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The chromosomes of many eukaryotes have regions of high GC
content interspersed with regions of low GC content. In the yeast
Saccharomyces cerevisiae, high-GC regions are often associated
with high levels of meiotic recombination. In this study, we con-
structed URA3 genes that differ substantially in their base compo-
sition [URA3-AT (31% GC), URA3-WT (43% GC), and URA3-GC
(63% GC)] but encode proteins with the same amino acid se-
quence. The strain with URA3-GC had an approximately sevenfold
elevated rate of ura3 mutations compared with the strains with
URA3-WT or URA3-AT. About half of these mutations were single-
base substitutions and were dependent on the error-prone DNA
polymerase ζ. About 30% were deletions or duplications between
short (5–10 base) direct repeats resulting from DNA polymerase
slippage. The URA3-GC gene also had elevated rates of meiotic
and mitotic recombination relative to the URA3-AT or URA3-WT
genes. Thus, base composition has a substantial effect on the basic
parameters of genome stability and evolution.
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The genomes of many eukaryotes, including Saccharomyces
cerevisiae, are mosaics of regions with high- and low-GC base

composition (1). In our research, we examine the effects of al-
tering the base composition of a yeast gene on two important
genetic properties: mutation and recombination rates.
Mutation rates are often determined using reversion assays.

This method generally selects for only one type of mutation.
Broader mutational spectra can be determined using genes in
which forward mutations can be selected, such as URA3, CAN1,
and SUP4-o, or in nonselective mutation-accumulation experi-
ments (e.g., ref. 2). The rate of mutations per gene is a complex
function of its length and the fraction of base substitutions that
result in loss of gene function (3). Since microsatellites tend to be
hotspots for small insertions and deletions (indels), the number
and length of such microsatellites within the coding sequence
also affects the rate of mutations (4). There are multiple sources
of spontaneous mutations, including misincorporation errors
during DNA synthesis, error-prone repair of oxidative damage of
DNA bases, and DNA polymerase slippage within micro-
satellites. Many (although not all) of these events are muta-
genic because the initiating DNA damage/mismatch is acted on
by error-prone DNA polymerases. About two-thirds of spon-
taneous mutations are dependent on the error-prone DNA
polymerase ζ (5–7).
Mutations that affect any of the replicative DNA polymerases

or other proteins involved in DNA replication frequently elevate
the rate of spontaneous mutations, and this elevation is de-
pendent on polymerase ζ (8–10). Mutations in POL3 (encoding
the catalytic subunit of DNA polymerase δ) often elevate both
base substitutions and large deletions occurring between short
direct repeats (8, 11, 12). As described below, the replication of a
high-GC template (URA3-GC) by WT DNA polymerases results
in a similar spectrum of mutations.
The mutation rate is also substantially affected by the rate of

transcription (13). For example, the rate of mutations at the

CAN1 locus is elevated 10-fold by transcription, and the muta-
tion spectrum is skewed to small deletions under conditions of
high transcription (14). The elevated rate of base substitutions
under conditions of high transcription is largely dependent on
DNA polymerase ζ, whereas the elevated rate of small (2- to
5-bp) deletions is largely independent of DNA polymerase ζ but
requires topoisomerase 1 (14).
Genomic sites associated with high levels of dsDNA breaks

(DSBs), (for example, those resulting from certain trinucleotide
repeats or palindromic sequences) are often associated with el-
evated rates of mutations in adjacent sequences. These DSB-
induced mutations are often dependent on DNA polymerase ζ
(15). In addition, certain types of recombination (such as break-
induced replication) lead to high levels of mutations (16).
The effect of genomic context on mutation rates in yeast has

been examined in several studies. Ito-Harashima et al. (17)
showed that eight identical tRNA-Tyr genes had mutation rates
that varied by more than a factor of five. At least part of the
variation in mutation rates in different regions of the genome is a
consequence of regional differences in mismatch repair effi-
ciency (2, 18). Lang and Murray (19) demonstrated that the rate
of mutations of URA3 varied about sixfold in different locations
on chromosome VI. The insertion sites that were replicated early
in the S phase had lower mutation rates than those that repli-
cated late, and they suggested that late-replicating regions were
more susceptible to mutations caused by error-prone DNA
polymerases. In addition, Lujan et al. (2) found that mutation
rates are affected by proximity to replication origins, the di-
rection of the replication fork, the positions of nucleosomes, and
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other factors. Furthermore, differences in mutation rates de-
pendent on genome context have been observed in mammalian
cells, particularly in studies of cell lines derived from tumors
(20). In the experiments described below, we examine mutation
rates and spectra in URA3 genes with different base composi-
tions located in the same chromosomal context.
In organisms from yeast to humans, GC richness correlates

with elevated rates of meiotic recombination (21–23). One ex-
planation of this observation is that high-GC regions are more
susceptible to the enzymatic machinery that creates the recom-
binogenic DSBs (24). Alternatively, regions with high levels of
recombination result in elevated levels of heteroduplexes with
base–base mismatches. In some organisms, A/G, T/C, A/C, or
T/G mismatches are repaired with a bias toward the formation of
a G-C pair rather than an A-T pair (25). These properties of
repair could result in the evolution of recombination hotspots
toward elevated levels of GC. Although we will not review all
the arguments relevant to these two explanations, in previous
studies we showed that the GC-rich β-lactamase gene of the
Tn3 transposon acted as a strong meiotic recombination hotspot
in yeast (26), an observation consistent with the hypothesis that
GC-rich sequences act as meiotic recombination hotspots. In our
current study, we show that a GC-rich gene stimulates not only
meiotic recombination but also mitotic exchange.

Results
Elevated Mutation Rates in a GC-Rich Version of URA3. We first ex-
amined the effect of base composition on mutation rates. The
WT URA3 gene in S. cerevisiae (URA3-WT) has a GC content of
43.4%. Because of the redundancy of the genetic code, we were
able to construct two genes with very different base compositions
from the canonical URA3 gene (URA3-GC, 63% GC; URA3-AT,
31% GC) but with amino acid sequences that were identical to
the protein encoded by URA3-WT (SI Appendix, Figs. S1 and S2).
DNA fragments containing the three different URA3 alleles were
introduced by transformation into the endogenous URA3 locus
of the W303-1A–derived strain W1588-4C, replacing the ura3-1
allele. The resulting three isogenic strains (DKy18 with URA3-
WT, DKy39 with URA3-GC, and DKy40 with URA3-AT; strain
genotypes/constructions are shown in Datasets S1 and S2) grew
at similar rates in medium lacking uracil (SI Appendix, Fig. S3).
Thus, the altered DNA sequences do not adversely affect the
function of the Ura3p. In addition, all three strains were sensitive
to 5-fluoroorotate (5-FOA), a drug that prevents the growth of
cells with the WT Ura3p (27).
We determined the mutation rate at the URA3 locus in the

three strains by measuring the frequency of 5-FOA–resistant (5-
FOAR) derivatives in at least 30 independent cultures and then
converting these frequency measurements into a rate (see Ma-
terials and Methods for details). In our experiments, as well as in
a previous study, a small fraction (about 10%) of the 5-FOAR

strains were not Ura− and did not contain mutations in the ura3
coding sequence (3). Therefore we corrected the rate estimates
by multiplying the rate of 5-FOAR derivatives by the fraction of
those derivatives that were Ura− (Dataset S3). This correction had
only a small effect. The rate of ura3 mutations in the URA3-GC
strain (4.9 × 10−8 per division, 95% confidence limits of 3.6–6.3 ×
10−8) was elevated more than sixfold relative to the URA3-WT
strain (7.3 × 10−9 per division, 95% confidence limit of 4–11 ×
10−9), an increase that was statistically significant by the Mann–
WhitneyU test (P = 0.0001). Although the strain with theURA3-AT
gene had a slightly reduced rate of mutations (5.2 × 10−9 per di-
vision, 95% confidence limits of 2.7–8.1 × 10−9 per division) com-
pared with URA3-WT, this reduction was not statistically significant
(P = 0.84 by Mann–Whitney U test). These results are summarized
in Fig. 1A and Table 1.

Base Composition-Dependent Alterations in the Mutational Spectra
of URA3-WT, URA3-GC, and URA3-AT. We sequenced between 75 and
94 independent ura3 mutant isolates per strain from the three
strains. The resulting data are summarized in Dataset S3. The lo-
cations of individual base substitutions and single-base indels are
given in Dataset S4, and the sequences of deletions greater than
four bases are given in Dataset S5. The mutation spectrum for
URA3-WT is very similar to that previously reported by Lang and
Murray (3). In our study, 81% of the mutations were single-base
substitutions, 9% were single-base indels, and 9% were complex
events (multiple base changes, indels plus base changes) (Table 1).
No deletions greater than 4 bp were observed in our study or that of
Lang and Murray.
Large indels (≥5 bp) were a prominent component of the

mutation spectra for URA3-GC, representing more than 30% of
the mutational alterations. Because no deletions were observed
for URA3-WT, it is difficult to calculate the relative increase in
deletions in URA3-GC accurately. However, if we assume the
existence of a single deletion among the 75 Ura− strains, we
calculate that there was a 129-fold elevated rate of long deletions
in the URA3-GC strain. The positions of the deletions for the
mutant derivatives of URA3-GC and URA3-AT are given in
Dataset S5. The elevated number of large indels for URA3-GC
relative to URA3-WT is highly significant (P < 0.0001 by Fisher
exact test). The relative reduction of single-base substitutions
relative to other types of mutations for URA3-GC compared with
URA3-WT was also highly significant (P < 0.0001 by Fisher exact
test). It should be emphasized, however, that because of the
sixfold elevation in the rate of ura3 mutations for URA3-GC

Fig. 1. Rates and types of ura3 mutations in strains with URA3-AT, URA3-
WT, and URA3-GC alleles. (A) Rates of ura3 mutations. From measurements
of the frequency of 5-FOAR derivatives in multiple cultures, we calculated
the rates of mutation in strains with URA3-AT, URA3-WT, and URA3-GC (see
Materials and Methods for details). The 95% confidence limits are shown for
each measurement. (B) By DNA sequencing, we determined whether the
ura3 mutations were single-base substitutions, long (≥5 bp) indels, single-
base indels, or complex mutations (more than one mutant substitution). The
proportion of each of these classes was multiplied by the rate of ura3 mu-
tations to generate the rates for these classes.
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compared with URA3-WT, the rate of single-base substitutions
for URA3-GC was still about fourfold higher than for URA3-WT
(Fig. 1B and Table 1).
Although the rate of ura3 mutations for URA3-AT was about

70% of that observed for URA3-WT, the mutation spectrum of
URA3-AT shared some similarities with that of URA3-GC. In
particular, there was a significant elevation in the frequency of
large deletions in the URA3-AT strain relative to the URA3-WT
strain (P = 0.02 by Fisher exact test). However, the reduction in
the rate of base substitutions in the URA3-AT strain was not
statistically significant (P = 0.27).
All the long deletions derived as mutant isolates from URA3-

GC (23 of 23) and URA3-AT (6 of 6) occur between short direct
repeats 4–9 bp in length (Dataset S5). One example is shown in
Fig. 2A. In this event, one repeat of GCGGCCA and the in-
tervening sequences are removed. The lengths of the deletions
varied between 24 and 222 bp for the URA3-GC allele and be-
tween 24 and 423 bp for the URA3-AT allele (Dataset S5). For
most of the deletion events (21 of 29), the deletion occurred
between two identical sequences (Fig. 2A). However, in 8 of
29 deletions, the deletion could be explained by an interaction
between longer imperfect repeats. For example, one deletion
was consistent with an interaction between 5-bp perfect repeats

of CAAGT or between a 9-bp imperfect repeat with sequences
CCGcCAAGT and CCGtCAAGT (Fig. 2B).
As discussed below, it is likely that the deletions reflect DNA

polymerase slippage and therefore hybridization between the
repeats. Thus, the stability of the duplex formed will influence

Table 1. Rates of various types of ura3 mutations in strains with URA3-WT, URA3-GC or URA3-AT

URA3
allele*

Strain
genotype*

Location
of URA3
gene†

Rate of base
substitutions
(μ × 10−9)‡

Rates of long
deletions/insertions

(μ × 10−9)‡,§
Rates of short

indels (μ × 10−9)‡,§
Rates of other

mutations (μ × 10−9)¶
Total rates of ura3

mutations (μ × 10−9)#

URA3-WT WT V 5.9 (3.2–9.2) 0 0.6 (0.2–1.3) 0.7 (0.2–1.5) 7.3 (4–11)
0 0.1 (0–0.6)

URA3-GC WT V 25.5 (16.9–34.7) 12.5 (7.2–18.8) 5.4 (2.4–10.1) 2.7 (0.9–6.5) 49.4 (36–64)
3.3 (1.2–7.2) 0

URA3-AT WT V 3.8 (1.9–6) 0.3 (0.1–0.8) 0.3 (0.1–0.8) 0.6 (0.2–1.1) 5.2 (2.7–8.1)
0.1 (0–0.3) 0.1 (0–0.4)

URA3-WT rev3 V 2.8 (1.3–4.6) 0.2 (0–0.5) 0.3 (0.1–0.7) 0.1 (0–0.4) 3.5 (1.7–5.7)
0.04 (0–0.2) 0

URA3-GC rev3 V 2.9 (1.5–4.6) 8.5 (5.2–12.2) 0.3 (0–1.0) 0.8 (0.2–1.7) 12.9 (8.2–18)
0.5 (0.1–1.3) 0

URA3-WT yku70 V 5.7 (2.9–9) 0.1 (0.0.5) 0.7 (0.2–1.4) 0.1 (0–0.6) 6.7 (3.5–11)
0 0.1 (0–0.6)

URA3-GC yku70 V 6.2 (3–10.1) 22.9 (13.9–33.1) 0 1.5 (0.4–3.6) 31.4 (20–45)
0.9 (0.2–2.7) 0

URA3-WT dnl4 V 5.7 (3–8.9) 0 0.7 (0.2–1.3) 0.4 (0.1–1) 7.0 (3.8–11)
0.3 (0.2–0.7) 0.1 (0.1–0.5)

URA3-GC dnl4 V 19.5 (12–27.9) 27 (17.6–37.3) 5.9 (2.7–10.8) 3.2 (1.1–7.3) 57.8 (41–76)
2.2 (0.6–5.8) 0

URA3-WT rad1 V 35.1 (24.4–46.5) 0.5 (0–3) 10.4 (5.9–16) 3.8 (1.5–7.6) 50.7 (37–66)
0.5 (0–3) 0.5 (0–3)

URA3-GC rad1 V 45.9 (32.6–60.0) 13.1 (7.2–21.3) 31.1 (20.8–42.8) 4.9 (1.8–11) 100 (78–123)
2.5 (0.6–7.6) 2.5 (0.6–7.6)

URA3-WT-OR1 WT III 8.1 (4.6–12.3) 0.5 (0.1–1.3) 1.6 (0–2.4) 0.2 (0–0.9) 11.1 (7–17)
0.2 (0–0.9) 0.5 (0–1)

URA3-GC-OR1 WT III 17.3 (11.1–24) 10 (5.8–14.9) 4.8 (2.4–8.3) 0.7 (0.1–2.7) 34.2 (24–46)
1 (0.2–3.2) 0.3 (0–2.2)

URA3-WT-OR2 WT III 10.3 (6.2–14.9) 0.5 (0.1–1.4) 2.3 (1–3.9) 0.5 (0.1–1.4) 14.1 (8.8–20)
0.2 (0–0.9) 0.5 (0.1–1.4)

URA3-GC-OR2 WT III 17.5 (11.1–24.7) 15.7 (9.7–22.4) 4.6 (2–8.6) 1.8 (0.5–4.9) 42.5 (30–56)
2.8 (1–6.2) 0

*The different URA3 alleles and the strain genotypes are described in the text.
†In most of the strains, the URA3 gene was located at its normal position on the left arm of chromosome V. In the four strains with the URA3 gene on III, the
gene was located in two orientations near the efficiently utilized ARS306 origin (Fig. 4).
‡Rates were calculated as described in Materials and Methods. Numbers in parentheses are 95% confidence limits.
§The upper line in each entry shows the rate of deletions, and the lower line shows the rate of insertions.
¶Other events include those with more than one mutation per isolate.
#Sum of rates for all types of ura3 mutations.

Fig. 2. Examples of deletions and duplications detected in URA3-GC. The
red letters indicate the sequences deleted (A and B) or duplicated (C), and
boxes outline the repeats located at the deletion/duplication breakpoints.
The numbers are the coordinates of URA3-GC with 1 representing the first
base. (A) Deletion of 24 bp involving 7-bp perfect repeats. (B) Deletion of
57 bp involving 9-bp imperfect or 5-bp perfect repeats. (C) Duplication of
24 bp involving 7-bp repeats. Note that the repeats are identical to those
associated with the deletion in A.
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the frequency of deletions. Using a program that compares
melting temperatures of various lengths of oligonucleotides with
and without a mismatch (ITD OligoAnalyzer 3.1; https://www.
idtdna.com/calc/analyzer), we found that the melting tempera-
ture of a longer duplex with a single mismatch is usually greater
than the melting temperature of a shorter duplex without mis-
matches. In our analysis in Dataset S5, we allowed a single
mismatch within the repeats if the mismatch was followed by at
least two matched bases. In previous studies of deletions formed
in yeast strains with perturbed DNA replication, deletion for-
mation often involved imperfect repeats (11, 28–30).
In addition to the deletions, we found six duplications in the

URA3-GC strain and one duplication in the URA3-AT strain. In
six of the seven isolates, the duplication was bounded by a short
direct repeat (Dataset S5). An example of one of these dupli-
cations is shown in Fig. 2C; the duplication involved the same
repeats utilized in formation of the deletion shown in Fig. 2A.
Although other mechanisms are not precluded, both deletions
and duplications can be explained by DNA polymerase slippage
(Fig. 3). Deletions reflect a slippage event in which a replicated
repeat dissociates from the template and reassociates with a
different unreplicated repeat on the template (31). In contrast, a
duplication is generated by a dissociation of a replicated repeat
from the template followed by a reassociation with a repeat that
has already been replicated (Fig. 3B).

The Elevated Rate of Base Substitutions, but Not the Elevated Rate of
Large Deletions, in URA3-GC Is Dependent on the Error-Prone DNA
Polymerase ζ. In S. cerevisiae the error-prone DNA polymerase ζ
is responsible for about half of the spontaneous mutations and
more than 90% of UV-induced mutations (7). We found that

deletion of REV3, encoding the catalytic subunit of DNA poly-
merase ζ (32), decreased the ura3 mutation rate of URA3-WT
about twofold (Table 1). The rate of base substitutions for
URA3-WT was also reduced by a factor of two. In contrast, the
rate of long deletions was not decreased in the URA3-WT gene in
the rev3 strain compared with the WT strain (Table 1). We ob-
served five long deletions out of 88 total ura3 mutations in the
rev3 strain versus 0 of 75 in the WT strain. By the Fisher exact
test, this difference is not statistically significant (P = 0.06).
The rev3 deletion resulted in a statistically significant fourfold

decrease in the rate of ura3 mutations in URA3-GC compared
with URA3-GC in the WT strain (Table 1). Single-base substi-
tutions were reduced ninefold with only a small statistically in-
significant reduction (35%) in the rate of large deletions. The
positions of mutations in the rev3 strains are shown in Dataset
S4, and the sizes and locations of long indels are shown in
Dataset S5. In summary, compared with the URA3-WT allele,
the URA3-GC allele had an elevated rate of base substitutions
that was substantially dependent on DNA polymerase ζ and a
greatly elevated rate of large deletions that was largely in-
dependent of DNA polymerase ζ.

Influence of the Mutations Affecting Nonhomologous End Joining and
the Single-Strand Annealing Pathway on the Mutation Rates and
Types of Mutations in the URA3-WT and URA3-GC Genes. Although
the long indels detected in the URA3-GC strain have the prop-
erties expected for DNA polymerase slippage events, such
alterations could also be a consequence of the repair of a DSB
by nonhomologous end-joining (NHEJ). In NHEJ events, the
broken ends are rejoined by a mechanism that involves little or
no sequence homology (33–35). There are two varieties of NHEJ

Fig. 3. DNA polymerase slippage as a mechanism for the generation of deletions and duplications. The depicted sequences are those shown in Fig. 2 A and
C. Repeats involved in the deletion and duplication are boxed. (A) Deletion produced by polymerase slippage. The primer strand (Top) dissociates from Repeat
1 of the template strand (Bottom) and reassociates with Repeat 2. The resulting intermediate has a 24-base single-stranded loop. Replication of this in-
termediate would produce a chromosome with a deletion (left side of figure) and a chromosome that retains the WT sequence (right side of figure). (B) Du-
plication produced by polymerase slippage. Following replication of the template up to Repeat 2, the primer strand slips back to Repeat 1 and then continues
synthesis (blue sequences). Replication of the resulting looped intermediate results in one chromosome with a duplication and one with the original sequence.
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that are distinguishable by the nature of their products and their
genetic requirements. The classic type of NHEJ requires the
end-binding proteins Yku70p and Yku80p, the specialized DNA
ligase Dnl4p, and the Mre11p/Rad50p/Xrs2p (MRX) complex;
microhomology-mediated end-joining (MMEJ) occurs in-
dependently of the Ku proteins (34, 35). The absence of the
MRX complex has little effect on MMEJ in some studies (36)
and a substantial effect in others (37). The Rad1/Rad10 endonu-
clease is required for efficient MMEJ (37, 38). In the classic NHEJ
pathway, the breakpoints are often associated with short (1- to 4-bp)
additions or deletions, whereas the MMEJ pathway often results in
larger deletions occurring between 5- to 25-bp repeats with frequent
insertions of nucleotides (33).
Mutations in the YKU70 or DNL4 genes had no statistically

significant effect on the rate of long deletions in the WT or
URA3-GC strains (Table 1), indicating that these deletions are
not the result of classic NHEJ. Surprisingly, the rate of single-
base substitutions in URA3-GC was reduced in the yku70 strain.
One interpretation of this result is that Yku70p could be in-
volved in recruiting DNA polymerase ζ, although other expla-
nations are also possible. The mutational spectra for the yku70
and dnl4 strains are shown in Datasets S3–S5.
To determine whether the observed deletions could reflect

MMEJ, we examined URA3-WT and URA3-GC mutations in
strains with the rad1 mutation. An intermediate in the deletion
pathway occurring by MMEJ would be expected to have single-
stranded branches that would require processing by the Rad1/
Rad10 endonuclease (33). In the rad1 strains with the URA3-WT
and URA3-GC alleles, the rates of 5-FOAR were elevated about
sevenfold and twofold, respectively (Dataset S3). A fivefold el-
evated mutation rate in rad1 strains for a plasmid-borne SUP4-o
gene was previously reported (39). Importantly, the rates of long
deletions in the URA3-GC allele in the WT and rad1 strains were
almost identical, 12.5 × 10−9 per division and 13.1 × 10−9 per
division, respectively (Table 1). These results strongly argue that
the long deletions are not a consequence of MMEJ. In addition,
in yeast strains with mutations in RFA1, elevated rates of large
deletions were detected, and, partly based on their Rad10p de-
pendency, it was suggested that single-strand annealing (SSA)
was involved (28). Since Rad1p and Rad10p would be expected
to act in the same pathway, our observations indicate that the
URA3-GC–associated long deletions do not involve the SSA
pathway. In summary, our results strongly support the hypothesis
that the long deletions observed in the URA3-GC gene reflect
DNA polymerase slippage rather than MMEJ or SSA.

Analysis of the Influence of Chromosomal Context on the Mutation
Rates and Mutational Spectra for URA3-WT and URA3-GC. In some
yeast studies, the spectra of mutations are affected by the tran-
scriptional orientation of the reporter gene with respect to the
replication fork (11, 40). In our first experiments, the strains had
the URA3 genes located at their normal positions on the left arm
of chromosome V. Since the URA3 gene in this location is lo-
cated approximately equidistant from AR508 and ARS510, the
direction of the replication fork through the gene was unclear.
Therefore we constructed strains in which URA3-WT or URA-
GC were inserted in two different orientations 1 kb centromere-
proximal to ARS306 (Fig. 4A); previous experiments showed that
insertions at this position were replicated by forks moving
rightward from ARS306 (41). In orientation 1 (OR1) the repli-
cation forks proceed in the same direction as URA3 transcrip-
tion, and in orientation 2 (OR2) the forks move in direction
opposed to transcription.
The rate of 5-FOAR Ura− was about threefold greater for

URA3-GC than for URA3-WT in both orientations, and the rates
were unaffected by orientation (Fig. 4B). The rates of single-base
substitutions for both the URA3-GC-OR1 and URA3-GC-OR2
were about twofold higher than those observed for the URA3-

WT strains. Long deletions/duplications were elevated between
20- and 30-fold for the URA3-GC strains compared with the
URA3-WT strains. As observed in our previous experiments,
large indels represented a substantial fraction of the total mu-
tations for the URA3-GC strains (32/99 for URA3-GC-OR1 and
40/92 for URA3-GC-OR2) but a smaller fraction for the URA3-
WT strains (6/93 for URA3-WT-OR1 and 4/93 for URA3-WT-
OR2) (Dataset S3). The types of deletions (size of the relevant
repeats and deletion size) observed in the URA3-GC strains on
chromosome III are similar to those observed on chromosome V
(Dataset S5). There are more large indels relative to other mu-
tational changes in the URA3-WT gene on chromosome III
(10 indels and 176 other events) than in the URA3-WT gene on
chromosome V (0 indels and 75 other events), although this
difference is not statistically significant (P = 0.06 by Fisher
exact test).
In summary, the orientation of the URA3 reporter gene rela-

tive to the direction of fork movement does not affect the fre-
quency of mutations or the mutation spectra. However, the
difference in mutation rates between URA3-GC and URA-WT
were reduced from about sixfold on chromosome V to about
threefold on chromosome III.

URA3-GC Is a Hotspot for Mitotic Recombination. In our previous
studies, we found that G4-quadruplex sequences were over-
represented at the breakpoints of mitotic recombination events
(42). In addition, some GC-rich trinucleotide repeats are asso-
ciated with elevated levels of mitotic recombination in yeast (43).
To determine more directly the relationship between mitotic
recombination and GC content, we measured the rate of mitotic
recombination between heteroalleles in diploid strains with
URA3-AT, URA3-WT, and URA3-GC sequences. In each dip-
loid, one chromosome had a mutation located at coordinate
89 of URA3, and at the allelic position on the other homolog the
ura3 gene contained a mutation at coordinate 777. Two of the
four strains (DKy147 and DKy149) had mutant alleles derived
from URA3-AT, one strain had mutant alleles derived from
URA3-WT (DKy143), and one strain had mutant alleles derived
from URA3-GC (DKy145). The specific genotypes (given in
parentheses) for each strain were DKy147 (ura3-at-C89T/ura3-
at-T777G), DKy149 (ura3-at-C89G/ura3-at-T777G), DKy143
(ura3-wt-C89T/ura3-wt-T777A), and DKy145 (ura3-gc-C89T/
ura3-gc-T777A).
Since the mutations in the four strains do not show intragenic

complementation, the diploids were Ura−, and we measured the
rate of alterations to Ura+ by fluctuation analysis as described in
Materials and Methods. There are two likely pathways of ho-
mologous recombination that could generate Ura+ derivatives
(Fig. 5A). A mitotic gene conversion event could transfer WT

Fig. 4. Rate of ura3mutations in strains in which the reporter genes (URA3-
WT or URA3-GC) are in different orientations relative to the ARS306 repli-
cation origin. (A) Four strains used to determine whether the transcription
orientation of the reporter gene relative to the replication origin affected
mutation rates. (B) The rates of mutations of URA3-WT and URA3-GC in the
four strains described above.
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information from one allele to the other, resulting in the loss of
either mutant allele. Alternatively, there could be a crossover
between the heteroalleles, resulting in one WT gene and one
gene with two mutations. In previous studies of heteroallelic
recombination (44) it was shown that most prototrophs result
from gene conversion of one of the alleles rather than by
crossovers between the alleles. Although a prototrophic diploid
could also result from reversion of one of the mutant alleles, we
observed that the Ura+ reversion rates in all seven haploids used
in constructing the diploids for the mitotic recombination ex-
periments were less than 10−7 per division, at least 50-fold below
the rate of prototroph formation in the diploids.
The rate of Ura+ derivatives (Fig. 5B) in the strain with the

URA3-GC–derived heteroalleles (95% confidence limits are
given in parentheses) was 3.9 × 10−5 per division (3.4–4.4 × 10−5),
about 19-fold greater than that in the strain with the URA3-
WT–derived alleles (2 × 10−6 per division; 1.6–2.4 × 10−6) and
about 14-fold greater than those in the strains with the URA3-
AT–derived alleles [2.6 × 10−6 per division (2-3.1 × 10−6) for
DKy147; 2.8 × 10−5 per division (2.2–3.4 × 10−6) for DKy149].
Since most spontaneous mitotic recombination events are initi-
ated by dsDNA breaks or ssDNA gaps (45), these observations
suggest that GC-rich genes are more prone to the formation of
recombinogenic DNA lesions than yeast genes of average
GC content.

URA3-GC Does Not Cause a Strong Replication Fork Block or a High
Level of DSBs. Elevated rates of mitotic recombination are
sometimes associated with sequences that stall replication forks
(46). Sites in the genome that result in substantial stalling of the
replication fork (a stall in >5% of the cells) can be detected by
2D gel electrophoresis followed by Southern blotting. Sequences
that result in fork stalling produce a pronounced spot on the Y-
arc that represents DNA replication forks at various stages of
elongation (47). For this analysis, we isolated DNA from bar1
derivatives of isogenic haploid strains that have URA3-AT,
URA3-WT, or URA3-GC alleles. Cells were synchronized with
alpha pheromone, and DNA was isolated 40 min after release
from arrest. DNA isolation protocols and the conditions of gel
electrophoresis are described in Kim et al. (48). No strong stall
was observed in any of the strains (Fig. 6A). This result was not
unexpected because the rates of mitotic recombination induced
by URA3-GC and the level of URA-GC–specific mutations were
low, 3.9 × 10−5 and 4.9 × 10−8 per division, respectively. We
should point out, however, that fork stalling is quite an indirect
measurement of the recombinogenic or mutagenic properties of
a sequence. For example, poly GAA/CTT repeats cause a polar
fork stall (49) but stimulate recombination in both orientations
(50). In addition, telomeric repeats result in a very strong fork
stall (51) but result in relatively low rates of recombination and
mutation (about 10−6 per division) (52).
We also used a gross chromosome rearrangements (GCR)

assay to determine whether the URA3-GC gene was associated
with elevated DSBs. In this assay (53), a URA3 gene is inserted
about 1 kb centromere-proximal to the CAN1 gene near the left
telomere of chromosome V in a haploid strain; there are no
essential genes located between CAN1 and the left telomere.
Derivatives that are 5-FOAR and canavanine resistant (CanR)
have a variety of GCRs including terminal deletions, large in-
terstitial deletions, and translocations (53). Since these alter-
ations are likely initiated by DSBs, we constructed three haploid
strains in which URA3-AT, URA3-WT, and URA3-GC, re-
spectively were relocated near CAN1. The rates of 5-FOAR

CanR derivatives were low for all three strains (95% confidence
limits are given in parentheses): 5.4 × 10−10 (4–8.3 × 10−10) for the
URA3-AT strain; 6.5 × 10−10 (6.3–6.8 × 10−10) for the URA3-WT
strain; and 1.7 × 10−9 (0.3–2.8 × 10−9) for the URA3-GC strain.
Although the rate for the URA3-GC strain is about two- to three-
fold higher than for the other two strains, the difference is not
significant (P > 0.1 by the Mann–Whitney U test).
Although the URA3-GC gene does not significantly elevate the

GCR rate, the 15- to 20-fold stimulation in mitotic recombination

Fig. 5. Mitotic recombination rates in diploids with ura3 heteroalleles. In all
strains examined in this analysis, the diploid had noncomplementing mu-
tations in both copies of URA3-GC, URA3-WT, or URA3-AT. Recombination
rates were determined by measuring the rate of Ura+ derivatives from the
starting strain. (A) Pathways for generating a WT URA3 gene by mitotic
recombination. In previous studies, it is known that the generation of a
prototroph from a heteroallelic diploid usually involves gene conversion
rather than a reciprocal crossover (44). (B) Rates of mitotic Ura+ derivatives
from diploids heteroallelic for mutations in ura3-wt (blue), ura3-at (gray), or
ura3-gc (orange). Error bars indicate 95% confidence limits. (C) Percentages
of Ura+ spores following sporulation of heteroallelic diploids. Most tetrads
segregated zero Ura+ to four Ura− spores; the percentage of tetrads with
one Ura+ spore, resulting from meiotic gene conversion, is shown. (D) Per-
centages of tetrads with meiotic gene conversion events (three Ura+ to one
Ura− or one Ura+ to three Ura− tetrads) in diploids heterozygous for ura3-at,
ura3-wt, or ura3-gc mutations.

Fig. 6. URA3-GC does not result in a strong replication fork stall or a high
rate of DSBs. (A) Analysis of replication fork stalling at URA3-GC, URA3-AT,
and URA3-WT by 2D gel electrophoresis (see Materials and Methods for
details). Genomic DNA was isolated from S-synchronized cells, treated with
BamHI, and examined by 2D electrophoresis. No spot of hybridization was
observed at a position where a stalled replication fork was expected in any
of the strains. (B) Rates of GCR in strains in which the URA3 genes were
relocated adjacent to CAN1. GCR rates were measured by determining the
rates of 5-FOAR CanR derivatives. Error bars indicate 95% confidence limits.
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observed in heteroallelic recombination argues that the URA3-
GC gene has a higher level of recombinogenic lesions than the
WT or URA3-AT genes. Two factors are likely relevant for the
different results in the two assays. First, to stimulate heteroallelic
recombination, the initiating DSB must be located within or
very close to the ura3 heteroalleles, whereas a DSB anywhere
between CAN1 and the first essential gene to CAN1 (located
11 kb away) can produce a 5-FOAR CanR derivative. Second,
the heteroallelic recombination assay requires homologous
recombination events following DSB formation. To produce a
GCR event, the broken chromosome must be capped by a
telomeric sequence or joined to another broken chromosome
by NHEJ (53). Thus, different results in the two assays are
not surprising.

URA3-GC Is a Hotspot for Meiotic Recombination. Although the in-
termediates formed during mitotic and meiotic recombination
are likely to be similar (54), the rate of meiotic recombination is
four to five orders higher than the rate of mitotic recombination
(55). In addition, meiotic DSBs are initiated by programmed
DSBs produced by Spo11p and associated proteins (54). In
previous studies of meiotic recombination in yeast, GC-rich se-
quences were found to have higher levels of recombination than
regions with normal or GC-poor base composition (22, 23). As
discussed in the Introduction, this relationship can be inter-
preted as indicating that high-GC regions are preferred sub-
strates for Spo11p-induced DSBs or as indicating that regions
with high levels of recombination tend to evolve to high-GC
content because of biased gene conversion. As described be-
low, our results strongly support the first of these alternatives.
Two types of meiotic analysis were done. First, we sporu-

lated the heteroallelic diploids DKy147 (ura3-at-C89T/ura3-at-
T777G), DKy143 (ura3-wt-C89T/ura3-wt-T777A), and DKy145
(ura3-gc-C89T/ura3-gc-CT777A). As observed for mitotic re-
combination events, Ura+ alleles generated by meiotic re-
combination usually reflect gene-conversion events rather than
crossovers (56). As expected, most tetrads segregated 0 Ura+ to 4
Ura− spores. The number of tetrads with a Ura+ spore divided by
the total number of four-spored tetrads for each strain are 2/263
(DKy147), 2/198 (DKy143), and 18/255 (DKy145). The strain
with the GC-rich heteroalleles had significantly more Ura+

spores than the other two strains (P < 0.01 by Fisher exact test)
(Fig. 5C).
To verify our results, we generated and sporulated diploids

that had one WT URA3 gene and one mutant ura3 gene. The
strain names and genotypes were DKy141 (ura3-at-C89G/URA3-
AT), DKy139 (ura3-at-C89T/URA3-AT), DKy137 (ura3-at-
T777G/URA3-AT), DKy129 (ura3-wt-T777A/URA3-WT), DKy131
(ura3-wt-C89G/URA3-WT), DKy133 (ura3-gc-C777A/URA3-GC),
and DKy135 (ura3-gc-C89T/URA3-GC). Gene-conversion events at
the URA3 locus are detected as tetrads that segregate three Ura+ to
one Ura− or one Ura+ to three Ura− spores instead of the two Ura+

to two Ura− spores expected from Mendelian segregation. The
number of tetrads showing the non-Mendelian segregation patterns
divided by the total number of four-spored tetrads examined for
each strain were DKy141 (1/159), DKy139 (1/165), DKy137 (2/240),
DKy129 (2/225), DKy131 (2/197), DKy133 (20/229), and DKy135
(22/264). The high-GC alleles have approximately sevenfold more
recombinational events than the alleles with normal or low GC
content (Fig. 5D). By the Fisher exact test, the numbers of three
Ura+ to one Ura− or one Ura+ to three Ura− tetrads in the strains
with the high-GC alleles was significantly (P < 0.002) greater than
the numbers for all the other strains. In summary, our results show
that at least one GC-rich sequence results in higher rates of both
mitotic and meiotic recombination.

Discussion
The main conclusion of this research is that the base composition
of a gene can substantially affect its mutation rate and its re-
combinational properties. We found that a high-GC (63%)
URA3 gene had elevated rates of mutations relative to a WT
URA3 gene (43% GC) or one with low-GC content (31%). Two
different mechanisms were responsible for the mutator pheno-
type: base substitutions introduced by the error-prone DNA
polymerase ζ and deletion/duplication mutations that likely re-
flect DNA polymerase slippage. In addition, the high-GC
URA3 gene had elevated levels of both mitotic and meiotic
recombination relative to a WT URA3 gene or a low-GC
URA3 gene.

Elevated Rate of Point Mutations in URA3-GC. As discussed in Re-
sults, the elevated rate of base substitutions in URA3-GC was
dependent on DNA polymerase ζ. This observation may be a
consequence of increased recruitment of DNA polymerase ζ to a
DNA lesion in URA3-GC or to a stalled replication fork in the
absence of a DNA lesion (57). By 2D gel analysis, there was no
evidence for a stalled replication fork, but this assay requires that
the stall occur in a substantial fraction (>5%) of the cells. Al-
though the GCR assay indicated that the rate of DNA lesions
was threefold greater in the URA3-GC–containing strain than in
strains with URA3-WT or URA3-AT, this difference was not
statistically significant; the detection of a GCR event requires
both a DSB and a subsequent acquisition of a telomere onto the
broken end. In contrast, our mitotic recombination assay in-
dicated that the URA3-GC gene is associated with a 10- to 20-
fold elevated level of recombinogenic DNA lesions. Thus, DNA
polymerase ζ could be recruited to the damaged template,
resulting in the point mutations. Alternatively, since the in-
creased DNA polymerase slippage indicates that the replicative
DNA polymerases may be less processive on a high-GC template
(discussed further below), it is possible that loss of processivity of
the replicative polymerases allows increased recruitment of
DNA polymerase ζ.
In several studies (e.g., ref. 12), rev3 strains have reduced rates

of GC-to-CG changes and complex mutations. Although the rate
of GC-to-CG alterations was reduced about 40-fold in our study,
we also found that the URA3-GC allele in the rev3 strain had
significantly reduced rates of most other types of single-base
substitutions (AT-to-GC, AT-to-CG, GC-to-AT, and GC-to-
TA) relative to the WT strain (Dataset S6). The rate of com-
plex events was also about fourfold lower in the rev3 strain than
in the WT strain, but this reduction was not statistically signifi-
cant. These data indicate that DNA polymerase ζ can generate a
variety of single-base substitutions even in the presence of
functional replicative DNA polymerases.
It is important to stress that the mutations in URA3-GC were

distributed throughout the gene rather than being concentrated
in a few hotspots. In addition, the base substitutions that we
made to produce URA3-GC altered 153 codons (57%) and left
114 (43%) unaltered compared with the WT gene. If the altered
codons were more readily mutated to produce a nonfunctional
URA3 gene, they should be overrepresented among the observed
mutant substitutions. However, only 38% of the observed mu-
tations were in the altered codons, and 62% were in the un-
altered codons, indicating that the elevated mutation rate of
URA3-GC was not a consequence of more mutable codons
generated by our construction but was a consequence of the GC
richness of URA3-GC. Last, Lang and Murray (3) developed a
method of calculating target size for individual genes (an esti-
mate of the number of bases that, when altered, produce a
mutant phenotype). Using this method, we calculated target sizes
for URA3-WT, URA3-AT, and URA3-GC of 115, 132, and 96 bp,
respectively, from our data. Thus, the base substitutions that
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were used in the construction of URA3-GC did not create a gene
that was a larger target for mutations.

Elevated Level of Deletions and Duplications in URA3-GC. In addition
to the elevated level of point mutations, the strain with the
URA3-GC allele had a greatly elevated level of deletions with
short direct repeats at their endpoints. Although similar dele-
tions could be produced by SSA or MMEJ, the Rad1p in-
dependence of the deletions is most consistent with their
generation by DNA polymerase slippage. We suggest that these
deletions reflect slippage by one of the replicative DNA poly-
merases since they occur in strains lacking Rev3p. Similar dele-
tions are observed in yeast strains with mutations affecting the
catalytic subunit of DNA polymerase δ (8, 11, 12, 58), in strains
with low levels of DNA polymerase δ (29, 30), and in strains that
lack Pol32p (59), a subunit of DNA polymerase δ and ζ.
In addition to the in vivo studies that show elevated rates of

indels in strains with mutant forms of DNA polymerase, DNA
polymerases α (60), δ (11, 61), and e (62) have substantial rates
of slippage in vitro. The rates of indels produced by gap-filling
DNA synthesis are about 3 × 10−5, 1 × 10−5, and 5 × 10−7 for
DNA polymerases α, δ, and e, respectively (63). Although many
of these indels involve loss or gain of a single base in a homo-
polymeric run, the deletions generated by DNA polymerase δ are
often larger and occur between direct repeats (61). Based on
these observations, we suggest that the deletions observed in
URA3-GC may be generated by DNA polymerase δ.
We suggest that the high GC content of URA3-GC results in

reduced DNA polymerase processivity and, consequently, ele-
vated DNA polymerase slippage. One type of evidence consis-
tent with this possibility is that poly (G) tracts are less stable than
poly(A) tracts in mismatch-repair–defective isolates of both yeast
(64) and mammalian cells (65). In addition, the bacterial poly-
merase pol II polymerizes more efficiently on an AT-rich tem-
plate than on a GC-rich template (66). Although these studies
are consistent with the possibility that DNA polymerases are less
processive on GC-rich templates, a definitive analysis of the
processivity of DNA polymerase as a function of base composi-
tion has not yet been undertaken.
An alternative possibility is that other features of the URA3-

GC sequence rather than GC content per se are responsible for
the deletions. It is difficult to exclude this possibility completely;
however, the elevated deletion rate is not a consequence of a
much larger number of short perfect repeats in the URA3-GC
gene compared with URA3-AT and URA3-WT. The numbers of
perfect repeats between 4 and 11 bases in the URA3-WT, URA3-
GC, and URA3-AT were 2,192, 3,021, and 3,957, respectively
(calculated using the wordcount program; www.bioinformatics.
nl/cgi-bin/emboss/wordcount), and the rates of large deletions in
the URA3-WT, URA3-GC, and URA3-AT WT strains were 0,
12.5 × 10−9 per division, and 0.3 × 10−9 per division, respectively
(Table 1). It should also be pointed out that among the natural S.
cerevisiae genes, SRX1 has the highest GC content (59%), and
SPG3 has the lowest (26%) (https://www.yeastgenome.org).
Since these values are close to the GC content of URA3-GC and
URA3-AT, respectively, the base compositions of our constructed
URA3 genes are within realistic natural limits.
Another appealing feature of the DNA polymerase slippage

model is that slippage events can produce either a deletion or a
duplication. If the nascent (primer) strand slips forward, a single-
stranded loop is formed on the template strand, resulting in a
deletion (Fig. 3A). If the nascent strand slips backward, a loop is
formed on the template strand, resulting in a duplication (Fig.
3B). Considering only those deletions or duplications that occur
between perfect direct repeats in the URA3-GC strains, we found
193 deletions and 19 duplications. The 10-fold preference in
favor of deletions suggests that the primer strand tends to slip

forward to unreplicated sequences rather than backward to
previously replicated sequences.
If deletions reflect DNA polymerase slippage, we expect that

deletions between closely spaced repeats would likely be more
frequent than deletions between more widely spaced repeats. To
determine the expected sizes of the deletions based on the dis-
tribution of repeats within URA3-GC, we used the wordcount
software described previously. For this analysis, the length of the
repeat was defined by perfectly matched contiguous bases. In
addition, repeats that were within larger repeats were not in-
cluded. Finally, we considered only repeats of 4 bp or larger;
90% of the observed deletions were included in our analysis. The
numbers of repeats that fulfilled these criteria (repeat size is in
parentheses) were 1,024 (4 bp), 271 (5 bp), 83 (6 bp), 33 (7 bp), 9
(8 bp), 4 (9 bp), 3 (10 bp), and 1 (11 bp). We then determined
the expected sizes of deletions from events that occurred be-
tween pairs of repeats for all repeat sizes (Dataset S7) and the
observed deletion sizes (Dataset S8). These data are summarized
in SI Appendix, Table S1. In this table we also calculated the
expected average and median deletion size for each repeat class
for all the strains containing URA3-GC.
The observed sizes of deletions are substantially smaller than the

expected sizes (assuming a random interaction between repeats of
the same size) for all repeat sizes between 4 and 9 bp; these dif-
ferences are very significant (P < 0.0001) by χ2 analysis (SI Ap-
pendix, Table S1). Within each repeat class, there are also striking
differences. For example, there are four classes of deletions pre-
dicted for 9-bp repeats from the sequence: 63, 153, 222, and 760 bp
(Dataset S7). Of the observed 44 deletions involving 9-bp repeats,
27 were 63-bp deletions, and only one was a 760-bp deletion. In
summary, these observations suggest that the deletions usually occur
between closely spaced repeats in URA3-GC, as expected if the
deletions are formed by DNA polymerase slippage.
In a previous study of a strain with the pol3-Y708A mutation,

Northam et al. (12) found most of the deletions in the CAN1
gene were less than 40 bases, considerably shorter than those we
observed in the WT strain with URA3-GC (median size of 87 bp).
In the double-mutant pol3-Y708A rev3 strain, can1 deletions
were larger with about 40% exceeding 40 bases. In our URA3-
GC rev3 strain, the sizes of the deletions were not significantly
larger than in the WT URA3-GC strain (median size, 93 bp; P =
0.53 by Mann–Whitney U test comparison). Thus, the slippage
events induced by a mutant polymerase δ in CAN1 (GC content
of 41%) are qualitatively different from those induced by WT
DNA polymerases on a GC-rich template.
Since a slippage event involved base pairing, we would expect

that longer repeats would be a better substrate for a slippage
event. As described above, we determined the expected number
of repeats of various sizes (4–11 bp) in URA3-GC. If all these
repeats are equally likely to be involved in deletion events, we
can calculate the expected proportions and numbers of deletions
of various sizes. In SI Appendix, Table S2, we compare the
expected numbers of deletions with the observed numbers of
deletions for these classes. The deletion events involving repeats
of 8–11 bp are overrepresented by 17- to 56-fold, and deletions
involving repeats of 7 bp are overrepresented by about sixfold;
the P values for all these comparisons (χ2 analysis) are highly
significant (<0.0001). Deletion events involving 5- or 6-bp re-
peats are not significantly over- or underrepresented, and de-
letion events involving 4-bp repeats are very significantly
underrepresented. This analysis suggests that repeats >6 bp are
preferred substrates for slippage; however, deletions can occur
between smaller repeats. In summary, the frequency of different
types of deletions is regulated by the length of the repeats and
the distance between repeats, as well as (presumably) the num-
ber of repeats within the target sequence.
As described in Results, many of the observed deletions could

be explained by slippage events involving imperfect repeats
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rather than perfect repeats; similar deletions between imperfect
repeats have been noted previously (11). In our study, of
297 deletions between repeats of all sizes, 193 involved perfect
repeats, and 104 involved imperfect repeats (Dataset S5). Since
the stability of duplexes of various sizes with various mismatches
has been determined only in vitro studies using short oligonu-
cleotides, in our analysis described above we considered only the
perfectly paired regions of imperfect repeats. For example, in the
imperfect repeat shown in Fig. 2B (CCGcCAAGT/CCGtCAAGT),
for our analysis in SI Appendix, Tables S1 and S2, we considered this
repeat as a 5-bp perfect repeat of CAAGT. Nonetheless, it is pos-
sible that the additional bases of imperfect repeats may stabilize the
slippage intermediates.

GC Content and Recombination Hotspots. Our analysis shows that
high-GC regions are associated with elevated levels of both
meiotic and mitotic recombination. In yeast and several other
eukaryotes, the rate of meiotic recombination is correlated with
the local and regional GC content (67). We argued that this
relationship might be a consequence of a histone modification at
GC-rich regions that attracts Spo11p and associated proteins or
that GC-rich motifs directly interact with the Spo11p complex
(24). In contrast, Birdsell (25) argued that GC-biased gene-
conversion events would produce high-GC regions at recom-
bination hotspots. The observations described above strongly
suggest that, at least in S. cerevisiae, high-GC regions create a
meiotic recombination hotspot rather than vice versa.
Although the information about sequences that elevate mi-

totic recombination is limited, recombination rates are elevated
by high levels of transcription and by sequences that stall repli-
cation forks (45). Both DSBs and single-stranded nicks/gaps
stimulate mitotic recombination, although which of these DNA
lesions accounts for most spontaneous recombination is unclear.
Based on observations of Rad52p foci, DSBs occur more fre-
quently in S/G2 than in G1 (68). However, at least half of spon-
taneous crossovers between homologs are initiated by DSBs
formed in G1 (42). It is unclear whether the recombinogenic DNA
lesion associated with URA3-GC is a DSB or a single-stranded
nick/gap and whether the lesion is formed in G1 or S/G2. Al-
though we did not observe stalling of the replication fork by
URA3-GC, subtle pausing of the fork would not be detectable by
gel electrophoresis. Regardless of the details of the mechanism,
our results indicate that high GC content in yeast can substantially
elevate the frequency of local mitotic recombination. This asso-
ciation has not been established previously.

Summary
Our studies demonstrate that regions of high-GC content in yeast
elevate mutation rates (both single-base substitutions and dele-
tions) and recombination (both meiotic and mitotic exchange).
These observations are likely relevant to understanding the tra-
jectory of genome evolution. Because of the elevated mutation
rate in high-GC genomic regions, we expect that these regions will
evolve at a higher rate than low-GC regions. This effect may be
partly counterbalanced by the hyperrecombination phenotype as-
sociated with high-GC regions. If a diploid is heterozygous for
a high-GC gene and a low-GC gene, the recombinogenic DSB
will likely occur in the high-GC gene, resulting in its replace-
ment by gene conversion with the low-GC gene. It should also be

emphasized that the GC content is only one of many parameters
likely to influence genome evolution. In a mutation-accumulation
study, Lujan et al. (2) found that mutation rates vary depending on
replication timing, proximity to replication origins, direction of the
replication fork, location with respect to nucleosomes, and other
factors. A logical extension of our study would be a genome-wide
examination of the density of mutational alterations as a function
of base composition in sequence-diverged S. cerevisiae strains
isolated from the wild.

Materials and Methods
Strains and Growth Conditions. All yeast strains were derivatives of W1588-4C
(MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1; ref. 69) or other
RAD5 derivatives of W303-1A. The genotypes and strain constructions are de-
scribed in Dataset S1. Primers used in strain constructions and diagnosis of mu-
tational alterations are in Dataset S2. Ura−derivatives were selectedwithmedium
containing 0.1% 5-FOA (27). Strains with deletions of both URA3 and CAN1were
selected using synthetic medium lacking arginine and containing 0.1% 5-FOA
and 120 mg/L canavanine. Cells were grown at 30 °C in all experiments.

Estimation of Mutation Rates. As in previous studies (70), we determined ura3
mutation rates by calculating the frequency of 5-FOAR mutations in multiple
(>20) independent cultures. There was no difference in the sensitivity of strains
containing URA3-WT, URA3-GC, or URA3-AT on medium containing 5-FOA. The
frequency data were converted to rate data as described below. We confirmed
that the 5-FOAR derivatives were Ura− by replica-plating these derivatives to
uracil omission medium. GCR rates were determined by a similar protocol ex-
cept that the selective medium contained both 5-FOA and canavanine.

Statistical Analysis. Mutations rates and their CIs were calculated using the
Ma-Sandri-SarkarMaximum Likelihood Estimator (MSS-MLE) method and the
FALCOR tool (www.keshavsingh.org/protocols/FALCOR.html) (71).

The CIs for proportions and the χ2, Fisher exact, and the Mann–Whitney U
tests were calculated using VassarStats tools (www.vassarstats.net/). CIs for in-
dividual mutation events were calculated using formula CLx = the square root of
[(CLMx/M)2 + (CLPx/P)

2], where CL is a 95% confidence limit (either upper or lower,
indicated by subscript x) of a given event, M is a median of total mutation rate,
CLM is the 95% confidence limit for the median rate, P is a proportion of a given
event, and CLP is the 95% confidence limit for the proportion (ipl.physics.
harvard.edu/wp-uploads/2013/03/PS3_Error_Propagation_sp13.pdf).

Molecular Techniques. The URA3-GC and URA3-AT genes were designed by
the authors and synthesized by GeneArt AG (Life Sciences Solutions/Thermo
Fisher Scientific). The synthesized genes were inserted into the ampR-con-
taining vector pMA (URA3-AT) or the kanR-containing vector pMK0RQ-Bb
(URA3-GC) (Life Sciences Solutions/Thermo Fisher Scientific). Mutant ura3
genes were sequenced by Sanger sequencing (Eton Bioscience Inc.) or by
PacBio sequencing (Duke Center for Genomic and Computational Biology).
The oligonucleotides used for PacBio sequencing are listed in Dataset S2.

We looked for replication fork stalling in three bar1 derivatives of DKY18,
DKY39, and DKY40 (strains KT632, KT634, and KT636, respectively). Strains
were synchronized in G1 with alpha pheromone. Following this treatment, the
cells were incubated in rich medium, and DNA was harvested 40 min later.
Genomic DNA containing replication intermediates was prepared as described
by Friedman and Brewer (47). Samples were treated with BamHI before analysis
with 2D gels. Southern analysis was performed using a URA3-specific probe
generated by PCR using the primers uranae-31 and uranae-52 (Dataset S2).
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