes that result from DNA rep-

lication stress, we constructed strains in which the levels of the
replicative DNA polymerases alpha, delta, and epsilon, were
regulated using a galactose-inducible promoter (9). We pre-
viously showed that strains with low levels of DNA polymerase
alpha (10, 11) or delta (12) have very elevated rates of mitotic
recombination, large deletions/duplications, and aneuploidy.
One possible explanation for the hyper-recombination phe-

notype associated with the low-polymerase strains is that low
levels of DNA polymerase lead to stalled breakage-prone repli-
cation forks or forks in which synthesis of the leading and lagging
strands has been uncoupled. Loss of coupling could result in large

single-stranded regions at the fork. In addition, the high level of mitotic
recombination in the low-polymerase strains likely reflects a high
level of double-stranded DNA breaks (DSBs). Processing of these
broken ends would represent another source of single-stranded
DNA (13). We decided to look for single-stranded regions in
low-polymerase strains using APOBEC3B (A3B), a member of
the mammalian single-strand-specific cytosine deaminases.
In human cells, members of the APOBEC family have an

antiviral role as well as reducing the rate of retrotransposition
(14). APOBEC proteins can also mutate single-stranded chro-
mosomal DNA resulting in high levels of mutations in multiple
tumor types (15, 16). APOBEC and related proteins have been
expressed in S. cerevisiae to detect single-stranded DNA in
multiple studies (17–25), leading to a number of generalizations.
First, expression of APOBEC substantially elevates mutation
rates. Second, in yeast strains lacking uracil DNA glycosylase,
most of the observed mutations are C-to-T (G to A in the reverse
complement) mutations, as expected from the cytosine de-
aminase activity of APOBEC that converts C to uracil. Third,
APOBEC-induced mutations are often clustered (18–20, 23–26).
Fourth, the mutations are more abundant on the lagging-strand
template than the leading-strand template (21).
In our analysis, we show that low levels of DNA polymerase

alpha, epsilon, or delta greatly increase the numbers of
APOBEC3B-associated mutations. Taken together with our
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previous results, our analysis suggests that the high level of ge-
nomic instability observed in strains with low levels of replicative
DNA polymerases reflects the fragility of replication forks that
have extended regions of single-stranded DNA.

Results
Experimental System and Rationale. Strains in which the synthesis
of the catalytic subunits of DNA polymerases alpha (SY43-LA),
epsilon (SY44-LE), and delta (SY45-LD) was regulated by the
concentration of galactose in the medium were constructed
(SI Appendix, Table S1). In these strains, the genes encoding the
catalytic subunits of DNA polymerases alpha, epsilon, and delta
(POL1, POL2, and POL3, respectively) were fused to the
GAL1,10 promoter; the abbreviations LA, LE, and LD indicate
low alpha, low epsilon, and low delta DNA polymerases, re-
spectively. In the strain SY46-WT, all polymerases are regulated
by their native promoters. Relative to the wild-type (WT) strain,
by Western analysis, strains with the GAL-POL1 or the GAL-
POL3 fusions have 10% of the levels of alpha and delta DNA
polymerases, when grown in low-galactose (0.005% galactose,
3% raffinose) medium, and a fivefold elevation of these poly-
merases when grown in high-galactose medium (10, 27). Low-
galactose medium results in slow growth and elevated rates of
mitotic recombination and large chromosome deletions and
duplications (11, 12). Growth of cells in high-galactose medium
restores normal growth rates (10–12) and reduces rates of ge-
nomic instability (10, 27). Since polymerase epsilon was not
detectable by Western analysis, we examined expression of POL2
by reverse-transcriptase PCR (details in SI Appendix). When
grown in low-galactose medium, strains with the GAL-POL2
fusion have about one-third the level of POL2 expression as that
of an isogenic wild-type strain grown in rich nutrient media
(YPD); in high-galactose medium, strains with that fusion had
about 1.3-fold more polymerase epsilon than the isogenic wild-
type strain.
All four strains were transformed with a plasmid-borne copy of

APOBEC3B which causes frequent C→U modifications in
single-stranded DNA at the replication fork (21). The strains
also had an UNG1 mutation, preventing the conversion of uracil
to an abasic site. The strains were grown from a single cell to a
colony on solid medium containing low levels of galactose. The
strains SY43-LA, SY44-LE, and SY45-LD were grown for a
single passage (single cell to colony) on medium containing low
galactose, whereas the wild-type strain SY46-WT was grown for
5 or 10 passages on rich growth medium containing glucose. To
ensure that the APOBEC-induced mutation rate for the wild-
type strain was the same on low-galactose and rich media, we
measured the rate of ura3 mutations (5-FOA-resistant deriva-
tives) in the wild-type haploid SY10 (details in SI Appendix). The
rates of ura3 mutations were not significantly different in the two
types of media, 7.1 × 10−5 ± 1.2 × 10−5 (95% confidence limits)
for cells grown in low-galactose medium and 6.3 × 10−5 ± 2.6 ×
10−5 for cells grown in rich nutrient media. Since we expected
that the rate of mutations would be lower for SY46-WT than for
the other strains, we grew this strain for additional passages to
allow accumulation of similar numbers of mutations as in the
low-polymerase strains.
From 7 to 10 independent colonies of each strain were se-

quenced to determine the frequency and position of APOBEC-
induced mutations (Fig. 1). Sequence-diverged repeated genes
(primarily related to retrotransposons, Dataset S1. “List of re-
peated genes excluded from primary sequence analysis.”) were
excluded from our analysis because short-sequence reads make it
difficult to map new mutations to a specific element; in addition,
it is difficult to distinguish de novo mutations from polymor-
phisms or gene conversion events between diverged elements.
As in previous studies, these diploid strains were generated by

mating isogenic derivatives of the haploid strains W303-1A and

YJM789 that differ by about 55,000 single-nucleotide polymor-
phisms (SNPs) (25). Since mitotic crossovers result in loss of
heterozygosity (LOH) of polymorphisms that are centromere-
distal to the crossover, DNA sequencing or SNP-specific micro-
arrays can be used to identify the breakpoints of recombination
events in these strains (9, 28). Thus, in our experiments, we could
correlate the location of recombination events with the presence
of APOBEC-induced mutations.

Elevated Levels of APOBEC-Induced Mutations in Strains with Low
Levels of Replicative DNA Polymerases.
Frequency of APOBEC-induced mutations. The types and locations of
these mutations are in Dataset S2-1, and the numbers of muta-
tions in each isolate of the four strains are in Dataset S2-2. The
average number of mutations per isolate for strains subcultured
once were: 2,400 (SY43-LA), 763 (SY44-LE), and 2,421 (SY45-
LD). The number of mutations per isolate in the wild-type strain
SY46-WT was 645; however, isolates of SY46-WT were passaged
either 5 or 10 times instead of the single passage used for the
other strains. We calculated the rate of mutations/base/cell di-
vision by dividing the number of mutations in each strain by the
genome size times the number of isolates times the number of
cell divisions; since an average colony has about 3 × 107 cells, the
number of cell divisions necessary to create a colony is about 25.
For SY46-WT, we multiplied the numbers of cell divisions by
5 or 10, depending on the number of passages. The rates of
mutations in strains with low levels of DNA polymerases alpha,
epsilon, and delta (normalized to the rate observed in the wild-
type strain) were elevated 28-, 9-, and 28-fold, respectively
(Fig. 2A). The simplest interpretation of these results is that the
levels of single-stranded DNA in cells under replication stress
are substantially increased. It should be pointed out that the
genome-wide mutation rate in the wild-type isolates expressing
A3B is about 1,000-fold greater than the spontaneous mutation
rate in a wild-type strain in the absence of A3B (29); strains with
low levels of DNA polymerase alpha and delta elevate single-
base mutations 2-fold and 30-fold, respectively (10, 12), much
smaller mutator phenotypes than those caused by expression
of APOBEC.
The locations of mutations on the chromosomes of SY43-LA,

SY44-LE, SY45-LD, and SY46-WT are in SI Appendix, Figs. S1–
S4, respectively. As expected, in all strains, greater than 99% of
the observed mutations are C-to-T alterations or G-to-A alter-
ations (Dataset S2-2). Using a motif-finding program, we found

Fig. 1. Experimental design. The experimental diploid strains were homo-
zygous for the ung1mutation and fusions of the GAL1,10 promoter to genes
encoding the catalytic subunits of DNA polymerases alpha (SY43-LA), epsilon
(SY44-LE), and delta (SY45-LD). In SY46-WT, transcription of the DNA poly-
merase genes was regulated by their wild-type promoters.

Sui et al. PNAS | April 28, 2020 | vol. 117 | no. 17 | 9441

G
EN

ET
IC
S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental


that 5′ tC characteristic of APOBEC3B mutagenesis accounted
for more than 90% of the mutations (Fig. 2B).
Since our strains were diploid, most of the mutations were

heterozygous. A small fraction of the new mutations were ho-
mozygous. These homozygous mutations were in regions of the
chromosome with terminal or interstitial LOH events, and pre-
sumably were a consequence of A3B-induced mutations that
occurred prior to an interhomolog recombination event. Based
on the data in Dataset S6 (“Relationship between loss of het-
erozygosity and APOBEC-induced mutations.”), the proportions
of the genome within LOH events were: 0.01 (SY43-LA), 0.03
(SY44-LE), 0.02 (SY45-LD), and 0.002 (SY46-WT).
Strains with low levels of replicative DNA polymerases have elevated
mutations on the lagging-strand template. The complementary strands
of open reading frames (ORFs) are distinguishable in several
ways: by replication (leading/lagging templates; LD/LG), by tran-
scription (transcribed/nontranscribed; TR/NTR), and by transcript
orientation relative to the closest replication origin (WL and WR,
Watson orientation [Saccharomyces Genome Database] [SGD]
located to the left or right of the closest origin, respectively; and
CL and CR, Crick orientation located to the left or right of the
closest origin, respectively). Based on the location and transcrip-
tional orientation of the genes relative to efficient replication or-
igins (5) and the specificity of APOBEC-induced modifications,
we could examine the mutation frequency as affected by replica-
tion and by transcription separately.
Fig. 3A shows some details of this analysis for SY43-LA. In

this figure, we show four genes, two located close to the origin on
the left side (WL and CL) and two close to the origin on the right
side (WR and CR); the dark blue arrows indicate their tran-
scriptional orientation. The top and bottom strands of the duplex
are depicted as in the SGD. As shown in Fig. 3A, the top strand
of the genes located close to the left of the origin is the leading-
strand template and the bottom strand is the lagging-strand
template. Similarly, for sequences located close to the right
side of the origin, the top and bottom strands are the lagging-
and leading-strand templates, respectively. Lastly, we assume
that A3B exclusively modifies C to U on single-stranded DNA.
With these assumptions, all mutations can be assigned to one of
eight classes of strands (WL/TR, WL/NTR, CL/TR, CL/NTR,
WR/TR, WR/NTR, CR/TR, and CR/NTR) (Fig. 3A). Of the
2,289 mutations analyzed in SY43-LA, the observed numbers in
each class are shown outside of parentheses. The expected num-
bers (shown in parentheses) are based on the numbers of the
APOBEC tC motif (Ga on the opposite strand).
The eight classes of strands can be condensed into four groups:

transcribed leading-strand templates (LD/TR), nontranscribed

leading-strand templates (LD/NTR), transcribed lagging-strand
templates (LG/TR), and nontranscribed lagging-strand tem-
plates (LG/NTR) (Dataset S3-1 “Distribution of APOBEC3B-
induced mutations as regulated by lagging- and leading-strand
DNA replication templates and by transcription.”; Fig. 3B). We
can also determine the frequencies of mutations of the lagging-
strand relative to the leading-strand templates, and the tran-
scribed versus the nontranscribed strand. From this analysis, we
found that SY43-LA had about three times more mutations on
the lagging-strand template than the leading-strand template,
and about 50% more mutations on the transcribed strand than
the nontranscribed strand (Dataset S3-1). Both of these differ-
ences were significant with P values <0.0001.
The distributions of mutations between leading- and lagging-

strand templates and between transcribed and nontranscribed
strands were examined in two different ways. In one analysis
(shown in Fig. 3A), we examined only the two genes that were
closest to the origins. In the second analysis, we considered the
mutations in all genes, assigning each gene to the closest origin
(Dataset S3-1). Although there were small quantitative differences

Fig. 2. Mutation rates and motifs of APOBEC-induced mutations. (A)
Mutation rates in APOBEC-containing diploid strains. Rates were calcu-
lated based on the average number of mutations per isolate divided by the
number of divisions in low-galactose medium. (B) Motif for APOBEC3B-
induced mutations.

Fig. 3. Strand-specific APOBEC-induced mutations and frequencies of mu-
tations within ORFs and in sequences flanking ORFs. (A) Numbers of strand-
specific mutations in SY43-LA. A replicating DNA molecule is shown with the
expected pattern of leading- and lagging-strand templates. The thin black
dashed lines show the replicating leading strands with arrows indicating the
3′ ends. The short blue lines represent synthesis on the lagging strand. Red
stars show the location of APOBEC-induced mutations on single-stranded
DNA. As indicated, a C-to-T mutation on the upper DNA strand in the re-
gion to the right of the origin reflects a mutation on the lagging strand,
whereas in sequences located to the left of the origin, the C-to-T mutation
would result in a G-to-A mutation on the upper strand. The thick blue arrows
show genes located in the Watson (W) or Crick (C) transcriptional orienta-
tions (based on the Saccharomyces Genome Database) to the left (L) or right
(R) of the replication origin. The dotted orange lines indicate transcripts. The
numbers outside of parentheses show APOBEC-induced mutations on the
upper or lower strands (data in Dataset S3-1) in SY43-LA isolates; in paren-
theses, we show the expected numbers of mutations based on the numbers
of tC motifs in each strand of each class of gene (Dataset S3-1). (B) Numbers
of mutations as a function of location relative to flanking replication origins
in SY43-LA. Based on the numbers of mutations shown for each class of
strands in A and Dataset S3-1, we determined the observed (shown in pink)
and expected (shown in gray) numbers of mutations in the leading non-
transcribed strand (LD NTR), the lagging nontranscribed strand (LG NTR),
the leading transcribed strand (LD TR), and the lagging transcribed strand.
(C) Ratio of mutations in 5′ UTRs, ORFs, and 3′ UTRs. We show the observed
and expected proportions of mutations in the region 5′ to the coding se-
quence, within the coding sequence (CDS), and in the region 3′ to the coding
sequence. Red asterisks indicate a significant departure (P < 0.0001) from the
expectation based on χ2 analysis.
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in the distributions, the patterns were similar for both types of
comparisons.
The same analyses were also done for the other strains (Dataset

S3-1). When we examined the genes located closest to the origins,
we found the following biases for mutations on the lagging-strand
templates (mutations on the lagging-strand template/mutations
on the leading-strand template): 3.0 for SY43-LA (P < 0.0001),
1.3 for SY44-LE (P = 0.002), 4.3 for SY45-LD (P < 0.0001), and
2.0 for SY46-WT (P < 0.0001). The biases in favor of mutations on
the transcribed strand were: 1.6 for SY43-LA (P < 0.0001), 1.2 for
SY44-LE (P = 0.02), 2.2 for SY45-LD (P < 0.0001), and 1.2 for
SY46-WT (P = 0.2). Previously, Di Noia and Neuberger (30)
concluded that the transcribed and nontranscribed strands were
equally susceptible to activation-induced deaminase (AID) during
somatic hypermutation in mammalian cells. The amount of single-
stranded DNA at the replication forks under these conditions is
likely much lower than under the conditions of replication stress in
our experiments.
When mutations were assigned to intervals located between

origins, there is a strong bias for mutations in the lagging-strand
template for SY43-LA (threefold) and SY45-LD (sixfold), and
weaker biases for SY44-LE (1.4-fold) and SY46-WT (twofold)
(Fig. 4). The twofold bias in SY46-WT is similar to that observed
in a wild-type yeast strain expressing APOBEC3B previously (21).
In agreement with the results of Lada et al. (31), we find that

the 5′ untranslated region (UTR) (average of 83 bp upstream of
the initiation codon) had a significantly greater density of
APOBEC-induced mutations in all four strains (P < 0.0001)
(Fig. 3C); in the different strains, the ratios of observed:expected
mutations varied between about 2 and 4 (Dataset S3-2 “Density
of mutations in ORFs and flanking intergenic regions.”). In all
four strains, the density of mutations within the coding sequence
is significantly less than expected from a random distribution.
Lastly, the density of mutations in the 3′ untranslated region of
the gene (average of 145 bp) is more variable (Fig. 3C). The
sequence coordinates used for this analysis are in Dataset S3-5
(5′ UTRs) and Dataset S3-6 (3′ UTRs).
In all strains, the density of mutations was between two- and

threefold higher in the 500-bp regions located upstream of the
top 300 highly expressed genes than for all other genes (P ≤
0.0001) (Dataset S3-3 “Effect of transcription on mutation rates.”).
In contrast, the density of mutations of the 363 genes with no
detectable expression was significantly reduced compared to all
other genes (P ≤ 0.001). The data on gene expression were

derived from SI appendix, table S1 of Rong-Mullins et al. (32);
the genes and expression levels used in our comparisons are in
Dataset S3-4 (“Expression level of genes used in analysis.”).
APOBEC-induced mutations in the tRNA and ribosomal RNA (rRNA) genes.
In agreement with previous studies (22, 33), we found that tRNA
genes are a preferred substrate for APOBEC. Based on the rates
of mutations/bp/cell division in all other yeast genes (Dataset
S2-2), the number of mutations in tRNA genes (Dataset S3-1),
and the number of bases encoding tRNA genes in the haploid
genome (21,939), we calculated the rates of A3B-induced mu-
tations in tRNA. These rates are (normalized to the wild-type
rate in parentheses): 6.7 × 10−5 (10), 4.9 × 10−5 (7), 5.5 × 10−5

(8), and 7.0 × 10−6 (1) for strains SY43–SY46, respectively.
Relative to the mutation rates for non-tRNA genomic sequences
in the same strain, the rates in the tRNA genes were elevated
17-fold (SY43-LA), 42-fold (SY44-LE), 14-fold (SY45-LD), and
52-fold (SY46-WT). In addition, as observed by others (22), the
mutations occur preferentially on the nontranscribed strand.
In all four strains, there were about 10-fold more mutations on
the nontranscribed strand than the transcribed strand (Fig. 5 A
and B).
From the sequencing coverage of ribosomal DNA compared

to the coverage of single-copy sequences (Dataset S7-1), we
calculated the number of rRNA genes per cluster per isolate as
63 (SY43-LA), 59 (SY44-LE), 75 (SY45-LD), and 160 (SY46-WT).
It has been noted previously that yeast strains under replication
stress have a smaller number of rRNA genes than wild-type strains
(12, 34, 35). The A3B-induced mutations in the rDNA are listed in
Dataset S7-3 and the locations of the mutations within the 9.1-kb
repeats are shown in Fig. 5C. Fig. 5D shows the mutation rates
(bp/cell division) for transcribed and nontranscribed strands for
the 35S, 5S, and nontranscribed spacers (sum of NTS1-1 and
NTS1-2). The rates of mutations (bp/cell division) averaged over
the entire repeat and the rates normalized to the wild-type strain
(shown in parentheses) were: 1.1 × 10−5 (64) for SY43-LA,
5.7 × 10−6 (35) for SY44-LE, 6.7 × 10−6 (41) for SY45-LD, and
1.6 × 10−7 for SY46-WT (Dataset S7-2 “Number of APOBEC3B-
induced mutations within the rRNA genes.”). We also examined
the rate of mutations in each strand of the various segments of the
rDNA gene (Fig. 5D and Dataset S7-2).
APOBEC-induced mutations are associated with replication-termination
regions, regions with high-GC content, and other chromosome motifs known
to slow DNA replication forks. In our previous studies, we found that
breakpoints for mitotic recombination events in strains with low-
alpha or low-delta polymerase were enriched for motifs (such as
quadruplex structures) associated with slow-moving DNA repli-
cation forks (11, 12). We examined the SY43-LA–SY46-WT
strains for enrichment for these motifs (Dataset S2-3 “Association
of various chromosome motifs with APOBEC-induced muta-
tions.”). In general, SY43-LA and SY45-LD had similar patterns
of APOBEC-induced enrichments. Significant enrichments were
observed for replication–termination sequences, regions of high-
GC content, meiotic recombination hotspots, noncoding RNA
genes, tRNA genes, and Rrm3p binding sites. For all comparisons,
we corrected the expected number of events to account for the
numbers of the tC motif in each element of interest. The associ-
ation of high levels of APOBEC-induced mutations at replication-
termination sequences and tRNA genes is likely because these
sequences stall replication forks (36). The association with high-
GC sequences may be related to our previous observation that
such regions elevate the rate of mitotic recombination and mu-
tagenesis (37). The association with meiotic recombination hot-
spots, which are GC-rich regions in yeast (38), may represent the
same effect. High-GC regions, meiotic recombination hotspots,
and tRNA genes were also enriched for APOBEC-induced mu-
tations in SY44-LE and SY46-WT. Lastly, using the information
in SGD (https://downloads.yeastgenome.org/sequence/S288C_
reference/genome_releases/), we examined whether the mutation

Fig. 4. APOBEC-induced mutation rates as a function of the distance from
the replication origins. For this analysis, we divided each interorigin distance
into 15 intervals and determined the numbers of C-to-T and G-to-A muta-
tions on the top strand within these intervals. This approach was used pre-
viously by Hoopes et al. (21).
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rates within introns were different from the whole-genome rate.
The intron rates (normalized to the whole-genome rate of 1) were
similar to the rates for the whole genome: 1.0 (SY43-LA), 1.4
(SY44-LE), 0.9 (SY45-LD), and 1.6 (SY46-WT). In summary,
except for the enrichment of APOBEC mutations in the tRNA
genes, most of the significant enrichments or depletion are three-
fold effects or smaller.

Mitotic Recombination Events and Chromosome Alterations Induced
by Low Levels of Replicative DNA Polymerases.We previously showed
that low levels of replicative DNA polymerases elevated the rates
of chromosome rearrangements (9). These events were detected
by looking at LOH for homolog-specific SNPs (12). The common
classes of LOH events observed in the current experiments
were interstitial LOH (gene conversions), terminal LOH events
(crossovers or break-induced replication [BIR] events), and
deletions/duplications (Dataset S6 “Expected and observed num-
bers of APOBEC-induced mutations at LOH breakpoints.”; SI
Appendix, Fig. S5). The location of the LOH events and the de-
piction of the various classes of LOH events are in Datasets S6-1
and S6-2, respectively. As expected from our previous studies (11,
12), we also observed an elevated number of whole-chromosome
changes (Dataset S6-3).
We examined the breakpoints of interstitial and terminal LOH

events (details in Materials and Methods and SI Appendix) to
determine whether these regions were associated with elevated
levels of A3B-induced mutations (Datasets S6-4 and S6-5). In
the strains SY44-LE and SY45-LD, there were approximately

2-fold more mutations than expected, indicating a nonrandom
association between APOBEC-induced mutations and the break-
points of LOH events. However, it should be noted that many
LOH breakpoints had no associated APOBEC-induced muta-
tions, and the number of mutations associated with LOH break-
points was a small fraction (0.01 or less) of the total mutations.
Lastly, we found that one of the SY43-LA isolates (SY43-LA-6)
had a level of interstitial LOH that was about 10-fold higher than
the average of the other isolates. This isolate was excluded from
the LOH analysis described above. It is likely that an A3B-induced
mutation in SY43-LA-6 within a replication protein resulted in
elevated levels of DSBs and, consequently, a higher rate of in-
terstitial LOH events.

APOBEC-Induced Mutations Are Often Clustered. In yeast, as in
mammalian cells, APOBEC-induced mutations are often clus-
tered at a much higher density than expected from a random
distribution (16). This clustering likely reflects two factors: the
infrequent formation of long and/or persistent regions of single-
stranded DNA in the predominately double-stranded yeast ge-
nome, and the processivity of APOBEC on single-stranded DNA
(39). Long stretches of single-stranded DNA could be formed
during replication (as discussed above), R-loop formation, or by
exonucleolytic processing of DSBs (16). We used two different
methods to assign mutations to clusters, one utilizing a Poisson
distribution (P-method) and one using a negative binomial dis-
tribution (B-method) (18). The details of each method are briefly
described below with additional details in SI Appendix.

Fig. 5. APOBEC-induced mutations in tRNA and ribosomal RNA genes. (A) Elevated levels of mutations in nontranscribed strand of tRNA genes. (B)
Location of mutations within tRNA genes in SY43-LA. The numbers of mutations in 50-bp increments upstream, within, and downstream of tRNA genes
are shown for both the transcribed (TR) and nontranscribed (NTR) strands. (C ) Distribution of mutations within 9-kb rDNA repeats. RFB shows the position
of the replication fork block, and NTS regions are nontranscribed spacers. Red and blue represent C-to-T and G-to-A mutations, respectively. Most of the
G-to-A changes occur to the left between the ARS element and the RFB, as expected if they represent mutations on the lagging strand; similarly, the C-to-
T mutations occur between the ARS and the RFB on the right side, as expected for mutations on the lagging strand. (D) Rate of mutations in different
regions of rDNA repeats. Based on the data in Dataset S7, we calculated the approximate mutation rates for strand-specific mutations in different
segments of the rDNA repeat.
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Analysis of clusters using the P-method. This method was designed
to look for significant clusters of A3B-induced mutations
within one strand (Watson or Crick). For this method, we di-
vided the genome into adjacent nonoverlapping 5-kb intervals.
Based on the number of mutations of the same type (C to T or
G to A) observed in each isolate and the size of the genome,
we calculated the number of mutations expected for these in-
tervals, assuming a Poisson distribution. The calculations to
determine which 5-kb intervals had significantly more muta-
tions than expected for a random distribution are summarized
in Dataset S4 (“Basic parameters of analysis of mutation
clusters within 5-kb windows.”). Datasets S4-1–S4-3 outline
the calculation used to assign mutational clusters. For this
analysis, clusters of C-to-T and G-to-A mutations were con-
sidered separately. The 5-kb intervals with significantly more
mutations of C to T (or G to A) than expected for a random
distribution of these types of mutations were considered a
significant cluster. If two or more adjacent 5-kb intervals had
significant clusters of the same type of mutation, these inter-
vals were considered a single cluster.
The 5-kb intervals with significantly high levels of mutations

are shown in Datasets S4-4–S4-7. Based on Datasets S5-1 and
S5-3, the median numbers of clusters per isolate were: 59 (SY43-
LA), 9.5 (SY44-LE), 45 (SY45-LD), and 3.5 (SY46-WT). The
total numbers of clusters for each strain were: 463 (SY43-LA),
115 (SY44-LE), 436 (SY45-LD), and 44 (SY46-WT). The per-
centages of A3B-induced mutations that were in these clusters
were (Dataset S5-7): 19% (SY43-LA), 7% (SY44-LE), 41%
(SY45-LD), and 2.5% (SY46-WT). It is noteworthy that, al-
though SY43-LA and SY45-LD had similar numbers of clusters
and a similar number of genomic mutations, SY45-LD had twice
as many mutations within the clusters as SY43-LA.
As described above, we assigned clusters based on a significant

excess of G-to-A mutations or a significant excess of C-to-T
changes within the 5-kb window (Dataset S5-2 “List of clusters in
all isolates identified by the P-method.”). Although most (>70%
in all strains) of these clusters were “pure” (having only one type
of change), some had one or more different mutations. In these
mixed clusters, generally, one type of mutation predominated.
For example, in SY43-LA-2, there was a cluster located on
chromosome I (cluster ID 92) that contained 11 G-to-A muta-
tions and one C to T (Dataset S5-2). One likely interpretation of
mixed clusters (discussed further below) is that they represent
two independent mutagenic events.
From these data, we calculated average, minimum, and max-

imum numbers of mutations per cluster as: 7.1/4/69 (SY43-LA),
4.9/3/17 (SY44-LE), 16/3/105 (SY45-LD), and 3.7/3/6 (SY46-
WT). The main differences are that low-polymerase delta results
in clusters that include more mutations than observed in low-
polymerase alpha or low-polymerase epsilon, and that the wild-
type strain has substantially fewer mutations per cluster than any
of the low-polymerase strains.
The average lengths of the clusters (calculated from Dataset

S5-2) in the three low-polymerase strains were similar: 3,786 bp
(SY43-LA), 3,320 bp (SY44-LE), and 4,648 bp (SY45-LD).
These values likely represent a minimal estimate, since muta-
tions that extend a cluster beyond one 5-kb interval may not
have a significant concentration of mutations in an adjacent
5-kb interval to be counted as a statistically significant cluster.
In the low-polymerase strains, the sizes of the clusters had a
very wide range, varying from <60 bp to >20 kb. In the wild-
type strain, the average cluster is relatively small (1,557 bp),
and the range of cluster sizes (15 to 4,300 bp) is also narrower
than for the low-polymerase strains. In general, the clusters are
much larger than the size of an alpha DNA polymerase-
generated primer (35 to 50 bp) or an Okazaki fragment (150
to 400 bp) (40).

The number of large (≥16 mutations) clusters in SY45-LD
relative to the other strains is particularly striking. The 172
large clusters in the four strains (Dataset S5-5 “Mapping long
clusters to leading- or lagging-strand templates.”) were distrib-
uted as follows: 22 (SY43-LA), 3 (SY44-LE), 147 (SY45-LD),
and 0 (SY46-WT). It should be noted, however, that the number
of large clusters in SY45-LD is strongly affected by the large
number of large clusters in two isolates, SY45-LD-4 and SY45-LD-5.
Large clusters were concentrated on the lagging-strand tem-
plate (Dataset S5-5).
We also calculated whether there was a significant excess of

clusters that include at least two adjacent 5-kb “hot” samples.
Based on the number of 5-kb hot intervals (either C-to-T or
G-to-A mutations) in each isolate, we used a Monte Carlo simu-
lation to predict the probabilities of one or more pairs of adjacent
hot 5-kb segments in each isolate. Based on these calculations and
correcting for multiple comparisons, we found that 5 of 7 isolates
of SY43-LA, 5 of 10 isolates of SY44-LE, and 4 of 7 isolates of
SY45-LD had significant overrepresentations of adjacent C-to-T
or G-to-A (or both) pairs of hot 5-kb regions (Dataset S5-3). None
of the isolates of SY46-WT had significantly elevated pairs of hot
5-kb intervals.
Large mutational clusters could result from events produced

by APOBEC-induced modifications on a large single-stranded
region in one cell cycle or represent multiple events produced
in different cell cycles. Two types of analyses were done to ad-
dress this issue (details in SI Appendix). First, we tested whether
large clusters in one isolate had an overrepresentation of mu-
tational clusters in the same genomic region in other isolates of
the same strain. No significant tendency of this type was ob-
served for SY43-LA, SY44-LE, or SY46-WT, although SY45-LD
had significant overlaps of mutational clusters in multiple iso-
lates. Second, we examined whether the mutational clusters were
associated with a single homolog or were found on two different
homologs. This analysis was done by determining whether the
APOBEC-induced mutations were linked to homolog-specific
SNPs. Of 33 large clusters examined, 21 had a significant ex-
cess of mutations from a single homolog. These numbers, how-
ever, are not significantly different from those expected if the
large clusters were generated in two separate cell cycles, as dis-
cussed in SI Appendix.
Analysis of clusters using the B-method. In previous studies of clusters
of APOBEC-induced mutations, a different method was used to
determine the significance of clusters (18). In brief, based on the
number of mutations in the genome of the isolate, the probability
of observing a certain number of mutations within a certain
number of base pairs was calculated using a negative binomial
distribution. Probabilities were calculated for all groups of mu-
tations with an intermutational distance below an arbitrary
threshold regardless of whether the mutation was a C-to-T or a
G-to-A change. For these analyses, we used intermutational
distance thresholds of 2, 5, or 10 kb. In Datasets S5-1, S5-7, and
S5-8, we show the clusters identified by the B-method and
compare the clusters obtained by the two methods. The relative
numbers of clusters identified in all isolates are highest for the
2-kb analysis, intermediate for the 5-kb analysis, and lowest for
the 10-kb analysis (Dataset S5-7). This result is expected since
more than one of the 2-kb clusters are often included within the
10-kb clusters. The fraction of mutations within the clusters is
similar for the 2-kb, 5-kb, and 10-kb clusters within each geno-
type, although SY45-LD includes about twice as many mutations
in clusters as the other strains (Dataset S5-7).
Despite the differences of the P- and B-methods, there is

considerable overlap between the clusters identified by the two
methods. In all strains, the number of mutations included within
clusters by the P-method is smaller than that included within
clusters by the B-method. In part, this difference is because the
P-method includes closely linked C-to-T and G-to-A mutations

Sui et al. PNAS | April 28, 2020 | vol. 117 | no. 17 | 9445

G
EN

ET
IC
S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922472117/-/DCSupplemental


as part of the same cluster. Despite these differences, the loca-
tions of the clusters obtained by the different methods are in
good agreement (SI Appendix, Fig. S6). For example, 74% of the
P-method clusters overlap with the 10-kb B-method clusters, and
67% of the 10-kb B-method clusters overlap with the P-method
clusters (Dataset S5-8).
Strand-switch clusters (analyzed by the P-method). As described pre-
viously, many of the 5-kb intervals that were significantly
enriched for A3B-induced mutations were immediately adjacent
to other 5-kb intervals that were significantly hot for the same
type of mutation. For example, in SY43-LA, of 564 hot 5-kb
regions, 166 (29%) were adjacent to other hot 5-kb regions. For
SY44-LE and SY45-LD, the comparable percentages were 29%
(40 of 138) and 49% (303 of 613), respectively. In contrast to
these strand-coordinated clusters, in all of the strains analyzed,
5-kb regions with one type of mutation (for example, G to A)
were very rarely adjacent to 5-kb regions with significant num-
bers of the other type of mutation (C to T). Only 16 examples
were observed for the whole dataset, 8 from SY43-LA and 8
from SY45-LD.
There are a number of possible sources of strand switches.

One source is the result of 5′ to 3′ exonuclease-mediated pro-
cessing of broken DNA ends resulting from a DSB (16). One
common type of mitotic recombination is gene conversion, and
many conversion events unassociated with crossovers are a
consequence of synthesis-dependent strand annealing (SDSA)
(13). One-ended SDSA events can produce a strand switch in
which a tract of C-to-T changes is adjacent to a tract of G-to-A
changes (Fig. 6A); note that, by this mechanism, the C-to-T tract
is always to the left of the G-to-A tract on the top (Watson

strand) (24, 27). By this criterion, 11 of the 16 strand switches
were not consistent with the repair of a DSB.
Alternatively, strand switches could be produced by events

that occur in nearby regions in different cell cycles by several
different mechanisms including: 1) mutation of the lagging-
strand templates from an origin located between the adjacent
tracts (Fig. 6B), 2) mutation of the lagging-strand templates in
replication forks converging on a termination site (Fig. 6C), and
3) mutation of the lagging-strand template in one cell cycle next
to a region mutated on the leading-strand template in a different
cell cycle.
Strand switches that occur as a consequence of DSB repair

should occur during one cell division and involve only one ho-
molog, whereas the other mechanisms occurring in separate cell
divisions could occur on one or two homologs. Using the same
type of analysis that we employed to determine whether large
mutational clusters were on one or two homologs, we found that
one strand switch was on one homolog and six involved two
homologs (Dataset S5-6 “Strand switches between clusters.”).
For nine strand-switch events, we could not determine whether
one or two homologs were involved because too few of the
APOBEC-induced polymorphisms were linked to heterozygous
markers or because the mutations were in regions of LOH. In-
corporating this information, we conclude that only 4 of 16 strand-
switch events could be a consequence of DSB repair following
symmetric bidirectional resection of a DSB.

Discussion
The results described above lead to the following conclusions:
1) Low levels of replicative DNA polymerases result in sub-
stantially elevated levels of single-stranded DNA; in strains with
low levels of DNA polymerase alpha and delta, most of the mu-
tations are introduced into the lagging-strand template, whereas in
strains with low levels of DNA polymerase epsilon, mutations are
elevated to similar extents on the leading- and lagging-strand
templates. 2) Most of the APOBEC-induced mutations are asso-
ciated with single-stranded regions generated during DNA repli-
cation rather than single-stranded regions associated with symmetric
bidirectional processing of a DSB. 3) Some APOBEC-induced
mutations are in strand-coordinated clusters exceeding 10 kb in
size. 4) In tRNA genes, the nontranscribed strand is preferentially
mutated (10-fold preference), but in most yeast genes, there is a
significant small preference (about 1.5-fold) for mutating the
transcribed strand.

Elevated Levels of Single-Stranded DNA in Strains with Low Levels
of Replicative DNA Polymerases. In the wild-type strain expressing
APOBEC (SY46-WT), the rate of mutations on the lagging-
strand template is about 0.9 × 10−7/bp/cell division and about
0.5 × 10−7/bp/cell division on the leading-strand template. In
SY43-LA, we found rates of mutation of 2.9 × 10−6 (32-fold
increase relative to SY46-WT) and 1 × 10−6 (20-fold increase) on
the lagging- and leading-strand templates, respectively. By a
similar calculation, in SY45-LD, we found rates of mutation of
3.3 × 10−6 (37-fold increase relative to SY46-WT) and 0.6 × 10−6

(12-fold increase) on the lagging- and leading-strand templates,
respectively.
In preliminary experiments (described in SI Appendix), we

found that strains grown under high-galactose conditions also
had elevated levels of APOBEC-induced mutations. Although
asynchronous cells grown in high-galactose medium have about
fivefold more DNA polymerase alpha and delta than observed in
wild-type strains (10, 27), the level of DNA polymerase alpha
during the S period is less than observed in wild-type strains (41).
Consequently, it is not clear whether the mutations induced in
strains grown in high levels of galactose reflect too much or too
little of the replicative polymerases.

Fig. 6. Mechanisms that could give rise to a mutational cluster with a strand
switch. Although most clusters had primarily G-to-A or C-to-T changes, some
clusters had a tract of G-to-A mutations adjacent to a tract of C-to-T muta-
tions (strand-switch clusters). Several mechanisms could give rise to such
clusters (16). (A) Strand switch by repair of a DSB. Two chromatids are shown
as paired blue and red lines. A DSB results in two ends that are processed by
5′ to 3′ resection (13). The single-stranded regions are subsequently modified
by APOBEC to generate C-to-T alterations. Following strand invasion, DNA
synthesis is primed from the invading end. The invaded end is extruded and
reanneals to the other broken end (SDSA). Replication of the DNA molecule
with the APOBEC-induced mutations would result in a strand-switch cluster
with the C-to-T mutations shown as short black lines and the G-to-A muta-
tions as short brown lines. (B) Strand switch by mutations flanking replica-
tion origin. Mutations are introduced in one cell cycle on the lagging-strand
template to the left of the origin, resulting in G-to-A mutations on the upper
strand. In a subsequent cell cycle, mutations are introduced on the lagging-
strand template to the right of the origin, resulting in a cluster with a strand
switch. (C) Strand switch flanking termination region. Mutations occur on
the lagging-strand template to the left side of the termination region (T) in
one cell cycle and on the lagging-strand template to the right of T in a
subsequent cell cycle.
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As expected from current models of DNA replication (Fig. 7A),
the lagging-strand template would be expected to have more
single-stranded DNA than the leading strand; this tendency has
been observed previously in wild-type strains (21), as well as in our
studies of a wild-type strain (SY46-WT). The increase in single-
stranded DNA, resulting in elevation of APOBEC-induced
mutations on the lagging strand in SY43-LA, is expected, since
a reduction in alpha DNA polymerase would be expected to
reduce the number of primers on the lagging strand (Fig. 7B). In
SY45-LD, the low levels of DNA polymerase delta in SY45-LD
would be expected to result in an increased number of single-
stranded regions on the lagging-strand template because of a
delay in the extension of Okazaki fragments by DNA polymerase
delta (Fig. 7C).
The elevated APOBEC-induced mutagenesis on the leading-

strand template in SY43-LA and SY45-LD is more difficult to
explain. In Escherichia coli, phage, and eukaryotes, synthesis of
the leading- and lagging-strand templates is coupled (42, 43).
Thus, delayed synthesis on the lagging-strand template might
increase the level of single strandedness on the leading-strand
template. In addition, as described previously DNA polymerase
delta can replicate the leading strand in conditions in which
synthesis by DNA polymerase epsilon is perturbed (8). This
unnatural replication fork could result in an increase of single-
stranded DNA on both the leading- and lagging-strand templates
(Fig. 7D). Lastly, our analysis is based on the assumption that the
probability of initiating replication from an origin is not sub-
stantially affected by low levels of the replicative DNA poly-
merases. Since Porcella et al. (41) found that low levels of alpha
DNA polymerase led to significantly reduced origin efficiency,

however, we cannot exclude the possibility that we are overestimating
the frequency of mutations on the leading strand in SY43-LA.
Our conclusions about single-stranded regions on the leading

and lagging strands based on APOBEC-induced mutations is
supported by a striking agreement between the frequency of
mutations along the chromosome and the mapping of Okazaki
fragments. In SI Appendix, Fig. S7A, we show the mapping of
Okazaki fragments observed by McGuffee et al. on yeast chro-
mosome X (5); SI Appendix, Fig. S7B shows our mapping of
APOBEC-induced mutations in SY43-LA.

Most of the APOBEC-Induced Mutations Are Associated with Replication-
Associated Single-Stranded Regions Rather than Single-Stranded Regions
Associated with Symmetric Bidirectional Resection of DSB-Associated
Ends. The bias in favor of mutations on the lagging-strand tem-
plate observed in strains with low levels of DNA polymerases al-
pha and delta is strongest in genomic regions located close to the
replication origin (Fig. 4). This pattern argues that the target of
APOBEC-induced mutagenesis primarily is single-stranded DNA
generated during DNA replication. However, since strains with
low levels of DNA polymerases alpha and delta also have high
rates of mitotic recombination (9), another potential source of
single-stranded DNA is a consequence of processing and repair of
DSBs. Symmetric processing of two broken ends followed by
APOBEC-induced modifications and repair by the SDSA pathway
would be expected to result in clusters with a strand switch be-
tween C to T on the left side of the break and G-to-A clusters on
the right side (Fig. 6A). Very few such clusters were observed in
our analysis. In addition, most of the LOH regions observed in
our study were not associated with elevated levels of APOBEC-
induced mutations (Dataset S6). It should also be noted, how-
ever, repair of DSBs by BIR is often associated with clusters
of APOBEC3A-induced mutations (25). Thus, the mutational
clusters detected in our experiments may reflect a variety of
mechanisms.
In examining the patterns of APOBEC-induced mutations in

strains with high levels of DSBs produced by gamma rays,
Sakofsky et al. (24) showed that mutational clusters with a single
switch (the pattern expected from symmetric bidirectional pro-
cessing and repair of a DSB) represented a third or less of the
clusters. To explain the high frequency of strand-coordinated
clusters, they suggested that such clusters reflected either long
unidirectional resection or BIR. Although, in our previous
studies of mitotic recombination in wild-type diploid cells we
observed that reciprocal crossovers between homologs were
three to four times more common than BIR events (44), the ratio
of crossovers and BIR events involving sister chromatids was not
determined. Thus, in our experiments, we cannot determine
whether the clustered mutations are a consequence of unidirec-
tional resection of a DSB followed by homologous recombination
or BIR.

APOBEC-Induced Mutations Are Clustered with Some Clusters Exceeding
10 kb in Size. Clusters of APOBEC-induced mutations greater than
10 kb in size generated in a single cell cycle were observed in
gamma-irradiated strains (24). In SY43-LA and SY45-LD, we ob-
served totals of 144 clusters ≥7.5 kb in size and 56 ≥10 kb in size
(Dataset S5-2, calculated by the P-method); no clusters of this
length were observed in SY46-WT, and only 13 clusters ≥7.5 kb
were found in SY44-LE. As discussed above, such clusters could be
produced by APOBEC modification of very long single-stranded
regions in one cell cycle or by two or more APOBEC modifications
of the same strand in the same region in different cell cycles. We
used two tests to determine whether large clusters were a conse-
quence of multiple events or single events. One test (details in SI
Appendix, Identifying APOBEC-Induced Mutational Clusters) was to
determine whether regions with large clusters in one isolate also

Fig. 7. Expected patterns of single-stranded DNA at replication forks in
strains with low levels of replicative DNA polymerases. The template strands
are shown in black, the Okazaki fragments introduced by DNA polymerase
alpha are shown in blue, the sequences produced by DNA polymerase delta
are shown in gray, and the sequences synthesized by DNA polymerase ep-
silon are in red. (A) Wild-type strain SY46-WT. In this strain, because synthesis
of the leading- and lagging-strand templates is coordinated, the amount of
single-stranded DNA is limited. Most of the single-stranded DNA is on the
lagging-strand template. (B) Strain with low levels of DNA polymerase alpha
(SY43-LA). Because of the low levels of DNA polymerase alpha, the density
of Okazaki fragments is reduced, leading to an elevated level of single-
stranded DNA on the lagging-strand template. (C) Strain with low levels
of DNA polymerase delta (SY45-LD). A reduction of DNA polymerase delta
results in less efficient extension of Okazaki fragments and an elevated level
of single-stranded DNA on the lagging-strand template. (D) Strain with low
levels of DNA polymerase epsilon (SY44-LE). The data indicate elevated
levels of single-stranded DNA on both template strands. One possibility
is that low levels of DNA polymerase epsilon result in increased re-
cruitment of DNA polymerase delta to the leading-strand template (7, 8).
This “unnatural” replication fork may have less coordination of the syn-
thesis of leading and lagging strands and more single-stranded DNA on
both templates.
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had hotspots at the same position in other isolates, as expected if
the region was prone to APOBEC-induced mutations. In SY43-LA,
no such tendency was observed, although in SY45-LD, we found a
significant overrepresentation (P < 0.001) of regions that were hot
in multiple isolates (discussed in SI Appendix); of the 90 pairs of
5-kb regions with clusters of APOBEC-induced mutations, 40 were
found in more than one isolate. These results suggest that low levels
of DNA polymerase delta result in more extensive single-stranded
DNA in some chromosome regions than in others.
We also determined whether the strains with large numbers of

mutations were derived from one or both homologs by analyzing
the linkage of the APOBEC-induced mutations to homolog-
specific SNPs. In 21 of 33 clusters examined, most of the mu-
tations were derived from one homolog. However, this deviation
from 50:50 is not significant (P = 0.16). In summary, we cannot
rule out the possibility that the long clusters of APOBEC-induced
mutations are a consequence of the modification of closely linked
regions of the genome in different cell cycles rather than APOBEC-
induced mutations that occurred in one cell cycle.

In tRNA Genes, the Nontranscribed Strand Is Preferentially Mutated
(10-Fold Preference), but in Most Yeast Genes, There Is a Significant
Small Preference (about 1.5-Fold) for Mutating the Transcribed Strand.
As observed previously (22, 33), in our study, the tRNA genes are
a preferred target for APOBEC-induced mutagenesis, and the
nontranscribed strand is mutated about 10-fold more frequently
than the transcribed strand. Several factors may influence the high
rate of tRNA mutations. First, tRNA genes have high rates of
R-loop formation (45) that would result in single-stranded DNA
on the nontranscribed strand. In support of this model, yeast
strains with mutations in two genes involved in removal of R loops
(rnh1 rn201) have twofold elevated rates of APOBEC-induced
mutations relative to a wild-type strain expressing APOBEC
(22). A second factor is that secondary structures formed by
single-stranded tRNA genes may be particularly prone to mu-
tations, primarily within the loops of hairpin structures. Third,
tRNA genes in yeast are associated with an open chromatin struc-
ture (46) which may allow increased access to APOBEC. Lastly, it is
possible that the proteins associated with RNA polymerase III in-
teract with APOBEC directly to facilitate mutagenesis.
If the high rate of mutations in tRNA genes is related to its

transcription by RNA polymerase III, the 5S rRNA genes should
have a similarly high rate of mutations. The mutation rates/bp in
the 9.1-kb rRNA gene repeat in each strain are shown in Dataset
S7-2 and Fig. 5D. As expected, the rates of mutations in the
rRNA genes are elevated substantially in strains with low DNA
polymerases relative to the wild-type strain SY46-WT (fold ele-
vation shown in parentheses): SY43-LA (64), SY44-LE (35), and
SY45-LD (41).
The rate of mutations in the rRNA genes is only slightly higher

(two- to fourfold) than the rates in the single-copy genomic se-
quences in the same strain. Similarly, the rates of mutation of the
35S region of the rRNA gene (transcribed by RNA polymerase I)
are only slightly elevated relative to single-copy genes in the same
strain (comparison of Datasets S2-2 and S7-2). The rates of mu-
tations in the 5S rRNA genes (transcribed by RNA polymerase
III) are less than twofold different from those observed for single-
copy genes in the same strain. Thus, the high rate of mutations
observed for tRNA genes is not likely a consequence of RNA
polymerase III transcription, but some other factor. In summary,
the amount of single-stranded DNA in the rRNA genes in strains
with low levels of DNA polymerase is roughly similar to that ob-
served in most yeast genes.

Variants Arise during the Growth of the Low-Polymerase Strains that
Have Elevated Rates of Recombination or Mutagenesis. Because of
the very large numbers of mutations introduced by APOBEC, we

cannot exclude the possibility that these mutations interact with
the low levels of DNA polymerases to affect the frequency or
position of APOBEC-induced mutations. As mentioned pre-
viously, most of the clusters with 16 or more mutations were
derived from two (SY45-LD-4 and SY45-LD-5) of the seven
SY45-LD isolates. We examined the SY45-LD isolates for mu-
tations in about 70 genes involved in DNA replication or DNA
repair. The SY45-LD-4 and SY45-LD-5 had mutations in both
PIF1 and TOP1, encoding a helicase involved in DNA synthesis/
DNA repair, and topoisomerase I, respectively. Although none
of the other isolates shared both mutations, it is not clear
whether these mutations were responsible for the high fre-
quency of large clusters of APOBEC-induced mutations; it is
also unclear whether the mutations were in both copies of these
genes. Nonetheless, the existence of novel phenotypes in the
diploids expressing APOBEC suggests the utility of APOBEC
for uncovering mutations that affect DNA replication or DNA
repair.

Relationship between Elevated Levels of Mitotic Recombination and
Elevated Levels of Single-Stranded DNA. We showed that reduced
levels of replicative DNA polymerases result in increased amounts
of single-stranded DNA, and we previously demonstrated that
low levels of either DNA polymerase alpha or delta greatly
elevated the frequency of mitotic recombination (11, 12). Using
different methods, Feng et al. (47) provided evidence that treat-
ment of mec1 yeast strains with hydroxyurea caused accumulation
of single-stranded DNA and DSBs.
One unresolved issue is the relationship between single-

stranded DNA at the replication forks and the formation of
DSBs. One possibility is that single-stranded DNA is prone to
form secondary DNA structures that are substrates for structure-
specific nucleases. A second alternative is the single-stranded
DNA is more susceptible to DNA damage (for example, base
modification) that is repaired in a manner that generates DNA
breakage. Although the simplest interpretation of our results is
that the elevated levels of single-stranded DNA in strains with
low levels of DNA polymerases directly result in genetic in-
stability, we cannot exclude the possibility that the genetic in-
stability is a consequence of an extended S period or some other
indirect consequence of low levels of replicative polymerases.
This second possibility may be difficult to test since most treat-
ments that extend the S period (for example, growth of cells in
the presence of hydroxyurea) are likely to be associated with
elevated levels of single-stranded DNA.

Summary. Our results show that lowering the levels of replicative
DNA polymerases substantially elevates the amount of single-
stranded DNA in yeast. This elevation most strongly affects the
lagging-strand template in strains with low levels of DNA poly-
merase alpha and delta and affects both the lagging- and leading-
strand templates in strains with low levels of DNA polymerase
epsilon. It is likely that the increased level of single-stranded
DNA is causally linked to the increased rates of LOH and
chromosome rearrangements observed in strains with low levels
of replicative DNA polymerases.

Materials and Methods
Strain Constructions. The diploids used in this studywere hybrids generated by
crosses of haploids isogenic with W303-1A and YJM789 and were closely
related to the hybrid diploids used in many of our other studies (28, 48). The
genotypes and sequences of primers used in the study are in SI Appendix,
Table S1. Details of the constructions are in SI Appendix.

Analysis of APOBEC-Induced Mutations by DNA Sequencing. Whole-genome
sequencing of S. cerevisiae strains was performed on an Illumina NextSEq.
500 sequencer using the 2 × 150 bp paired-end indexing protocol. DNA
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samples were prepared as described previously (28). The sequence coverage
for each sample was ∼129-fold. The protocols used to define APOBEC-
induced mutations, and to assign mutations to specific DNA strands (tran-
scribed/nontranscribed or leading-/lagging-strand templates) are described
in SI Appendix.

Data Availability. The sequencing data are freely available and are stored on
the NCBI Website: Sequence Read Archive, PRJNA314677 (49).

Calculations concerning APOBEC-Induced Mutational Clusters. Two different
methods were used to determine whether APOBEC-induced mutations were
clustered, one based on a Poisson analysis (the P-method) and using a
negative binomial distribution (the B-method) (18). The details of these
methods are in the text above and in SI Appendix.

Analysis of LOH Events and Other Chromosome Alterations by DNA Sequencing.
There are roughly 55,000 heterozygous SNPs in the diploid strains used in
our study, and the coupling relationships of these SNPs is known by analysis of

the haploid parental genomes (28). The average read depth in our sequence
analysis was about 129. We calculated the number of reads for each SNP and
divided that number by the average read depth for that isolate (read ratio).
For example, for heterozygous SNPs, each SNP would be found about
65 times and, thus, the read ratios for each SNP would be about 0.5. LOH
events were defined by one SNP having a read ratio of ≤0.1, and the alter-
native SNP having a read ratio of ≥0.7. A list of LOH events with their coor-
dinates is given in Dataset S6-1, the different classes of events are depicted in
Dataset S6-2, and the numbers of LOH events per isolate are summarized in
Dataset S6-3. Other details about LOH analysis are in SI Appendix.
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