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Abstract

Background Understanding the mechanisms of genetic evolution in marine yeasts is essential for their ecological
and biotechnological applications. Scheffersomyces spartinae, an ascomycetous yeast species, characterized

by its remarkable robustness and carbon source utilization capability, has garnered significant attention for its
biotechnological potential.

Results In this study, we investigated the spontaneous and induced genomic alterations of the marine yeast S.
spartinae under various conditions. Through mutation accumulation experiments combined with whole-genome
sequencing, we revealed that the rates of spontaneous single nucleotide variations and small insertions and deletions
were 63x 107" and 1.4x 107" per base pair per cell division, respectively, in S. spartinae. The predominant type of

base substitution was C-to-T or G-to-A, likely induced by cytosine deamination. Template slippage during DNA
replication emerged as the primary cause of small InDels. 50 J/m? UV treatment elevated the SNV rate by 124-fold,
with C-to-T substitutions occurring at the 5-TC-3"motif and T-to-C substitutions at the 5-TT-3"motif being the most
prominent features. Exposure to 50 pg/mL Zeocin resulted in 76-fold and 71-fold increases in the rates of SNVs and
InDels, respectively, with frequent T-to-A mutations and T deletions occurring at the 5-GT-3"motifs. Heat stress at

37 °C increased the SNVs and InDels rates to 1.4x 107'° and 7.5x 10™" per base pair per cell division. Notably, this study
demonstrated that large deletions and duplications (> 1 kb) and aneuploidies are less likely to occur in S. spartinae
compared to other yeast species, suggesting that this organism is less tolerant to large-scale genomic alterations. In
contrast, we observed a marked decrease in rDNA copy numbers when S. spartinae cells were cultivated at elevated
temperature conditions. This finding indicates that variations in rDNA copy numbers might act as an adaptive strategy
for yeasts in response to fluctuating temperatures.

Conclusions Our findings provide novel insights into the patterns and genetic mechanisms underlying genomic
evolution in yeasts.
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Background

Yeasts are single-celled eukaryotes that serve as valuable
models for biological studies and as cell factories for vari-
ous industrial applications. Among them, Saccharomy-
ces cerevisiae is the most widely used yeast in genetics
and biotechnology [1, 2]. Recently, certain yeasts from
marine environments have garnered increased attention
due to their unique physiological and phenotypic traits
[3, 4]. For instance, the oleaginous yeast Yarrowia lipo-
lytica can thrive in diverse habitats such as soil, sewage,
and oil-contaminated sites [5]. Additionally, it possesses
the remarkable ability to assimilate a broad spectrum of
both hydrophobic and hydrophilic carbon sources [6,
7]. The yeast Scheffersomyces spartinae exhibits high salt
resistance, the ability to utilize multiple carbon sources,
and shows potential for applications such as coenzyme
Q9 production and azo dye degradation [8, 9]. A recent
study provided a telomere-to-telomere assembly of the
S. spartinae genome, revealing abundant genetic varia-
tions between different strains of this species [10]. How-
ever, the underlying mechanisms behind these variations
remain poorly understood.

Genomic alterations are fundamental sources of
genetic diversity and phenotypic evolution in organisms,
encompassing a wide range of changes in DNA sequences
and structures. These alterations include single nucleo-
tide variations (SNVs), small insertions and deletions
(InDels), chromosomal rearrangements (such as large
deletions and duplications), loss of heterozygosity (LOH;
gene conversion and crossover), and whole-chromosome
aneuploidy [11]. Such changes can occur spontaneously
or be induced by stressors, including DNA-damaging
agents like ultraviolet (UV) light and methylmethane sul-
fonate, which are widely used as mutagens in genetic and
breeding studies [12]. Therefore, investigating the pat-
terns and mechanisms of genomic alterations under both
spontaneous and stress-induced conditions is crucial
for elucidating their roles in phenotypic evolution and
for developing innovative strategies to construct robust
strains.

Traditionally, yeast reporter genes such as L/RA3 and
CANI, whose dysfunction results in selectable pheno-
types, have been widely used to detect DNA mutation
frequencies and spectra [11]. With the development of
high-throughput sequencing technology, yeast strains
subjected to mutation accumulation (MA) experiments
followed by whole-genome sequencing have proven to
be powerful tools for analyzing genomic alterations [13—
15]. Using this strategy, Sui et al. found that the rates of
SNVs, small InDels, LOH, and large-scale chromosomal
rearrangements in the diploid S. cerevisiae strain were
4.8x107% 2.7x107% 4.7x107% and 1.8x107% events
per genome per cell division, respectively [15]. Further-
more, their data revealed that these genetic events were
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non-randomly distributed across the chromosomes.
Exposure to UV [16-18], phleomycin (Zeocin) [19, 20],
high temperature [21], hydrogen peroxide [22], and furan
derivatives [23—25] has led to increased rates of certain
genomic alterations and modified their patterns as well.
For instance, our previous work found that exposure to
Zeocin resulted in an increase in SN'Vs and InDels by two
orders of magnitude in S. cerevisiae, with T-to-G being
the most prominent base substitutions [20]. Although
multiple studies have been conducted to reveal genetic
modifications under various conditions in S. cerevisiae,
it remains unclear whether the inference obtained from
this model yeast can be applied to other non-classical
yeasts, including the wild-type marine yeast S. spartinae.

In this study, we investigated spontaneous and physi-
cal/chemical factor-induced genomic alterations in
S. spartinae using MA experiments combined with
next-generation whole-genome sequencing. Our find-
ings revealed that UV radiation, Zeocin, and heat stress
resulted in distinctly different DNA mutation spectra
within the S. spartinae genome. We further examined
the variations in genomic alteration patterns between S.
spartinae and S. cerevisiae, discussing potential under-
lying genetic mechanisms. These results provide new
insights into the genetic mechanisms driving genomic
evolution in yeasts.

Materials and methods

Yeast strains and growth conditions

The marine yeast S. spartinae YMxiao (CCTCC AY
2022004), was originally isolated from the sea water
of Dongji Island in Zhoushan city, China [10]. YPD
medium, which consisted of 1% (w/v) yeast extract, 2%
(w/v) peptone, and 2% (w/v) dextrose, was used to cul-
ture this strain. Incubation was carried out at 30 °C or an
indicative temperature.

MA experiment of S. spartinae Ymxiao

To investigate spontaneous genomic alterations in the
diploid marine yeast S. spartinae, we subcultured 19
independent MA lines (isolates) of YMxiao on solid YPD
medium for either 60 (10 isolates) or 100 (9 isolates)
generations. During each subculture cycle, we randomly
selected one colony from a YPD plate and streaked a sin-
gle colony onto a new YPD plate for each MA line. The
cells subcultured on YPD plates and incubated at 30 °C
for 2 days for each generation. For UV radiation expo-
sure, 5 MA lines of YMxiao were exposed to 254 nm
UV light at an intensity of 50 J/m? using a UV cross-
linker (UVP CL-1000) after streaking for 90 s, followed
by incubation at 30 °C for 2 days. For Zeocin treatment,
9 MA lines of YMxiao were stroke on YPD plates con-
taining 50 pg/mL Zeocin (InvivoGen) and then incu-
bated at 30 °C for 3 days. The MA lines treated with
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UV and Zeocin treatment were subcultured for 10 gen-
erations. To explore heat-induced genomic alterations,
21 MA lines of YMxiao were incubated on YPD plates
at 37 °C for 30 (3 isolates), 60 (13 isolates), or 90 (5 iso-
lates) generations. We sequenced several isolates after 30
generations of subculture under 37 °C. Whole genome
sequencing was then performed to detect genetic events
in the subcultured isolates under above mentioned con-
ditions (Fig. 1A).

Genome sequencing of S. spartinae isolates

The genomic DNA (gDNA) of yeast cells were extracted
using the Genomic DNA extraction kit (Apostle MiniG-
enomics), and the quality of the gDNA is assessed using

A
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the Qubit dsDNA BR Assay Kit 501 assays (Invitrogen)
and gel electrophoresis. Subsequently, index adapters
are added to the gDNA using Adapter Set 8 for MGI
(Vazyme), and the VAHTS® Universal Plus DNA Library
Prep Kit for MGI (Vazyme) is used to construct the
library on the MGISP-960(MGI), with subsequent qual-
ity control of the library. The library is then circularized
using the VAHTS® Vircularization Kit for MGI (Vazyme),
and the genomic DNA is sequenced on the MGISEQ-
2000(MGI)sequencer using a 2x150 bp paired-end
indexing scheme. Raw sequencing reads were quality-
checked using FastQC (v0.11.9) and trimmed with Trim-
momatic (v0.39) to remove low-quality bases (Phred
score < 20) and adapter sequences.

Subculture: streaking single colonies DNA extraction
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Fig. 1 Distinct rates and spectrum of spontaneous and induced point mutations. (A) Mutation accumulation method. To induce genomic alterations,
isolates of S. spartinae YMxiao were repeatedly subcultured on solid medium under specific conditions. During each cycle, YMxiao cells were streaked
onto the solid medium to isolate single colonies. After completing mutation accumulation, the cells were expanded through large-scale cultivation and
subjected to lllumina whole genome sequencing. (B) The rates of SNVs and InDels under various conditions. (C) Ratios of 6 types of base substitutions
(transitions and transversions) in S. spartinae isolates. (D) The rate of each individual base substitution. The data are shown as the means+SD. P-values
were determined using the Wilcoxon rank-sum test and P < 0.05 are indicated with asterisks
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Detection of SNVs and indels
High-quality reads were aligned to the S. spartinae
YMxiao reference genome using BWA-MEM algorithm
(v0.7.17) with default parameters [26]. The output sam
files were converted to bam files and sorted using SAM-
tools (v1.10). SNPs and InDels were identified using
VarScan (v2.4.3). The resulting Variant call format (VCF)
files were filtered to exclude low-confidence variants
using standard hard filters: base quality>30, mapping
quality =40, and strand bias p-value >0.05. Variants were
annotated using SnpEff (v4.3) with the pre-annotated
S. spartinae YMxiao genome database to predict their
impact on coding sequences and regulatory regions.
Mutation rates (i, per base pair per cell division were

calculated as follows: 1, = W, where nbp is
£ tot

the number of mutations of any type of SNVs or InDels,
N is 24,000,000 (the number of base pairs of the diploid
genome of S. spartinae YMxiao), gen,, is the total num-
ber of subculture generations, and t is the number of cell
divisions from a cell to form a colony.

Analysis of DNA copy number variations

The sequencing coverage of each base of the genomes of
S. spartinae isolates were calculated by bedtools, using
the sorted BAM files as inputs [27]. The depth of cover-
age for each sample was calculated using with a bin size
of 2000 bp and a sliding step of 1000 bp using a custom
python script (Supplemental text). The coverage informa-
tion was further used for graphical representation using
a custom R script (Supplemental text). To calculate the
copy numbers of rDNA repeats (located between 836,000
and 897,000 on chr H), the “depth” algorithm of samtools
was used as: samtools depth -r chrG:836,000-897,000
sample.bam| awk ‘{sum+=$3} END {if (NR>0) print
sum/NRY}.

Statistical analysis

The 95% confidence interval of mutation rates were mod-
eled using a Poisson distribution. To evaluate the statisti-
cal significance of differences in mutation rates between
the YPD control and stressful conditions, Wilcoxon rank-
sum test was performed, with a Pvalue of less than 0.05
considered statistically significant.

Results

Spontaneous genomic alterations in the marine yeast S.
spartinae

Mapping the sequencing reads to the reference genome
of S. spartinae revealed a total of 56 SNVs across 19 iso-
lates subcultured under spontaneous conditions (10 iso-
lates for 60 generations and 9 isolates for 100 generations)
(Dataset S1). During the two-day growth period on solid
YPD medium, each isolate underwent approximately 25
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cell divisions per generation. This resulted in a total of
385,500 cell divisions, calculated as follows: 9 x 25 x 60 + 1
0x 25 x 100 = 385,500, where 9 and 10 represent the num-
ber of isolates, 60 and 100 represent the number of gen-
erations, and 25 represents the number of cell divisions
per generation. Similar to observations in S. cerevisiae
[15], the mutation rate remained constant throughout
the long-term MA experiment, with no significant differ-
ences in mutation rates between strains from 60 to 100
generations (Dataset S1). Consequently, the occurrence
of SNVs in the S. spartinae genome was estimated at
56/385,500, equating to 1.5x 1072 SN'Vs per cell division.
Considering the genome size of YMXxiao is approximately
11.5 Mb (excluding repetitive regions), we further calcu-
lated the SNV rate to be 6.3 x 107! per base per cell divi-
sion (Fig. 1B). Among the six types of base substitutions
identified, C-to-T and G-to-A transitions constituted
the majority at 55%, which is higher than that in S. cere-
visiae (Fig. 1C and D). Additionally, the ratio of transi-
tions (CG-to-TA and TA-to-CQ) was found to be 1.7-fold
higher than that of the four types of transversions (CG-
to-AT, TA-to-GC, CG-to-GC, and TA-to-AT, Fig. 1C).
Of the 56 SN'Vs detected, 45 occurred in protein-coding
regions, including 31 missense variants and 14 synony-
mous variants (Supplemental Dataset S1). The relative
ratio of intergenic and intragenic SN'Vs aligned well with
the lengths of intergenic (8.5 Mb) and intragenic (3.9 Mb)
regions.

We also identified 11 InDels (7 deletions and 4 inser-
tions) through genome sequencing, resulting in an InDels
rate of 1.2x 107" per base pair per cell division (Fig. 1B
and Dataset S1). The sizes of these InDels ranged from
1 bp to 6 bp. By analyzing the adjacent sequences, we
found that all of these InDels occurred in DNA regions
characterized by short tandem repeats, such as (T)n,
(AT)n, and (TCT)n (Fig. 2A). This observation suggests
that DNA replication slippage is the primary mecha-
nism underlying InDels during spontaneous cell division
(Fig. 2B). Notably, although intergenic regions comprise
only 29% of the S. spartinae genome, 7 out of the 9 InDels
were located within these intergenic regions (Supple-
mental Dataset S1). Strikingly, we discovered that more
than 90% of the SNVs and InDels were homozygous
between the two homologs of the diploid S. spartinae
genome (Supplemental Dataset S1), indicating that these
mutations had undergone purification driven by chro-
mosomal recombination. In S. cerevisiae strains defec-
tive in meiosis, most (>95%) point mutations occurring
during the subculture process were heterozygous, as the
frequency of mitotic DNA recombination is low. There-
fore, the mutation purification phenomenon observed in
S. spartinae isolates is likely driven primarily by meiotic
chromosome crossovers.
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Fig. 2 Spontaneous InDels and possible genetic mechanisms. (A) The 11 InDels identified in the isolates subcultured under spontaneous conditions. The
underlined bases indicate deletions, while the triangles represent insertions. The blue bases indicate short repeats. (B) lllustrations of tandem repeats that
facilitate template slippage during DNA replication, leading to small deletions or duplications

By analyzing the sequencing coverage of the YMxiao
isolates, we did not detect any large deletions and dupli-
cations greater than 1 kb or aneuploidy events. Assum-
ing that at least one deletion/duplication or aneuploidy
event occurred among the 19 subcultured isolates, we
estimated the rate of such genetic event to be 2.6x 10
per genome per cell division. This rate is notably lower
than the 1.8x 10 events per genome per cell division
observed in a diploid S. cerevisiae strain [15].

UV induced genomic alterations in S. spartinae

UV radiation is a well-known environmental mutagen
capable of causing significant DNA damage and is widely
utilized in microbial genetic breeding [16, 28]. The most
common mutation induced by UV light is the formation
of pyrimidine dimers, particularly thymine dimers [29].
These dimers distort the DNA helix, hindering accurate
base pairing. Among the five UV-treated isolates, we
identified 232 SNVs and 2 InDels (Supplemental Dataset
S2). The rates of SN'Vs and InDels were calculated to be
7.9x107° and 7.0 x 10~** per base per cell division, respec-
tively (Fig. 1B). These rates represent increases of 124.3-
fold and 5.6-fold compared to spontaneous mutation
rates. This finding indicates that UV exposure is more
likely to stimulate base substitutions than InDels within
the S. spartinae genome. Among the 232 SN'Vs identified,
119 were C-to-T/G-to-A transitions, while 60 were T-to-
C/A-to-G transitions, constituting the primary types of
UV-induced SNVs (Fig. 1B and C). Of the total SN'Vs, 161
were located in coding regions, including 110 missense
variants, 48 synonymous variants, and 3 resulting in
stop codons. The relative ratio of intergenic to intragenic
SNVs induced by UV exposure did not significantly dif-
fer from that of spontaneous SNVs (P> 0.05, Chi-square
test).

To investigate whether SNVs are influenced by sur-
rounding bases, we extracted trinucleotide sequences
with the SNV site positioned in the center from the S.
spartinae genome. If SN'Vs are not influenced by adjacent
bases, the observed frequency of trinucleotide sequences
should approximate the expected frequency based on the
genomic context. In the case of spontaneous SNVs, none
of the observed frequencies of trinucleotide sequences
showed significant enrichment compared to the expected
ratios (P>0.05, Chi-square test) (Fig. 3A). In contrast,
UV-induced SNVs exhibited a significant context depen-
dency. UV light is known to directly induce lesions and
mutations predominantly at pyrimidine sites, meaning
that G-to-A substitutions are often indicative of under-
lying C-to-T substitutions. Figure 3B shows these sub-
stitutions in UV-treated cells were more frequently
located within the sequences 5-TCT-3! Furthermore,
the sequence 5-TTA-3" was notably enriched for UV-
induced T-to-C substitutions (Fig. 3B). We also utilized
WebLogo 3 to analyze the frequency of adjacent 6-base
sequences associated with prominent base substitutions.
We observed no significant base enrichment adjacent to
the primary spontaneous SNVs (C-to-T substitutions)
(Fig. 4A). However, for UV-induced C-to-T substitutions,
about 90% of the bases immediately upstream (5°) of the
SNV site were pyrimidines (Fig. 4B). Specifically, C con-
stituted 34% and T constituted 55% of these bases. This
finding leads us to conclude that UV-induced SNVs pref-
erentially occur in pyrimidine-rich regions of the S. spar-
tinae genome.

Zeocin exposure led to featured mutations in S. spartinae

Zeocin, a member of the bleomycin family, directly binds
to DNA and induces various types of lesions, including
base oxidation and DNA breaks [30]. This compound has
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been widely utilized as a DNA damage reagent and selec-
tion antibiotic in biological studies, as well as a mutagen
to enhance the industrial traits of microorganisms [19,
31]. Compared to isolates subcultured under sponta-
neous conditions, Zeocin-treated isolates exhibited an
80-fold increase in the rates of SNVs (Fig. 1B). Further-
more, the mutation spectrum changed dramatically in
the presence of Zeocin, with TA-to-AT (46%) and CG-
to-TA (25%) substitutions emerging as the predominant
base alterations (Fig. 1C). Previous studies have indi-
cated that the 5'-G-pyrimidine (Py)-3’ motif is particu-
larly susceptible to bleomycin-induced DNA lesions [20,
32]. Consequently, it is likely that most SN'Vs at A or G
sites correspond to mutations occurring at T or C sites
on the opposite strand. Assuming all mutations occurred
at the T or C sites, we observed that T-to-A substitutions
tended to occur at the 5-GTC-3’ and 5-GTT-3" motifs,
while C-to-T substitutions were more frequent at the
5-GCA-3’ sites (Fig. 3C). When considering additional
adjacent bases, we identified that the preferred sites
for T-to-A substitutions included the 5-NTGT*YN-3’
motif (Y indicates C or T; Fig. 4). These patterns rein-
force the notion that Zeocin-induced SNVs in S. sparti-
nae adhere to the 5-G-Py*-3’ rule, which describes the

specific binding of bleomycin to the 5'-G-T*/C*-3’ motif,
resulting in damage and mutagenesis of the star-marked
pyrimidine.

Compared to UV exposure, Zeocin treatment dem-
onstrated a greater capacity to induce the occurrence of
InDels (Fig. 1B). A total of 44 InDels were detected in
the Zeocin-treated isolates, with 89% classified as small
deletions, indicating that InDels occurred at a rate of
9.6x107'° per base per cell division. In Zeocin-treated
S. cerevisiae isolates, the predominant class of InDels
was identified as transitions from 5-GT-3’ to 5-G-3;
accounting for 63% of all detected InDels [20]. Here, we
observed that 10 T deletions occurring at the 5-GT-3’
motifs. These findings suggest that the 5-GT-3’ motifs
are also preferred sites for Zeocin-induced InDels in S.
spartinae. Nevertheless, the relative frequency of such
1-bp deletions at 5-GT-3’ motifs was significantly lower
than that observed in S. cerevisiae (P <0.05, Fisher’s exact
test). Annotation of the InDels revealed that 18 of them
resulted in frame-shifting variants in S. spartinae genes
(Supplemental Dataset S3). This result demonstrated that
Zeocin can serve as a powerful mutagen to completely
deactivate the functions of genes in genetic breeding.

Previous studies have shown that Zeocin treatment can
stimulate large deletions and duplications in S. cerevisiae,



Bai et al. BMC Genomics (2025) 26:297

A YPD C-to-T

ATPAA
il

—
T

probability
o
T

©
o
|

—_
T

probability
O>—1
O>—i

o
o
;
|

Page 7 of 12

C Zeocin T-to-A

=
O—t

probability
o
T

probabllltyA
=6
O>—i
O—1

o
o

Fig. 4 Identification of preferred DNA motifs for SNVs. Adjacent 6-base sequences for prominent SNVs are presented for the following conditions: (A)
spontaneous, (B) UV treatment, C-to-T (C) Zeocin treatment, and (D) UV treatment, T-to-C. These sequences were generated using WebLogo 3

with a reported rate of 3.6 x 10~ events per genome per
cell division [20]. However, since we did not detect any
large-scale DNA copy number variations in the Zeocin-
treated S. spartinae isolates, we were unable to calculate
their accurate rates. Assuming that one event occurred,
the estimated rate of chromosomal rearrangement was
calculated to be 1.8x10™ per isolate per cell division.
This analysis indicates that chromosomal rearrange-
ments, which typically involve changes in the copy num-
ber of numerous genes, are less likely to occur or are
less tolerated in the S. spartinae genome, whether under
spontaneous conditions or in the presence of DNA-dam-
aging agents.

Genomic alterations in S. spartinae under heat stress

Anomalous temperature is a common stress factor for
microorganisms, both in natural environments and
industrial applications. High temperature has been
proven to stimulate genome instability and pathogenic-
ity in multiple yeast [21, 33]. To investigate whether ele-
vated temperatures would affect the rates and spectrum
of DNA mutations in S. spartinae, we subcultured the

YMxiao isolates at 37 °C for varying generations. Initially,
we sequenced the genomes of 3 strains after 30 genera-
tions of subculture, but found very few mutations in their
genomes (Dataset S4). Therefore, we extended the propa-
gation to 60 (13 isolates) and 90 (5 isolates) generations
for genomic alterations accumulation. The sequencing
data revealed a total of 70 SNVs and 39 InDels among
these 18 isolates (Dataset S4), resulting in SNV and
InDel rates of 9.2x 107" and 5.1 x 10™"* per base pair per
cell division, respectively (Fig. 1B). These rates are 1.5-
and 3-fold higher than those observed under spontane-
ous conditions. The prevailing type of base substitution
identified was C-to-T or G-to-A, which accounted for up
to 70% of all SN'Vs (Fig. 1B). The sizes of the 39 InDels
ranged from 1 bp to 6 bp, with nearly all heat-induced
InDels occurring at tandem dinucleotide or trinucleotide
repeats (Dataset S4), consistent with observations made
at 30 °C. Our findings suggest that high temperatures
may stimulate DNA polymerase slippage, leading to an
increase in replication errors and misalignments [34].
Similar to the above-mentioned conditions, no single
large-scale deletions/duplications or whole-chromosomal
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aneuploidy events were detected in the isolates exposed
to heat stress. Interestingly, we observed significant alter-
ations in the copy numbers of rDNA repeats between the
30 °C and 37 °C incubation conditions (Fig. 5; P<0.05,
Mann-Whitney U test). The average number of rDNA
repeats, located at the right end of chromosome H,
was 118 in the isolates subcultured at 30 °C, whereas it
decreased to 87 at 37 °C (Fig. 5). The copy number of
rDNA repeats were not significantly altered by UV and
Zeocin treatment (Fig. 5). Our findings suggest that high
temperatures may disrupt the DNA replication process,
and the reduction in rDNA copies could serve as an
adaptive strategy for cells to cope with replication stress.

Discussion

By analyzing isolates of S. spartinae YMxiao that were
subcultured under various environmental conditions,
we uncovered distinct patterns of multiple types of
genomic alterations in this species. Our main findings
are summarized as follows: (1) The spontaneous rates of
SNVs and InDels in the S. spartinae genome were deter-
mined per base per cell division. Notably, the SNV rate
was found to be lower than that observed in S. cerevi-
siae, likely attributable to meiosis-driven purification.
(2) UV exposure resulted in a dramatic increase in the
SNV rate, which rose by two orders of magnitude, with
the majority of mutations identified as C-to-T transitions
occurring predominantly in pyrimidine-rich regions of
the S. spartinae genome. (3) Treatment with Zeocin led
to frequent T-to-A mutations and T deletions specifi-
cally at the 5-CGT*YN-3’ motifs. (4) Growth at elevated
temperatures moderately altered both the DNA muta-
tion rate and the mutation spectrum. (5) Chromosomal
rearrangements and aneuploidy were rarely detected in
the S. spartinae genome; however, significant alterations
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Fig. 5 rDNA copy numbers changes under various conditions. The num-
ber of rDNA repeats decreased under heat stress but remained largely
unaffected by UV and Zeocin treatments in S. spartinae isolates. P-values
were determined using the Wilcoxon rank-sum test. * represents P<0.05
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in rDNA copy numbers were observed under heat stress.
The implications of these findings will be discussed in
further detail below.

Under standard growth conditions (YPD medium at
30 °C), the yeast strain S. spartinae YMxiao exhibited a
lower base substitution rate (6.3 x 10™*! per base pair per
cell division) than that observed in diploid S. cerevisiae
strains. The predominant mutations identified were tran-
sitions, specifically cytosine to thymine (C-to-T) and gua-
nine to adenine (G-to-A). These transitions are common
in normal metabolic processes and are often attributed
to the spontaneous deamination or methylation of cyto-
sine and (Fig. 6A). Interestingly, most SNVs and InDels
were found to be homozygous in the diploid S. spartinae
genome (Dataset S1). This observation contrasts with
findings in meiosis-deficient diploid S. cerevisiae strains,
where the majority of mutations were heterozygous [15].
We hypothesize that the S. spartinae isolates underwent
meiosis during the subculture process, resulting in the
homogenization of nearly all point mutations through
meiotic recombination. This purification process likely
contributed to a 50% reduction in the observed rates of
point mutations. Consequently, we estimate the true rate
of SN'Vs to be approximately 1.3 x 107'° per base pair per
cell division, which aligns more closely with the rates
found in S. cerevisiae [14, 15, 35]. Stability of production
traits is a crucial requirement for industrial microbial
strains. The relatively low mutation rate of S. spartinae,
along with meiosis-driven mutation purification, makes
it well-suited to meet this standard. Consistent with find-
ings in other yeast species [15, 36], InDels occurred at a
lower rate than SNVs in S. spartinae. The primary genetic
mechanism driving InDels is template slippage mediated
by microsatellites or closely spaced short repeats during
DNA replication (Fig. 2B).

Similar to previous observations [16, 37, 38], UV light
is also an effective mutagen in S. spartinae. Under UV
exposure, the prevailing SNVs were C-to-T substitu-
tions (Figs. 1B and 6B). Furthermore, these SNVs fre-
quently occurred with T or C at the 5 position, which
aligns with the understanding that the primary DNA
lesions caused by UV exposure are cyclobutane pyrimi-
dine dimers (CPDs) [39]. Previous studies in S. cerevisiae
have emphasized the mutagenic potential of pyrimidine
dimers [29, 40, 41]. CPDs pose significant challenges to
replicative polymerases, necessitating the involvement of
translesion synthesis (TLS) polymerases to bypass these
lesions [39, 42]. TLS polymerases are specialized DNA
polymerases that allow cells to bypass DNA lesions dur-
ing replication. Unlike the high-fidelity replicative DNA
polymerases, TLS polymerases can replicate over dam-
aged DNA by incorporating nucleotides opposite lesions
that would otherwise stall the replication machinery
[43, 44]. While this mechanism helps maintain genome
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stability by preventing replication fork collapse, it often
introduces mutations due to the low fidelity of TLS poly-
merases. Yeast TLS polymerases include Revl (DNA-
directed DNA polymerase/deoxycytidyl transferase),
(, and n [43]. It has been reported that CPDs can act as
templates for DNA polymerase 1, which facilitates the
deamination of cytosine (C to U) within the dimers [45].
This process enables the insertion of adenine opposite the
deaminated sites, ultimately leading to C-to-T transitions
[45]. It is likely that the UV-induced C-to-T substitutions
observed in S. spartinae are likely a result of polymerase
n dependent bypassing of CPDs. Whether and how the
polymerases Revl and Pol { contribute to UV-induced
mutations in S. spartinae remain to be determined.

In Zeocin-treated S. spartinae isolates, SN'Vs predomi-
nantly occurred at thymine and cytosine bases, consis-
tent with observations in S. cerevisiae [20]. However, the
relative ratios of base substitutions differed between the
two species. In S. cerevisiae, the most common SNVs at
thymine bases are T-to-G substitutions, accounting for
up to 43% of all SNVs [46, 47]. This pattern is likely due
to the activity of the error-prone DNA polymerase Revl,
which preferentially incorporates C opposite AP sites,

followed by extension by DNA polymerase { (Fig. 6C)
[46, 47]. Interestingly, in Zeocin-treated S. spartinae
isolates, T-to-A substitutions were 11.4-fold higher rate
than T-to-G substitutions, although both substitutions
followed the 5’-GT*-3 rule. This discrepancy may be due
to a unique preference in S. spartinae Revl (encodes by
g4827.t1) for incorporating T rather than C opposite AP
sites (Fig. 6C). Zeocin treatment also resulted in a signifi-
cant increase in InDels, with a notable prevalence of 1-bp
deletions (up to 66% of all InDels; Dataset S3). As shown
in Fig. 6D, bleomycin is known to create blunt-ended
DSBs, and the nonhomologous end joining pathway
(NHE]J)’s repair of these breaks can result in 1-bp dele-
tions (Fig. 6D). NHE] is conserved in many eukaryotes,
including yeasts. This pathway operates independently
of a homologous template, making it particularly impor-
tant in the G1 phase of the cell cycle when sister chro-
matids are unavailable. While efficient, NHE] is prone to
errors and may result in small insertions or deletions at
the repair site, potentially leading to mutations [48]. Our
results emphasize that the diverse functions and activities
of error-prone DNA polymerases and the NHE] pathway
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are crucial for modifying Zeocin-induced mutation pat-
terns in different yeast strains.

Previous studies have shown that heat stress can desta-
bilize the replication machinery, leading to an increase
in DNA replication errors [49]. Elevated temperatures
also enhance metabolic rates, resulting in increased
production of reactive oxygen species, which can cause
oxidative DNA damage, such as the formation of 8-oxo-
guanine. In our findings, we observed that DNA muta-
tions in S. spartinae were elevated at higher incubation
temperatures, although the inductive effect was consid-
erably weaker compared to that observed under UV and
Zeocin treatments. Notably, at elevated temperatures,
InDels were more likely to be triggered than SNVs. This
observation may indicate that template slippage occurs
more frequently under heat stress, potentially due to the
reduced processivity of DNA polymerases. Alternatively,
the activity of the mismatch repair pathway—which
corrects mismatched errors introduced by DNA poly-
merases to prevent InDels—may be inhibited at higher
temperatures.

Chromosomal rearrangements, including large dele-
tions, duplications, translocations, and inversions, are
commonly observed in certain yeast species, such as S.
cerevisiae and Candida albicans [11, 50]. These genetic
events occur at an approximate rate of 10~* per cell divi-
sion, facilitating rapid phenotypic evolution in S. cerevi-
siae [15]. However, despite the significant induction of
DNA breaks and recombination by UV and Zeocin treat-
ments [19, 51], no chromosomal recombination events
affecting gene copy numbers were detected in the S.
spartinae isolates. In contrast, we observed a significant
decrease in rDNA copy numbers under heat stress, while
no such changes occurred under UV or Zeocin treat-
ments (Fig. 5). In cells, rDNA is crucial for ribosome bio-
genesis and protein synthesis. The rDNA region typically
exists as tandem repeats, and its copy number can vary
based on species and environmental conditions [52]. Our
previous studies indicated that yeast cells experiencing
DNA replication stress, characterized by the downregu-
lation of DNA polymerases, exhibited reduced rDNA
repeat copy numbers. This reduction may alleviate repli-
cation burden and promote cell growth [53, 54]. A similar
phenomenon has been observed in cancer cells, where
replication stress is a common hallmark [55]. Thus, we
hypothesize that elevated temperatures may induce
cumulative DNA replication stress, with rDNA instabil-
ity serving as an adaptive mechanism for S. spartinae to
mitigate heat stress. The plasticity of rDNA copy number
may not only enhance the survival of this species under
environmental challenges, such as temperature fluctua-
tions and nutrient limitations in natural settings, but also
confer potential advantages in industrial applications.
For instance, during industrial fermentation in tropical
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climates or during summer, substantial energy input is
required for cooling to maintain optimal process con-
ditions [56]. The development of thermotolerant yeast
strains could mitigate the energy demands associated
with cooling systems, thereby enhancing the overall effi-
ciency and sustainability of industrial fermentation pro-
cesses [56]. Whether rDNA instability can be detected in
other yeast species under high-temperature conditions
warrants further investigation.

Conclusions

This study elucidated the genomic alterations in S. spar-
tinae under optimal growth and mutagenic conditions.
We found that UV radiation, Zeocin treatment, and
elevated temperatures significantly increased mutation
rates and altered the mutation spectrum in this yeast.
Both spontaneous and induced mutations were found to
be homozygous in the S. spartinae genome, likely due to
meiosis-driven purification. Changes in rDNA copy num-
ber are likely a genetic strategy for rapid adaptability of S.
spartinae under various stressors, including heat. Unlike
S. cerevisiae, S. spartinae is highly sensitive to abnormali-
ties that alter DNA copy number. The lower rates of DNA
mutations and copy number variations in non-rDNA
regions of S. spartinae may help preserve consistent
production traits, making it advantageous for industrial
applications. Notably, our results emphasized that dif-
ferent mutagenic conditions lead to distinct sequence
context-dependent mutations, highlighting the specific
interactions between various mutagens and DNA. These
findings provide new insights into the genomic plasticity
of yeasts and enhance our understanding of their genetic
adaptive mechanisms in diverse environments.
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SNVs Single nucleotide variations
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NHEJ Nonhomologous end joining pathway
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