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ABSTRACT Thiol peroxidases are critical enzymes in the redox control of cellular processes that function by reducing low levels of
hydroperoxides and regulating redox signaling. These proteins were also shown to regulate genome stability, but how their dysfunction
affects the actual mutations in the genome is not known. Saccharomyces cerevisiae has eight thiol peroxidases of glutathione peroxidase
and peroxiredoxin families, and the mutant lacking all these genes (A8) is viable. In this study, we employed two independent A8 isolates
to analyze the genome-wide mutation spectrum that results from deficiency in these enzymes. Deletion of these genes was accompanied
by a dramatic increase in point mutations, many of which clustered in close proximity and scattered throughout the genome, suggesting
strong mutational bias. We further subjected multiple lines of wild-type and A8 cells to long-term mutation accumulation, followed by
genome sequencing and phenotypic characterization. A8 lines showed a significant increase in nonrecurrent point mutations and indels.
The original A8 cells exhibited reduced growth rate and decreased life span, which were further reduced in all A8 mutation accumulation
lines. Although the mutation spectrum of the two independent isolates was different, similar patterns of gene expression were observed,
suggesting the direct contribution of thiol peroxidases to the observed phenotypes. Expression of a single thiol peroxidase could partially
restore the growth phenotype of A8 cells. This study shows how deficiency in nonessential, yet critical and conserved oxidoreductase
function, leads to increased mutational load and decreased fitness.

BEING hereditary material, DNA is propagated from gen-
eration to generation while maintaining genome stability
in the face of random mutations. Genome instability results
mainly from DNA damage and error-prone DNA synthesis,
and it is crucial for any organism to properly maintain its
genome and neutralize damage to it (Nishant et al. 2010).
There are various types of agents that can cause DNA damage
by modifying the structural properties of DNA, and oxidative
stress is one of the best-studied factors that may affect
DNA stability. Aerobic organisms inevitably produce reactive
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oxygen species (ROS) as a consequence of incomplete reduc-
tion of molecular oxygen during respiration, as well as by
other metabolic processes. ROS may cause oxidative damage
by reacting with and affecting functions of many cellular me-
tabolites and macromolecules, including proteins, lipids, and
DNA (van Loon et al. 2010). Continuous exposure of intra-
cellular milieu to ROS is implicated in the etiology of various
diseases, such as diabetes, neurodegeneration, and athero-
sclerosis. ROS are also involved in cancer development by
increasing the mutation rate via oxidative DNA damage and
genomic instability (Marnett 2000; Reddy et al. 2009). More
than a hundred different types of oxidative DNA damage have
been described; among them, oxidative conversion of guanine
to 7,8-dihydro-8-oxoguanine (8-0xo-G) is the most prominent
modification. 8-oxo-G leads to misincorporation of adenine
in place of guanine, resulting in the CG— AT transversion.
Spontaneous deamination of methylated cytosine is a hydro-
lytic modification, leading to thymine substitution, and
CG—TA transitions are driven by oxidation of methylated
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cytosine (van Loon et al. 2010). These modifications serve as
markers of oxidative DNA damage and are the most com-
mon point mutations in a variety of human genetic diseases,
including cancer (Cooke et al. 2003; van Loon et al. 2010).

Organisms have evolved a wide variety of defense
mechanisms to prevent or limit the consequences of oxidative
damage. They include two independent mechanisms of DNA
repair, base excision repair and nucleotide excision repair
(Degtyareva et al. 2008), as well as antioxidant defense systems,
such as superoxide dismutase, catalase, and peroxiredoxin
(Prx), which scavenge ROS (Huang et al. 2003). These and
other systems collaborate in protecting cells from genomic
instability induced by oxidative stress (Kryston et al. 2011).
Recent studies suggest that antioxidant defense is the first
line of defense against oxidative DNA damage. For example,
thiol-dependent oxidoreductases prevent large-scale chromo-
somal rearrangements, and their deficiency leads to an in-
crease in the mutation rate (Iraqui et al. 2009; Tang et al.
2009). These enzymes include ubiquitous thiol peroxidases
containing a catalytic cysteine (Cys) residue that becomes
oxidized in the process of scavenging hydrogen peroxide,
alkyl hydroperoxides, and other peroxide forms (Wong
et al. 2002). Most organisms have multiple Prxs, e.g., five Prxs
occur in the yeast Saccharomyces cerevisiae, 10 in the plant
Arabidopsis thaliana, and six in mammals (Park et al. 2000;
Horling et al. 2003; Rhee et al. 2005). Three glutathione
peroxidases (Gpxs), members of another family of thiol per-
oxidases, were also identified in yeast, and eight such enzymes
occur in mammals (Inoue et al. 1999; Brigelius-Flohe 2006).
Like Prxs, Gpxs catalyze the reduction of hydrogen peroxide
and other hydroperoxides, but most often use glutathione as
an electron donor for these reactions (Brigelius-Flohe 2006).
Both Prxs and Gpxs occur in various cellular compartments,
show tissue-specific expression in mammalian cells, and dif-
fer in abundance (Brigelius-Flohe 1999; Muller et al. 2007;
Gerashchenko et al. 2012).

Despite proposed roles of these antioxidant enzymes in
genome stability, there is no direct information on the genome-
wide mutation process and DNA stability when these functions
are compromised. A recent study screened a yeast knockout
library and identified individual peroxidases as mutation
suppressors (Huang et al. 2003). Following this observation,
additional studies examined mutation rates for cells lacking
individual and multiple Prxs, showing that the Tsal null yeast
cells had the strongest mutator phenotype. These studies
assessed mutation rates for small marker loci such as
canavanine (CAN1) and uracil (URA3), which are commonly
used for fluctuation assays but have limitations for interpreting
the richness, diversity, and specificity of mutation phenotypes
when applied to entire genomes (Wong et al. 2004; Iraqui
et al. 2009; Tang et al. 2009). Currently, information on the
genome-wide mutational spectra of thiol peroxidase null cells
is lacking.

To begin addressing the functions of thiol peroxidases in
genome stability, we previously developed a model using
the budding yeast S. cerevisiae, in which we deleted all eight
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thiol peroxidases (A8 cells) and found that deficiency in
these enzymes disrupts hydrogen peroxide-dependent tran-
scriptional regulation (Fomenko et al. 2011). In the present
study, we developed an independent A8 strain and assessed
how deficiency in these enzymes in two different isolates
affects cellular fitness and genome stability. We also sub-
jected A8 and wild-type (WT) cells to a long-term mutation
accumulation (MA) experiment. Genome sequencing of A8
isolates as well as various MA lines revealed that thiol per-
oxidases are important factors for genome maintenance. We
describe several hypermutability regions in a pattern of clus-
tered mutations in A8 cells, which are extended up to 150 kb.
These data suggest that the lack of thiol-based redox control
leads to a distinct mutator phenotype, directly implicating
thiol peroxidases in genome stability.

Materials and Methods
S. cerevisiae strains

Construction of a mutant strain lacking all eight thiol
peroxidases was reported previously (Fomenko et al. 2011).
Briefly, it was obtained by mating Prx null (A5Prx) (Wong
et al. 2004) and Gpx null (A3Gpx) (Avery and Avery 2001)
strains. The resulting diploids were analyzed by tetrad dissec-
tion; several hundred spores were checked on Yeast Nitrogen
Base selection plates for histidine, leucine, uracil, and methi-
onine auxotrophy and for G418 resistance. The growing
colonies were selected, and we performed a second PCR
screening for each locus with the use of HIS3, URA3, and
KanMX markers. Initially, we isolated colonies lacking six or
seven peroxidases, named A6 and A7, followed by deletion
of the remaining one or two peroxidases to yield A8 cells.
Details regarding the strains used can be found in Supporting
Information, Table S1. Both WT cells and multiple Gpx and
Prx mutants were in the BY4741 background. Yeast strains
were grown on yeast extract-peptone-dextrose (YPD) medium.
For respiratory growth, cells were grown on YPD containing 2%
glycerol, ethanol, or lactic acid.

Phenotypic characterization of the peroxidase
null strain

After growing cells for 2 days on YPD plates, individual
colonies were picked for both WT and A8 strains, each inocu-
lated in 10 ml of YPD liquid media and cultured overnight at
30° with moderate shaking. Overnight cultures were diluted to
an ODg of 0.02. Cell growth was monitored by ODgoo mea-
surements. YPD plates and liquid culture were supplemented
with 20 pg/ml phleomycin for TSAI-expressed strains.
Data from individual growth curves were used to calculate
cell division time. For replicative aging experiments, 20
individual virgin daughter cells were collected for both
WT and A8 cells. New buds from these original daughter
cells were separated and discarded, as they were formed,
using a dissecting microscope. This process continued until
cells ceased dividing.
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Figure 1 Deletion of eight thiol peroxidases causes growth
defects and reduces life span in yeast. (A) Decreased colony
growth of A8 cells. Overnight cultures of WT, A3, A5, and

two independent A8 isolates were diluted to an ODggg Of
0.3. Then, 5 pl of 10-fold dilution of each cell suspension

Time (h) was spotted onto YPD plates and photographed 3 days later.
(B) Reduced cell growth of A8 cells. Growth of WT and A8
C D 1 cells in liquid YPD medium was monitored by measuring the
300 —WT (22)  ODggo. (C) Increased division time of A8 cells. Division time
Z o5 | 9 0.75 | —AB(9) (in minutes) was calculated for each strain and plotted. (D)
£ o A8-2(9) Replicative life span of WT and A8 cells. Numbers in brackets
GE, 200 - % next to each strain indicate mean life span. The y-axis repre-
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Establishment of MA lines and whole-genome
sequencing

MA lines were initiated from isogenic lines of WT and A8
strains, which were passed through 50 single-cell bottlenecks
for a total of ~1500 cell divisions for WT lines and ~800
divisions for A8 lines over a course of 1 year. We kept the
original, initial isogenic WT and A8 cells frozen at —80°,
which were subsequently sequenced together with the MA
lines. At the end of the bottleneck process, cells from the
1-year-old A8 and WT lines were centrifuged and kept frozen
at —80°. DNA from each line was extracted using MasterPure
yeast DNA purification kit (Epicenter) according to the
manufacturer’s protocol. For sequencing, genomic DNA
samples were prepared according to the standard Illumina
protocols for library preparation. Initial cells and all MA lines
were paired-end sequenced with 75-bp reads on an Illumina
Hi-Sequation 2000 platform.

Assembly and detection of base substitutions and
small indels

Yeast reference genome was downloaded from the National
Center for Biotechnology Information web site (http://ftp.
ncbi.nih.gov). Sequencing reads were aligned to the reference
genome using a variety of tools. The best results were obtained
using Burrows-Wheeler Aligner, which utilizes a backtracking
method to search for inexact matches and provides a mapping
quality score for each read (Li and Durbin 2009). Further anal-
ysis was conducted using the Genome Analysis Toolkit (GATK)
framework (McKenna et al. 2010) according to the program’s
manual. Comparisons with the reference genome, as well as
pairwise comparisons of initial vs. MA lines, were performed to
identify point mutation substitutions and small indels. The
following additional criteria were implemented: (i) the nucle-
otide in question should have been covered by at least three

reads and (ii) the GATK score for this position should have
been >10 (which corresponds to P = 0.001 probability of
misidentification). The data were further analyzed using
a SHORE toolkit (Schneeberger et al. 2009), which was
designed to allow a higher tolerance for diverged regions.
The reported base substitutions and structural variants were
then compared with the GATK output, and read alignments
were manually verified with Tablet software (Milne et al.
2010). For each base substitution or indel candidate,
location on the chromosome was analyzed. An annotation
file downloaded from the Saccharomyces Genome Database
(http://www.yeastgenome.org/) was used to determine coding
and intergenic noncoding regions.

Calculation of mutation rates and analysis of mutation
clusters

Mutation rate was calculated by dividing the number of
detected mutations by the total number of bases in the
reference genome sequence and by the number of gener-
ations that each strain was propagated. For the initial A8
strain, the number of generations is unknown, so we calcu-
lated the mutation frequencies only. Standard errors were
calculated as the square root of mutation rate divided by the
number of nucleotides in the genome and the number of
generations (Denver et al. 2004). For MA lines 2A and 2B,
mutations that were common to both lines were considered
to have occurred in each of the lines. Mutation numbers for
different mutation types were calculated by further normal-
izing mutations from AT base pairs by the AT fraction of the
genome and mutations from GC base pairs by the GC frac-
tion of the genome. Clusters were analyzed according to
a previously described method (Michaelson et al. 2012).
Details of the analysis can be found in the figure legend
(Figure 3).
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Figure 2 Quantification of mutations in multiple thiol
peroxidase mutants. (A) Mutational landscape of thiol per-
oxidase mutants. Genome sequencing revealed 24 muta-
tions in A3, 91 in A5, 2290 in A7 (all peroxidases lacking
except for Gpx2), and 2643 in A8 cells. (B) Mutations
identified in the mutant strains represented by Venn dia-

gram. Mutation distribution is shown for three strains: A3
Gpx (blue), A5 Prx (green), and A8 strain (red). The num-
ber of mutations was calculated using the GATK proce-
dure, and the common mutations were identified by
comparing the sets of mutations among the strains. (C)
Number of mutations of each type in the original A8
strain. Number of mutations was calculated by dividing
the number of detected mutations by the total number
of bases in the reference genome sequence.
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Spot assays for genotoxin sensitivity

Resistance of WT and A8 strains to different genotoxic agents
was assessed by spot assays. Ten microliters of WT, A3Gpx, and
A5Prx cultures at the ODggq of 0.3 were serially diluted to fresh
YPD plates containing indicated amounts of campothecin,
phleomycin, benomyl, or hydroxyurea. Cells were grown for
3 days at 30°, and pictures were taken. For the A8 strain, the
initial ODgoo was 0.6 since the number of cells of this strain was
approximately 2-fold lower in the absence of treatment.

Messenger RNA isolation and fragmentation for
transcriptome analyses

Frozen yeast pellets were cryo-grinded in a BioSpec mini
bead beater. Lysis was performed with solutions from
a RNAqueous mini kit (LifeTech). Isolation of total RNA
proceeded according to the kit manual. Messenger RNA
(mRNA) was purified from total RNA using an mRNA Direct
Kit (LifeTech) according to the manufacturer’s guidelines.
Fragmentation of mRNA was achieved by a 30-min incuba-
tion in 1 mM EDTA, 500 mM NaHCOs, pH 9.2, at 95°.

Precipitation of RNA and DNA

The following components were added to the initial sample:
1/10 volume of ammonium acetate (Ambion), 5 wl of gly-
cogen (5 mg/ml, Ambion), and 2.5 volumes of absolute
ethanol. The mixture was incubated for 1 hr at —20°, and
nucleic acids were precipitated by a 15-min centrifugation at
20,000 X g. This method was used to precipitate DNA and
RNA after all enzymatic reactions.

Sequencing library preparation

mRNA fragments were treated with T4 polynucleotide
kinase (Thermo Scientific) for 1 hr in 10 pl total reaction
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volume. RNA was loaded on a 15% TBE-urea polyacryl-
amide gel (Invitrogen). The band corresponding to 50-70
nt was cut out of the gel and crushed with a disposable
pestle (Kimble Chase), and RNA was eluted during a 3-hr
incubation at 37° in 0.3 ml of elution buffer (20 mM Tris-HClI,
pH 7.0, 2 mM EDTA, 1/10 volume of 3 M ammonium acetate,
40 U/ml Superase-In). Gel particles were eliminated by
a Corning Costar spin-X 0.22-pm column. RNA was precipi-
tated. One hundred nanograms of 3’ adapter per sample
were ligated by T4 RNA ligase 2 truncated KQ or K227Q
(New England Biolabs). Reaction products were precipitated,
and reverse transcription was set up as follows. RNA pellet
was dissolved in 11.5 pl of water, and 4 pmol of reverse
transcription primer was added along with 1 wl of dNTP
mix (10 mM each). The mixture was incubated for 5 min at
65° and then chilled on ice. Two microliters of DTT and 4 wl
of First Strand Buffer (refer to manufacturer’s protocols for
composition) were added along with 0.5 wl of SuperScript II
and 0.5 pl Superase-In to the total volume of 20 wl. Reaction
then continued for 30 min at 42°, 1 min at 65°, and 5 min at
80°. RNA was degraded in the presence of 80 mM NaOH at
95° for 30 min and then neutralized by the same amount of
HCl. Reaction products were precipitated and run on 10%
TBE—-urea polyacrylamide gel (Invitrogen), and the band
corresponding to the transcriptase extended product was
cut off. DNA was eluted as described above, precipitated,
and later used in a CircLigase II reaction (20 pl total volume,
according to the manufacturer’s instructions; Epicentre).
Products of ligation were used in the final PCR without
additional precipitations or purifications. PCR was set up
as follows: 10 pmol reverse and forward primers (Table
S3), 10 pl High Fidelity buffer, 0.5 nl Phusion polymerase
(New England Biolabs), 1-4 pl of ligation product, and


http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.169243/-/DC1/genetics.114.169243-5.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.169243/-/DC1/genetics.114.169243-5.pdf

water up to 50 pl. PCR mix was subjected to 6-10 cycles of
amplification (94° for 15 sec, 55° for 10 sec, 65° for 10 sec).
Cycling was finalized for 2 min at 65°. PCR products were
precipitated and run on 8% TBE polyacrylamide gel, and the
band corresponding to the amplified products was cut off.
DNA was eluted as described above, precipitated, and sent
for sequencing on an Illumina HiSequation 2000 platform.
The data analysis was described previously (Gerashchenko
et al. 2012).

Expression of TSA1 in WT and mutant lines

We used phleomycin (bleMX6) containing plasmid pCEV-G1-Ph
(Vickers et al. 2013) to express the TSAT in WT and A8 strains.
The entire coding sequence of TSA1 (from start to stop codon)
was amplified with specific primers containing 5'-NotI and
3'-Pacl restriction sites and cloned into a plasmid for expres-
sion under the control of yeast TEF1 promoter. For yeast trans-
formation, overnight cultures were diluted and grown until
mid-log phase (ODgyy = 0.6). One milliliter of each culture
was used for transformation with an empty vector as control
and the TSAI-containing construct for expression using a lithium
acetate method. After transformation, cells were incubated for
3 hr at 30° and spread onto plates containing 20 pg/ml
phleomycin. Colonies were chosen after 5 days and
restreaked onto new plates containing either 40 pg/ml
phleomycin or 100 pg/ml zeocin since the bleMX6 cassette
provided resistance to both antibiotics (Vickers et al. 2013).
Colonies, which were grown on both plates, were used for
subsequent experiments.

Results

Deletion of eight thiol peroxidases leads to growth and
life-span defects

Combined knockout of eight thiol peroxidases (Table S1),
prepared from cells lacking three Gpxs (A3) and five Prxs
(A5), was not lethal in S. cerevisiae cells (Fomenko et al.
2011), but led to several phenotypic changes (Figure 1).
Thiol peroxidase deficiency yielded an approximately twofold
decrease in growth rate (Figure 1C). We also measured the
replicative life span of A8 and WT strains. The mean life span
of A8 cells was nine divisions, approximately 2-fold lower
compared to the 22 divisions observed in the WT strain
(Figure 1D).

The genome of the thiol peroxidase null strain is
highly unstable

To assess the role of thiol peroxidases in genome stability,
we sequenced and analyzed the genomes of A3, A5, and A8
(A8 initial) strains and compared them with the genome of
isogenic WT (WT initial) cells. This procedure revealed
2633 point mutations in A8 relative to WT cells (Figure
2A). Most of them occurred during and after construction
of this strain, since only 24 mutations were observed in A3
cells and 91 mutations in A5 cells compared to the reference
WT genome (Figure 2B). In the initial A8 cells, CG— TA and

Table 1 Mutations observed in the original A8 strain compared to
isogenic WT cells

No. Fraction

Type of substitution

Transition
AT > G:.C 956 0.36
G:C>AT 942 0.36
Transversion
AT >TA 239 0.09
AT>CG 164 0.06
GC>TA 171 0.07
G:.C > CG 161 0.06
Total 2633
Substitutions
Position
Noncoding 1161 0.44
Coding 1472 0.56
Coding sequences
Nonsense 4 0.0015
Missense 427 0.29
Silent 1041 0.71
Indels
Noncoding 17 0.78
Coding 33 0.22

Distribution of 2633 point mutations and 150 indels identified in the initial A8
strain. The entire list of mutations, together with positions and nucleotide changes,
is shown in File S1.

AT — GC transitions were much more common than other
mutation types (Figure 2C). We examined the locations of
point mutations and found that 1161 mutations were in
noncoding regions. Among 1472 mutations within coding
sequences, 1041 were silent (Table 1 and File S1). The
initial A8 strain also had 11 mutations found in noncoding
regions (9 base substitutions and 2 insertions) of the mito-
chondrial genome. To test for a possible change in mito-
chondrial function, we analyzed the respiratory function
by growing cells on ethanol, glycerol, and lactic acid and
found that the A8 strain can utilize these substrates (Figure
S1). Mutations found in the coding region of the genome
were distributed among 261 genes, with 149 genes having
more than one mutation. Most genes with multiple muta-
tions coded for cell-wall proteins rich in multiple tandem
repeats. A putative chloride transporter (YHLOO8C) had
the highest number of mutations (196 mutations), followed
by the flocculation gene FLOI (YAR050) with 108 mutations
and the PRM7 (YDL0O39C) pheromone-regulated protein
with 39 mutations (File S1). Among 90 small deletions
and 60 small insertions (up to three bases) that were found in
A8 strain, 33 were in coding regions, with the remaining 117 in
noncoding regions (Table 1 and File S1). The highest number
of mutations (point mutations and short indels) was observed
on chromosome 7, which had 672 mutations, and the lowest
on chromosome 10, which featured only 6 mutations (Figure
S2A). This difference was much greater than that expected
based on the difference in chromosome length (see below).
We observed a striking mutation clustering in the A8 strain:
many mutations were in close proximity to each other, while
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Figure 3 Mutation clustering in A8 cells. (A) Observed
vs. expected distances between adjacent mutations.
Observed distances are the distances between consec-
utive mutations on the same chromosome in the initial
stain. To calculate the expected distances between
mutations, we generated 100 sets of randomized
genomic positions, each with the same number of loci
as the number of mutations in the initial strain. We
further calculated the distances between adjacent
loci in each randomized set (as we did for the ob-
served mutations) and averaged the distances across
the 100 randomized iterations. Both observed and
expected distances were sorted by increasing distance
and plotted against each other (red circles). The diag-
onal represents equal expected and observed distan-
ces. As can be seen, most mutations were much closer
to each other than expected by chance while muta-
tional clusters were themselves very distant from
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individual mutation clusters were separated by long sequence
stretches with almost no mutations (Figure 3A). The largest
cluster occurred on chromosome 7 and extended ~150 kb.
This clustering pattern was indicative of a strong mutational
bias operating in this strain. Mutation clusters did not show
any bias with respect to mutation spectrum; rather, they in-
cluded all types of mutations, and clusters were not associated
with any particular time of replication (Figure 3B and Figure
S2B), nor did they correspond to the origin of replication or
locations of Tys/LTRs or transfer RNAs (data not shown).
However, we found that mutations tended to have repeats in
closer proximity than expected (Figure S3), indicating that
tandem repeat-associated mutations are a contributing factor
to the genomic distribution of mutations in the initial mutant.
Finally, we performed pulse-field gel electrophoresis (PFGE) to
identify the large-scale genome rearrangements. PFGE revealed
no apparent changes in chromosome size of the A8 strain com-
pared to WT cells (Figure S4).

Decreased fitness of MA thiol peroxidase null cells

The large number of mutations observed in A8 cells offered
an opportunity to use this strain to examine the process of
MA and the relationship between mutation accumulation

910 A. Kaya et al.

and cell fitness. Thus, we subjected the A8 strain to a
year-long MA experiment, in which several separate MA
lines, derived from the same culture of A8 cells (A8 initial
cells), were cultured in parallel with several lines of the
isogenic WT strain (also derived from the same WT culture
and designated WT initial cells), each passing through 50
(once per week) single-cell bottleneck selections (Figure 4).
Each bottleneck step consisted of a 3-day growth of single
colonies in liquid culture followed by 4 days colonial growth
on YPD agar plates. We calculated the total number of divi-
sions as 1500 for WT and 800 for A8 cells. The experiment
was initiated with six lines of A8 and three lines of WT cells.
After 100 generations, one of A8 lines was divided into two
parallel lines and named MA line 2A and 2B, thereby resulting
in a total of 7 A8 lines.

To assess how the long-term MA experiment affected cell
fitness, we compared life span and growth rate of initial and
MA lines after the long-term growth of WT and A8 cells.
Interestingly, both replicative life span and growth rate were
decreased in all independent A8 MA lines (at least in two
lines, P < 0.05), while this effect was not observed in WT
MA lines (Figure 5). However, there was no correlation
between the observed number of mutations in each line
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and the degree to which life span and growth rate were de-
creased. For example, the mutant MA line 3 accumulated 36
mutations (both point mutations and indels) and its mean
replicative life span was six divisions, whereas the mutant
MA line 1 had 12 mutations with the mean replicative life span
of four divisions (Figure 5 and Table S2).

Thiol peroxidase null MA lines exhibit high point
mutation and indel rates

We analyzed mutation rates and spectra of yeast cells by
sequencing the genomes of initial strains and A8 and WT
lines subjected to the MA procedure. A total of 132 point
mutations were observed in A8 MA lines, but only 7 point
mutations in WT MA lines. Among the 132 mutations, 49
were in noncoding regions and 83 in coding sequences, in-
cluding 52 missense, 3 nonsense, and 28 silent mutations
(Table 2 and Figure S5A). We identified 5 common muta-
tions between MA lines 2A and 2B (which were separated
from the common line 2 after 100 generations) and con-
firmed that all 5 mutations appeared prior to the separation
of lines by sequencing the PCR-amplified fragments from
mutated regions. The remaining 9 mutations for MA line
2A and 15 mutations for MA line 2B occurred independently
and showed no overlap. The data suggest that the occur-
rence of 5 mutations did not drive common mutations during
the rest of the experiment. No overlaps in mutations were
observed among other MA lines. Mutations showed a tendency
to occur in proximity to the mutation clusters in the A8 initial
strain and co-clustering was still significantly stronger than
expected by chance (Figure 3A). The overall transition rate
was twofold higher than the transversion rate (Ts/Tv). The
specific mutation distribution for MA lines was very similar to
that of the A8 initial strain, but the CG— AT transversion rate
was higher during the long-term growth (Figure 6A). The
observed mutational pattern suggested that oxidative DNA
damage had a major role. Oxidative deamination of cytosine,

which leads to thymine substitution, and the high oxidation
potential of guanine to 8-oxoguanine that is mismatched to
adenine were in agreement with our observations (Ossowski
et al. 2010; Thiviyanathan et al. 2008).

Among the seven point mutations identified in WT MA
lines, four were in coding regions and three in untranslated
regions (Table 2 and Figure S6A). The average base sub-
stitution rate was 15-fold higher in A8 MA lines (19.9 X
10710 per site per generation for A8 MA lines and 1.3 X
10710 for WT lines). We also calculated the MA line-specific
base substitution mutation rates for each A8 line, which
varied from 9.59 X 10719 to 28.6 X 10~1° (Figure 6B).

The genomes of MA lines were further analyzed to identify
small indels of 1-3 bp, identifying 17 insertions and 18 dele-
tions in A8 MA lines. The majority of indels were in noncoding
areas, with six occurring in coding regions. Of 29 intergenic
indels, 10 were found in telomeric regions (Table 2 and Figure
S5, B and C). We also identified 3 single-base-pair deletions in
the mitochondrial genome of three MA lines. As mentioned
above, there were substitutions and small indels identified in
the mitochondrial genome of the initial A8 strain, and several
more accumulated during the long-term growth of the MA
lines. However, mitochondria were still functional in all A8
MA lines at the end of the 1-year growth, indicating that
the observed mutations did not interfere with the respiratory
function in any of the MA lines (Figure S1). Further analysis of
the genomes of WT MA lines revealed a total of 5 small
insertions, including 3 in coding regions, whereas we did
not detect small deletions (Table 2 and Figure S6B). Only
one WT line harbored a single double-nucleotide insertion
in the mitochondrial genome, which also occurred in the
noncoding region. We did not observe mutational hotspots
during the long-term growth of WT or A8 MA lines. The
average rates of short indels were estimated at 5.3 X
10710 for A8 and 0.94 X 10719 for WT lines, and the
individual indel mutation rates varied from 2.1 X 10~1°
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Figure 5 Decreased fitness of MA lines. Twenty individual virgin daugh-
ter cells were collected for corresponding WT and A8 MA lines and
analyzed by using a microscope with a micromanipulator to determine
replicative life span. Statistical analysis of the life-span data were per-
formed using a Wilcoxon rank-sum test. P-value data for this experiment
are in Table S2. (A) Replicative life span of WT initial (green line) and WT
MA lines (black lines). (B) Replicative life span of A8 initial (red line) and A8
MA lines (gray lines). (C) Growth rate of initial and MA A8 lines.

to 10.6 X 10710 per site per generation in A8 MA lines
(Figure 6B and Table 2).

Characterization of an independent A8 isolate

Genome instability was a striking phenotype of the A8 mutant,
but a possibility remained that this mutator phenotype was the
result of a single mutational catastrophe during preparation of
the A8 mutant rather than the result of thiol peroxidase
deficiency. To address this possibility, we prepared an inde-
pendent A8 isolate from A3 and A5 cells, this time with
a minimal number of generations, and further sequenced
the genome of this strain. The new mutant also had a very
strong mutator phenotype. We detected 230 point mutations
and 15 small indels in this mutant, which corresponded to ~2
mutations per generation during strain construction; this can
be compared with the observed 2.2 mutations per 1500
generations in WT cells (Figure 7 and File S1). We charac-
terized several phenotypes of this new mutant and found its
overall behavior was similar to that of the original A8 strain,
including reduced growth rate and shortened replicative life
span (Figure 1). The mutation spectrum of the new isolate
was also similar to that of the previous isolate, and CG— TA
transitions were much more common than other mutation
types (Figure 7D). There were 20 commonly mutated genes,
with the majority of these genes inherited from the A5 cells
during the mating process. These mutated genes featured nu-
cleotide substitution mutations except for the metallochaperone
Mtm1, which had a frameshift in the first isolate and a substi-
tution mutation in the second isolate. It is difficult to evaluate
the functional consequences of mutated genes, if any, for the
observed phenotypes (File S1).
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Table 2 Mutations observed in WT and A8 MA lines following the
long-term MA experiment

WT A8

Substitutions 1 2 3 1 2A2B 3 4 5 6
Position

Noncoding 1T 0 0 4 7 10 8 6 4 10

Nonsense 0 0 O 1 10 0 0 0 1

Missense 1 0 2 2 2 6 14 8 10 10

Silent 0 2 1 2 4 4 6 8 0 4
Indels
Position

Noncoding 11 0 3 39 7 4 2 1

Coding 2 0 1 0 11 1 1 0 2
All mutations 5 3 4 12 1830 36 27 16 28
Mutation rate (X10710) 2.8 1.7 2.2 12.7 19 31.8 37.1 29.6 16.9 29.6
Mean (X10710) 2.2 25.3

Mutation distributions for each MA line are shown. Mutation rates were calculated
based on the total number of substitutions and small indels per site per generation.
The entire list of mutations together with positions and nucleotide changes is
shown in Figure S5 and Figure S6.

An additional consistent observation with the new isolate
was that mutations tended to be in close proximity to each
other (Figure S7). Overall, these data showed that deficiency in
eight thiol peroxidases leads to a strong mutator phenotype in
yeast cells, characterized by point mutations and indels and
pointing to a critical role of these proteins in genome stability.

Deletion of eight thiol peroxidases modulates
sensitivity of cells to DNA damage

To test whether the impaired proliferation and the observed
mutator phenotype of A8 cells were related to DNA replication
and repair, we examined the sensitivity of cells to genotoxic
stresses. Cells were treated with camptothecin and hydroxy-
urea, which are commonly used as replication inhibitors, and
with benomyl, which affects the function of microtubules, caus-
ing improper chromosome segregation during cell division and
delayed DNA replication (van Loon et al. 2010; Sheltzer et al.
2011). In addition, we treated cells with phelomycin, which
induces double-strand breaks that are repaired by homologous
recombination (Reiter et al. 1972). In all cases, the A5Prxs and
A8 strains, but not the A3Gpxs strain, displayed significant sen-
sitivity to these drugs, suggesting that the observed slow pro-
liferation phenotype could be related to the defect in both
replication and recombinational repair processes in the absence
of peroxiredoxins (Figure 8A). Consistent with this observation,
the new A8 isolate showed the same sensitivity to all these
drugs (Figure S8). It is known that in most cancer types repli-
cation stress causes an aggressive mutator phenotype (Loeb
2001). These observations support the idea that thiol peroxi-
dases have critical roles in the DNA damage response and in
ROS control. Accordingly, deficiency in these enzymes leads to
a strong mutator phenotype by delaying replication.

Consistent transcriptome landscape of A8 cells

Even though there was a 10-fold difference in mutations and
a large difference in the number cell divisions between the
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two A8 strains, both independent isolates were similar with
regard to growth characteristics, drug sensitivity, and life
span, suggesting that the observed phenotypic changes were
largely due to thiol peroxidase deficiency. We further examined
this possibility by analyzing gene expression via RNA-seq. The
numerous mutations that independently emerged in two A8
mutant strains did not result in significant differences in their
gene expression, as the expression of 4493 genes was highly
correlated (p = 0.97) (Figure 8A and File S2). At the same
time, the expression of 90% genes varied between —0.73
and 0.99 (Log2) in both A8 isolates, and 10% of genes in-
creased or decreased expression at least twofold, compared
to WT cells (Figure 8A). We were particularly interested in
the transcriptional regulation of DNA repair genes as it could
provide further molecular insights into the basis for the
mutator phenotype of A8 cells. A total of 183 such genes
are known to maintain stability of the yeast nuclear genome
(File S2). We found that the expression of these genes was

well correlated (p = 0.99), and most of them were upregu-
lated in both A8 isolates compared to WT cells (Figure 8B).
Among these genes, ubiquitin-dependent DNA repair genes,
which are involved in the nonhomologous end-joining pathway
that repairs double-strand breaks, were top hits. Recently; it was
shown that this pathway promotes DNA repair, supporting cell
survival following DNA repair (Kato et al. 2014). Perhaps, the
error-prone double-strand break repair in the repetitive regions
initiates mutations in A8 cells, leading to the observed clustered
mutation pattern.

Overexpression of the abundant thiol peroxidase Tsa1
partially restores the growth phenotype

To further characterize the consequences of deleting eight
thiol peroxidase genes, we tested the complementation of
growth of mutant cells by overexpressing Tsal under the
constitutive yeast TEF1 promoter. Tsal was previously de-
scribed as a highly abundant peroxidase that suppresses
genome instability (Iraqui et al. 2009). In WT cells, its
expression did not affect cell growth. The slow growth of thiol
peroxidase null strains was partially restored in the loga-
rithmic phase by Tsal expression, but both populations
attained a lower level of cell density than either WT or control
A8 cells (Figure 9A). Thus, expression of Tsal only partially
rescued the growth of A8 cells. We also confirmed the resto-
ration of growth by spotting equal amounts of cells onto YPD
plates and examining them 3 days later (Figure 9B).

Discussion

It has been ~2.5 billion years since the great oxygenation
event (GOE). The cost of living in an oxygen-rich environment
is currently the subject of intense research. Evidence indicates
that, in addition to evolving ways to utilize O,, organisms
developed defense systems against dangers posed by ROS
and oxidative stress in general. Thiol peroxidases are the
enzymes that clear low levels of hydroperoxides from cells,
but they may differ from other antioxidant proteins since they
are also found in anaerobes. In fact, they occur in nearly every
living organism, indicating that they evolved prior to the GOE
(Edgar et al. 2012). Thus, additional, presumably more ancient,
noncanonical roles of peroxidases might not be known.

In the current study, we performed whole-genome
sequencing to characterize the impact of thiol peroxidase
deficiency on genome stability, following the deletion of all
Prxs (five genes) and Gpxs (three genes). These A8 cells
were viable, but manifested several phenotypes indicative
of decreased fitness, such as slow growth, shorter life span,
and decreased colony size in two independent A8 isolates.
We cannot completely exclude the possibility that some of these
phenotypes were affected by nonperoxidase mutations, but the
striking similarity between the two independent preparations of
A8 mutants, which did not share common mutations, argues
against this possibility. It should be noted, however, that,
because it is difficult to generate a clean (isogenic to wild
type) A8 strain, nonperoxidase mutations may play some
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role. Regardless, our key finding was that both isolates had
a very strong mutator phenotype, leading to the accumulation
of numerous mutations in their genomes that were different
in the two A8 mutants and suggesting that it is the absence of
thiol peroxidases that compromises genome integrity.

To further address the role of thiol peroxidases in genome
stability, we designed a controlled experiment, wherein WT
(three independent lines) and A8 cells (seven independent
lines) were subjected to a parallel, long-term MA experiment,
characterized by 50 weekly bottlenecks. After this long-term
growth, we compared the replicative life span and growth
characteristics for all experimental MA lines. Interestingly,
there was a reduction in fitness in all A8 MA lines for both
life span and growth rate. This experiment showed that all
seven parallel A8 MA lines became increasingly vulnerable
during growth in the absence of thiol peroxidases. Since thiol
peroxidases are highly conserved proteins and occur in nearly
all living organisms, these results suggest that the presence
of these enzymes is required for protection and recovery of
populations from natural collapse, subject to environmental
and genetic challenges.

We sequenced the genomes of initial and MA A8 and WT
strains and compared their mutation spectra. All A8 lines
had significantly more mutations than any of the WT lines:
the average mutation rate (base substitutions and indels) of
the mutant MA lines was 11-fold higher than that of the WT
MA lines. We observed 0.0027 mutations per generation (12
mutations/three lines/1500 generations) for WT and 0.03
mutations per generation (167 mutations/seven lines/800
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generations) for the A8 mutant. The mutation rate for WT
was consistent with a previous measurement (Lynch et al.
2008). The variation among mutation rates for each MA line
could be an indicator of the influence of new mutations. There
were almost 200 genes having missense and/or frameshift
mutations in the initial A8 strain, which possibly interfered
with the function of these proteins, including some DNA repair
enzymes, thereby affecting the mutation rate. This issue high-
lights the difficulty in determining a single mutation rate as it
changes over time.

We did not identify recurrent mutations among MA lines.
One interesting observation in the A8 strains was the finding
of long clusters of mutations. Proximity of these mutations
suggested that clustered events could reduce the deleterious
effects of random mutations or that mutations in the regions
that harbor nonessential genes are preserved and enriched,
while mutations in more critical regions lead to lethality and
so could not be recovered in our bottleneck selection design.
A similar mutation clustering was recently reported in another
yeast experiment (Roberts et al. 2012). This study observed
nonrandom biased clustered mutations near chromosome
breakpoints, which had a common motif targeted by specific
deaminases. Our results also indicate that there could be a dif-
ferent intrinsic mechanism for the observed mutation distri-
bution in the thiol peroxidase null strain in parallel to random
selection, resulting in such an extensive mutation pattern.

To test for general association of mutations in the initial
strain and tandem repeats, we analyzed the distribution of
distances between mutations and repeats, comparing them



Control Camptothecin Phleomycin  Hydroxyurea Benomyl
B AB-1/Wt  AB-2/Wt
100000 =
p=0.97 —
10000 +
F L
E 1000 —
% 100 F
< t
10+
I e
1 10 100 1000 10000 -
AB-2 [rpkm] ﬂ
2 14 0 1 2
C AB-1/Wt  AB-2/Wt
4096 T
1024 + N 1
| o
E‘ 256 ': =
= .
64 +
£ =3
g 167 f
4 r -
1 p—— i
1 8 64 512 4096
A8-2 [rpkm]

to the distances expected by chance (Figure 3 and Figure
S3). It is known that these repetitive DNA sequences are
highly unstable and mutate at high rates, including a high
frequency of double-strand DNA breaks (Bzymek and Lovett
2001; Gemayel et al. 2010). It appears that the observed
long stretches of mutation clusters in A8 cells could be initi-
ated at tandem repeats initiated by double-strand DNA
breaks. Subsequently, error-prone repair could introduce
additional mutations in these regions. Apparently, this ob-
servation is also applicable to the second A8 isolate since
clustering was also observed in this mutant. A second line
of evidence from gene expression data also supports this
hypothesis as most of the double-strand DNA break repair
genes were upregulated in both A8 strains.

Our genotoxic assays and transcriptome analyses also
suggest additional mechanisms by which thiol peroxidases
may maintain genome stability. The A8 strains are very sen-
sitive to replication inhibitors and microtubule poisons, which
delay DNA replication and cellular proliferation, respectively:.
It appears that DNA damage occurs in the absence of thiol
peroxidases as a consequence of oxidative stress, even if this

Diamide

Figure 8 Spot assay and comparison of gene expres-
sion data. (A) Sensitivity of A8 and WT cells to DNA
damage agents. In the control panel, A8 and A5 cells
were used with a twofold higher cell density compared
to other strains to observe similar growth. Ten-fold
dilution of WT and A8 cells grown on YPD plates
containing 15 pg/ml camptothecin (replication inhibitor),
150 mM hydroxyurea (replication inhibitor), 0.3 wg/ml
phleomycine (double-strand break inducer), or 15 pg/ml
benomy! (microtubule poison). (B) Comparison of expres-
sion of 4493 genes in A8 isolates with the expression
graded as log2 of the fold increase/decrease in the heat
map on the right, ranked from high (blue) to low (red).
Mean rpkm (reads per kilobase transcript per million reads)
values of two repetitions for each A8 isolate were calcu-
lated, the values <10 in both isolates were eliminated,
and Spearman correlation (p) was calculated. Expression
distribution of genes for both A8 isolates is shown by
a histogram at the bottom right. (C) Analysis of genes
known to regulate stability of the nuclear genome.

stress is relatively mild. We hypothesize that thiol peroxidases
interact with transcription factors to activate or repress gene
expression. In the absence of thiol peroxidases, transcription
regulation of these cells is compromised. This may be an
additional factor that contributes to the high mutator pheno-
type in A8 cells. A global regulatory role of peroxidases in
transcriptional signaling is consistent with this idea (Fomenko
et al. 2011). Finally, we showed that overexpression of a major
thiol peroxidase Tsal was able to partially rescue the growth
phenotype of A8 cells.

We described the mutational landscape of cells lacking thiol
peroxidases and showed that these enzymes have important
roles in maintaining genome integrity due to counteracting the
damaging effects of low levels of peroxides and regulating
DNA repair genes. Our genome analyses suggested that, in the
original A8 strain, deletion of all eight thiol peroxidase genes
coincided with a rapid accumulation of many mutations (while
very few mutations were detected in A3 and A5 mutants),
but subsequently changes accumulated in the genome that
slowed down the mutation rate (based on the mutation rate
of A8 cells revealed by our long-term MA experiment). In the
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Figure 9 Expression of TSAT in A8 cells. (A) Reduced cell growth of A8
cells was partially rescued by Tsa1 expression. Growth of WT and A8 cells
expressing (or not) TSA1 in liquid YPD medium containing 20 ug/ml
phleomycin was monitored by measuring the ODggg every 30 min. Mean
values of two independent measurements for each point are shown. (B)
Colony growth of Tsa1-expressing A8 cells. Overnight cultures of WT and
two independent A8 isolates as well as the corresponding strains expressing
Tsa1 were diluted to an ODggg of 0.3. Then, 5 pl of 10-fold dilution of each
cell suspension were spotted onto YPD plates containing 20 wg/ml and
photographed 3 days later.

independent A8 isolate, the mutation rate was also very high,
but not as high (even considering the few cell divisions).
Perhaps, a mutational catastrophe occurred during meiosis
that led to A7 cells, prior to preparation of A8 cells. Indeed,
the number of mutations from this step to create A8 was
similar to that observed in the second A8 isolate and MA lines
(Figure 7D).

It was shown previously that yeast cells can withstand the
rate of ~10~3 mutations per gene per cell division (Herr
et al. 2011). Above this threshold, cells eventually die, and
only the cells with suppressor mutations that decrease the
rate of error-prone replication escape from extinction. Such
suppressors may tolerate substantial increase in mutation
rate before losing viability (Herr et al. 2011). We speculate
that the observed reduced mutation rate in A8 MA lines
reflects the fact that these cells acquired important modifier
loci to suppress the high mutation rate of the A8 cells. There
is also evidence for a further reduction in mutation rate
during strain construction: lines 2A/B had 5 mutations during
the first 100 generations of the MA procedure, whereas line
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2A had only 9 additional and line 2B 15 additional mutations
in the remaining 700 generations (for line 2A, this is a sig-
nificant reduction; Fisher’s exact, P = 0.025). This implies
that selection might have acted during the MA procedure
and that the mutation rate declined, perhaps also partially
affecting the spectrum of mutations. Cells with deleterious
mutations were eliminated following each bottleneck, and
cells with the acquired lower mutator phenotype were selected.
In the end, we observed lower-than-expected (based on the
comparison of WT and A8 genomes) numbers of mutations in
MA lines following the long-term growth experiment, although
these numbers were still much higher than mutations in the WT
MA cells.

We presented the first genome-wide mutation spectrum
of cells as a consequence of thiol peroxidase deficiency,
which uncovered an important function of these enzymes in
genome stability. There are several reports showing that
mice lacking Prdx1, an ortholog of yeast Tsalp, are highly
prone to the development of various malignancies (Neumann
et al. 2003; Egler et al. 2005). Our study supports the idea
that thiol peroxidases are key protectors against DNA damage
and genome instability and can serve as tumor suppressors
under conditions of oxidative stress. These genes are conserved
in all three domains of life and are present in nearly all living
organisms, but often they are not essential when knocked out
in various organisms. Understanding the mechanism by which
they contribute to genome stability offers insights into their
functions, conservation in the three domains of life, and essen-
tial roles in DNA maintenance and protection against cancer.
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Figure S1
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Figure S1. Spotting assay using respiratory substrates for initial and all MA lines. Wt and A8 strains
were analyzed on plates containing 2% glucose (Glu), ethanol (EtOH), glycerol (Gly) and lactic acid
(Lac), respectively, to analyze the function of mitochondria. Left panel shows the growth of Wt lines and
right panel of A8 lines. All MA lines were able to utilize all respiratory substrates excluding the A8 MA

line 6, which showed poor growth on glycerol and lactic acid plates.
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Table S1. Yeast strains used in this study.

38l

Strain | Designation of Wt Genotype Source
and mutant cells
BY4741 Wt MAT a his3 leu2 met15 ura3 ATCC
MAT a his3 leu2 met15 ura3
Avery et
GY25 A3Gpx Agpx1:URA3, Agpx2:HIS3, Agpx3:
al., 2001
KAN
MATa his3 leu2 met15 ura3 Wong et
GY14 A5Prx Atsal:KAN, Atsa2:LEU2,
Adot5:MET15, Aahpl:HIS3, al., 2004
Aprx1:URA3
MATa his3 leu2 met15 ura3 .
GY150 A6 (all APrx Agpx3:KAN, URA3, Atsal:KAN, This
+AGpx1) Atsa2:LEU2, Adot5:MET15, study
Aahpl:HIS3, Aprx1:URA3
MATa his3 leu2 met15 ura3
Gygg | A7 (all APrx+2 Agpx1:URAS3, FZT:FkO
AGpx1,3) Agpx3:KAN, Atsal:KAN, Atsa2:LEUZ2, N
Adot5:MET15, Aahp1:HIS3, 2011
Aprx1:URA3
MATa his3 leu2 met15 ura3
Atsal:KAN, Fomenko
GY100 A8 (all APrx+all Atsa2:LEU2,Adot5:MET15, ot al
AGpX) Aahpl:HIS3, Aprx1:URA3, 201'1’
Agpx2:HYG, Agpx1:URAS,
Agpx3:KAN
MATa his3 leu2 met15 ura3
Atsal:KAN, .
Gyisy | A8 (all APrcrall Atsa2:LEU2,Adot5:MET15, This
AGPpX) study

Aahpl:HIS3, Aprx1:URA3,
Agpx2:HYG, Agpx1:NAT, Agpx3:KAN

A. Kaya et al.




Figure S2

A

Number of mutations per Kb (x10-3)

20 N RN
c}\ c}\ Go c}\( /(}\( /c}\\ /c}\( /c}\‘ /(;é /c}\(/

0.4

0.2 l I

o.f l-l ---l. --./'
%
/ov(

W 00N OO R W N =

Chromosomes

%

— Rep. prof

Centromere

}

;
|

+ Initial mutant

S

+ 1yrMAlines

i
i
|

E

i
2

| | | ! |
200 400 600 800 1000 1200 1400
Chromosomal coordinate (kb)

Figure S2. Chromosome distribution of mutations in the original A8 strain. A) Number of mutations
was normalized according to chromosome length and plotted for each chromosome. B) Distribution of
initial mutations (red dots) together with mutations identified after the long- term growth (blue dots) per

chromosome shown with replication timing (Koren et al. 2010).
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Table S2. Lifespan analysis of MA lines.

58I

MA-line

1
2A
2B

Wit-1
Wt-2
Wt-3

MA-line

Mean

4.4
7
6.9
6.3
4.3
6.4
6.4
15.8
16.6
19.8

MA-line

N
20
20
20
20
20
20
20
20
20
20

Initial
Mean
9.2
9.2
9.2
9.2
9.2
9.2
9.2
20.7
20.7
20.7

A. Kaya et al.

Initial
N
20
20
20
20
20
20
20
20
20
20

%
Change
52.2
23.9
25.0
315
53.3
30.4
30.4
23.7
19.8
4.6

Ranksum
P-Value
0.011
0.26
0.23
0.14
0.011
0.13
0.13
0.11
0.13
0.79



Figure S3

[4)]
o

»
[
T
.\

IS
[=)
T

W
[<2)
N\

%%.
N\

Expected repeat-mutation distance (Kb)
S o 3 &

(3]

(=]

10 20 30 40 50
Observed repeat-mutation distance (Kb)

o

Figure S3. Observed versus expected distances between repeats and mutations in the initial A8
strain. Variable tandem repeats were extracted from Vinces et al. 2009 (intergenic repeats) and
Verstrepen et al. 2005 (intragenic repeats) for our analysis. Blue circles are the observed versus expected
distances between mutations in the initial strain and their nearest repeat. The expected distances between
mutations and repeats were calculated by averaging over 100 randomized locations of mutations. The
diagonal represents equal expected and observed distances. Only repeats of length of 5 bp or more and a

repeat number of 3 or more were used for this analysis.
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Table S3. Primers used for RNA-seq library preparation.

7S

3‘admﬁer AppAGATCGGAAGAGCACACGTCT/3ddC/
RTlpr"ner PGATCGTCGGACTGTAGAACTCTGAACCTGTCGGTGGTCGCCGTATCATT/iSpl8/
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
PCR forward | AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGACGATC

PCR reverse
primers
(indexed)

CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCT

A. Kaya et al.




Figure S4
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Figure S4. Pulse-field gel analysis showing chromosome size comparison between Wt and A8
isolates. PFGE was conducted using a BioRad Contour-clamped homogeneous electric field (CHEF)
Mapper XA system and genomic samples were prepared using the CHEF genomic DNA plug Kkit.
Agarose-embedded chromosomal DNA preparation and running conditions were performed according to

the kit manual.
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Figure S5

B MA lines

Ret/Alter A.A. change Chr Start End  Deletion Ini 12A28B 3 4 5 6
T-G Chr_1 71117 71117 A
ac Chr_} 203092 203092 A
oA N Chrl 204239 204240 AA
T-C T Chr_2 7913 7913 A
Ta s Chr_3 147 147 A
oA K Chr 4 551820 551820 A
AT chr 8 11 11 c
T Chr_12 5711 5711 A
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Figure S5. List of point mutations and indels in A8 MA lines following the long-term
growth experiment. Green shows the presence of mutations with positions for each MA line
represented by each column. Red shows the absence of mutations for this position for the
indicated MA line. A) Point mutations. B) Deletions. C) Insertions.
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Figure S6

A MA lines B MA lines
Position Ref/Alter A.A.change |Initial 1 2 3 Chr Start End Insertion Initial 1 2 3
Chr_2 140112 T-C E-K Chr_I 206179 206180 [
Chr_3 125215 A-G Chr_9 39373 39374 AA
Chr_3 199081 G-A L Chr_9 105430 105431 AA
Chr_4 1525340 C-A Chr_14 784124 784125 T
Chr_11 666757 G-T Mito 50784 50785 cc
Chr_12 714450 G-C P-R
Chr_15 100064 A-G K-E

Figure S6. List of point mutations and indels in Wt MA lines following the long-term growth

experiment. Same representation is shown here for Wt MA lines as in Figure S5.
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Figure S7
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Figure S7. Clustering mutations in the new A8 isolate. Observed versus expected distances between

adjacent mutations were analyzed as described in Figure 3B.
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Figure S8

Control Camptothecin  Phleomycin Hydroxyurea Benomyl

Figure S8. Sensitivity of A8 and Wt cells to DNA damage agents. Ten-fold dilution of Wt and A8 cells
grown on YPD plates containing 15 pg/ml camptothecin (replication inhibitor), 150 mM hydroxyurea
(replication inhibitor), 0.3 pg/ml phleomycine (double strand break inducer) or 15 pg/ml benomyl

(microtubule poison).
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Files S1-S2 are available for download as Excel files at
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.114.169243/-/DCL1.

File S1. List of mutations and indels in the initial A8 strains. Excel spreadsheet shows the
position and nucleotide change of point mutations and indels in the A8 strains. If the mutation is
in the coding region, gene was indicated on the right of the each position together with amino

acid change. Genes without amino acid change indicates silent mutations.

File S2. List of genes and expression values analyzed in Wt and mutant strains. Log 2 value

of each gene was clustered and analyzed to yield expression profile.
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