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Abstract

Mutation and recombination are the primary sources of genetic variation. To better understand the evolution of genetic
variation, it is crucial to comprehensively investigate the processes involving mutation accumulation and recombination.
In this study, we performed mutation accumulation experiments on four heterozygous diploid yeast species in the
Saccharomycodaceae family to determine spontaneous mutation rates, mutation spectra, and losses of heterozygosity
(LOH). We observed substantial variation in mutation rates and mutation spectra. We also observed high LOH rates
(1.65-11.07x 10 © events per heterozygous site per cell division). Biases in spontaneous mutation and LOH together with

selection ultimately shape the variable genome-wide nucleotide landscape in yeast species.
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Introduction

Mutation processes are largely dictated by specific genetic
mechanisms involved in DNA replication and repair
(Garcia-Diaz and Kunkel 2006; Lujan et al. 2015), which them-
selves are subject to mutation and selection. Spontaneous
mutations can be directly measured via mutation accumula-
tion (MA) experiments. Recent studies have documented
variable mutation rates among different organisms for differ-
ent types of mutation, for example, substitutions and inser-
tions/deletions (indels) (for reviews, see Lynch et al. 2016;
Katju and Bergthorsson 2019), diverse mutation spectra
(Ossowski et al. 2010; Denver et al. 2012; Weller et al. 2014;
Keightley et al. 2015; Long et al. 2016), and variable context-
dependent mutation patterns (Zhu et al. 2014; Sung et al.
2015). Theory predicts that natural selection plays a role in
lowering the mutation rate to the point that the selective
advantage of further reduction in the error rate is overcome
by the power of genetic drift (Lynch 2011; Lynch et al. 2016).

Recombination promotes genetic variation, facilitates se-
lection in some cases, and is widely appreciated as a powerful
evolutionary force in sexually reproducing organisms (Smith
1974; Barton and Charlesworth 1998; Lynch 2007). Even in the
absence of sexual reproduction, mitotic recombination can
affect genome stability (Hiraoka et al. 2000; Lee et al. 2009)
and facilitate selection (Omilian et al. 2006). In mitotic re-
combination, reciprocal interhomolog crossovers and non-
reciprocal gene conversions (or simply gene conversions)

lead to loss of heterozygosity (LOH) (Symington et al.
2014). Unfortunately, previous MA studies focused primarily
on haploid and/or homozygous diploid organisms, which ex-
clude the possibility of detecting LOH processes. Some recent
studies have made attempts to investigate LOH processes in
naturally heterozygous Daphina pulex (Omilian et al. 2006;
Flynn et al. 2017) and experimentally constructed yeast
(Dutta et al. 2017; James et al. 2019), but there remains a
need for quantifying the role of LOH relative to spontaneous
mutation processes.

Yeast genomes vary substantially among species in GC-
content, genome size, ploidy, and life styles (Butler et al.
2004; Knop 2006; Dujon 2010). The strikingly variable yeast
genomes become uniquely informative for identifying and
quantifying processes of mutation and recombination. The
yeast family Saccharomycodaceae has two main genera,
Saccharomycodes and Hanseniaspora, with nuclear genomes
ranging from 22.6% to 36.8% in GC-content (Riley et al. 2016;
Sternes et al. 2016; Shen et al. 2018; Tavares et al. 2018).
Species in this yeast family have different ascus propensities
(ascus-persistent vs. ascus-releasing), and intratetrad mating
(mating among spores from the same tetrad) occurs primarily
in ascus-persistent species (Knop 2006). Within the
Hanseniaspora genus, there are two main lineages (faster-
evolving lineage FEL vs. slower-evolving lineage SEL). FEL spe-
cies have lost more cell-cycle and DNA repair genes than SEL
species (Steenwyk et al. 2019). In this study, we leverage
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Fic. 1. Phylogenetic relationship of seven yeast species that have
available spontaneous mutation460 rate estimated. G 4 C content
of each nuclear genome is shown. Hanseniaspora uvarum and
H. valbyensis belong to the fast-evolving lineage (FEL) in
Hanseniaspora. The phylogenetic tree is constructed based on
1,020 single-copy orthologous genes using PhyML (Guindon et al.

2010). The tree is rooted using Rhizophagus irregularis as outgroup.
The outgroup is removed from the presentation for clarity.

heterozygous diploid genomes in the Saccharomycodaceae
family (fig. 1) to address how spontaneous mutation and LOH
shape genomic variation, and infer the effect of differential
gene loss on mutation and LOH. These species exhibit differ-
ent mutation spectra, rapid LOH rates, and different spectra
of nucleotide changes in LOH. Finally, mtDNA mutations in
Hanseniaspora yeasts are biased toward A/T, which is in con-
trast to G/C-biased mtDNA mutations in the budding yeast
Saccharomyces cerevisiae.

Results

Mutation Rates of Base Substitution

Our MA experiments generated 371 base-substitution muta-
tions (BSMs) in Hanseniaspora uvarum, 208 in H. valbyensis,
520 in H. osmophila, and 87 in Saccharomycode ludwigii
(details of all BSMs are shown in supplementary tables S1,
S8, 515, and S22, Supplementary Material online). These result
in a genome-wide BSM rate of 1.60 + 0.09x 10~ '° (mutations
per site per cell division) in H. uvarum, 0.96 + 0.08x 10 % in
H. valbyensis, 166 = 0.11x10""° in H. osmophila, and
0.73 = 0.09x 10 " in Saccharomycode ludwigii (fig. 2). The
BSM rate per genome is 2.25x 10> (mutations per genome
per cell division) in H. uvarum, 1.10x10> in H. valbyensis,
291x10°> in H. osmophila, and 073x10°°> in
Saccharomycode ludwigii. These BSM rates are close to the
Drake’s prediction (0.0033 mutations per genome per gener-
ation) (Drake 1991). Within Hanseniaspora, H. uvarum and
H. valbyensis belong to the FEL lineage, whereas H. osmophila
is a SEL species. BSM rates show no clear distinction between
the FEL and SEL lineages. One SEL species H. osmophila has a
higher BSM rate per genome than FEL species H. uvarum or
H. valbyensis. This is consistent with the notion of a burst of
accelerated sequence evolution in stem Hanseniaspora line-
ages followed by a reduction in the pace of sequence evolu-
tion (Steenwyk et al. 2019). This is similar to the phenomenon
that mutator strains evolved a decreased mutation rate
(McDonald et al. 2012). Among the seven yeast species
with available MA data (table 1), Saccharomycode ludwigii
has the lowest BSM rate, and haploid budding yeast
Saccharomyces cerevisiae has the highest BSM rate (Sharp
et al. 2018).

o
S
2 T I
© wu || 1l
- -
X
Q
©
S 21 T
- T
§ 1
[To]
(/)] S
[}
7]
©
m
o
.
Huv Hva Hos Slu

Fic. 2. Nuclear-genome base-substitution mutation rates (per cell
division) of four yeast species in Saccharomycodaceae on YM me-
dium at 25 °C. Error bars are SEs calculated from all MA lines. Species
names are shown in abbreviations: Huv (Hanseniaspora uvarum), Hva
(H. valbyensis), Hos (H. osmophila), and Slu (Saccharomycode
ludwigii).

Test for Selection in MA Experiments of Diploid
Organisms

The BSM rates in protein-coding regions are also variable:
133 0.08x 10~ ' mutations per site per cell division in
H.  uvarum, 078%+007x10" " in H. valbyensis,
140+ 0.11x10" ' in H. osmophila, 059 = 0.06x 10" '° in
Saccharomycode ludwigii (details of all BSMs are shown in
supplementary tables S6, S13, S20, and S27, Supplementary
Material online). The BSM rates in protein-coding sequences
are consistently lower than their corresponding genome-wide
BSM rates. The nonsynonymous/synonymous mutation ra-
tios were calculated and compared against the expected ra-
tios based on the empirical base composition and mutation
spectrum (supplementary tables S4, S11, S18, and S25,
Supplementary Material online). There is no evidence of se-
lection in protein-coding sequences (Fisher's exact test,
P values 0.45, 0.76, 0.48, and 0.62, in H. uvarum, H. valbyensis,
H. osmophila, or Saccharomycode ludwigii, respectively). Thus,
the difference in BSM rate among genomic regions is likely
due to nucleotide composition in coding versus noncoding
sequences.

Different Mutation Spectra and Mutation Biases
The ratios of transition to transversion mutations (Ts/Tv) are
0.92 in H. uvarum, 1.26 in H. valbyensis, 1.16 in H. osmophila,
and 1.72 in Saccharomycode ludwigii, all of which are greater
than the expected 0.5 (when there is no transition—trans-
version bias) (details are shown in table 2 and supplementary
tables S2, S9, S16, and S23, Supplementary Material online).
These findings are in good agreement with previous MA
studies on yeast mutations biased toward transition over
transversion (Farlow et al. 2015; Long et al. 2016).

The seven yeast species show different mutation spectra.
For instance, H. uvarum has the highest rate of G:C—A:T
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Table 1. Comparison of Measured Genome-Wide Mutation Rates (per nucleotide site per cell division) among Yeast Species.

Organisms Ploidy Media Nuclear (x107'°) mtDNA (X107 ') References
BSMs* Indels BSMs Indels
Hanseniaspora uvarum Diploid YM 1.60 0.42 13.10 — This study
H. valbyensis Diploid YM 0.97 0.59 5.94 — This study
H. osmophila Diploid YM 1.67 0.39 3.65 19.9 This study
Saccharomycode ludwigii Diploid YM 0.75 0.21 — — This study
Saccharomyces cerevisiae Diploid YPD 1.67 0.05 — — Zhu et al. (2014)
Saccharomyces cerevisiae Diploid YPD® 1.95 0.19 58.3 121.5 Liu and Zhang (2019)
Saccharomyces cerevisiae Diploid YPD 2.89 0.20 4.47 4.47 Sharp et al. (2018)
Saccharomyces cerevisiae Haploid YPD 4.04 0.16 48.2 57.1 Sharp et al. (2018)
Saccharomyces cerevisiae Haploid YPD 3.30 0.20 122.3 74.8 Lynch et al. (2008)
Schizosaccharomyces pombe Haploid YES 2.00 0.60 — — Farlow et al. (2015)
Schizosaccharomyces pombe Haploid YPD 1.70 1.74 — — Behringer and Hall (2015)
Rhodotorula toruloides Haploid YM 1.90 0.22 — — Long et al. (2016)

?Base-substitution mutations.

®Mutation rates were measured in seven media, the rates measured on YPD are shown.

Table 2. Spontaneous Base-Substitution Mutations in Nuclear DNAs.

Average No. of Transitions Transversions Mutations Rate®
Analyzed-Sites (x107'%)
Per MA Line GC—AT AT-GC GC-TA AT-CGE GC-CG AT-TA
Hanseniaspora uvarum 7,025,336 129 49 48 49 35 49 371 1.60
H. valbyensis 5,636,213 72 44 26 30 14 22 208 0.97
H. osmophila 8,692,565 142 137 77 71 36 57 520 1.67
Saccharomycode ludwigii 4,894,429 30 25 9 12 5 6 87 0.75
Substitutionper nucleotide site per cell division
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Fic. 3. Mutation spectra of nuclear genomes among the seven yeast species. The abbreviations of the Saccharomycodaceae species are per figure 2.
The full names and data references of three additional yeast species are Sce (Saccharomyces cerevisiae; Zhu et al. 2014), Spo (Schizosaccharomyces
pombe; Farlow et al. 2015), and Rto (Rhodotorula toruloides; Long et al. 2016).

transition, and Rhodotorula toruloides has the highest rate of
AT—GC transition (fig. 3). The relative mutation rates of all
six base mutation types were calculated to better compare
mutation bias among yeast species (fig. 4). The relative mu-
tation rate of G:C—AT transition is high in all four
Saccharomycodaceae species. The relative mutation rate of
G:C—T:A transversion is high in Schizosaccharomyces pombe.
As oxidative DNA damage leads to G:C—T:A mutations
(Cheng et al. 1992), the overrepresentation of G:C—T:A
mutations suggests elevated oxidative damage and/or
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impaired repair of oxidative
Schizosaccharomyces pombe.

DNA damage in

Variable Equilibrium G + C Contents

Based on the spontaneous mutation rates, the expected equi-
librium G + C contents under mutation pressure alone, that
is, neutrality, are 20.7 = 7.1% in H. uvarum, 23.6 = 10.6% in
H. valbyensis, 35.6 = 5.9% in H. osmophila, and 32.5 = 11.0%
in Saccharomycode ludwigii. They are significantly <50%, sug-
gesting strong mutation bias toward A/T. Furthermore, the
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Fic. 4. Relative substitution rates of six possible nucleotide changes among the seven yeast species. Species abbreviations are per figure 3.
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Fic. 5. Plot of expected equilibrium G + C contents based on spon-
taneous mutation bias in seven yeast species against their observed
genome-wide %(G + C). The diagonal line denotes agreement with
expected equilibrium %(G + C). Species abbreviations are per
figure 3.

expected equilibrium %(G + C) values are lower than ob-
served genome-wide %(G + C) (fig. 5).

Context-Dependent Mutations

To better understand the differences in mutation spectra, we
categorized the mutation rates of focal nucleotides in the
context of their immediate flanking nucleotides (e.g, xYz sites
are for a Y focal nucleotide flanked by x and z). Like in
Saccharomyces  cerevisiae (Zhu et al. 2014) and
Schizosaccharomyces pombe (Behringer and Hall 2015), C/G

focal nucleotides have higher mutation rates than A/T
nucleotides in Saccharomycodaceae (fig. 6). Among C/G focal
nucleotides, gCg sites consistently have the highest mutation
rate (two-tailed Z-test, P value <0.01 in each species in fig-
ure 6, and supplementary tables S3, S10, S17, and S24,
Supplementary Material online).

High mutation rates of C nucleotides at CG dinucleotide
sites (or called CpG sites) have been previously reported in
Saccharomyces  cerevisiae ~ (Zhu et al.  2014),
Schizosaccharomyces pombe (Behringer and Hall 2015;
Farlow et al. 2015) despite the lack of clear evidence for cy-
tosine DNA methylation in these two species. The existence
of cytosine methylation in Saccharomycodaceae is unknown.
We first performed TBlastN searches for homologs of human
Dnmt1 and Dnmt3a, two key methyltransferase enzymes in
DNA methylation (Gowher and Jeltsch 2001), and found no
matches in H. uvarum, H. valbyensis, H. osmophila, or
Saccharomycode ludwigii using a relaxed criterion (E-value
<10 3). We then examined mutation rates at C focal nucleo-
tides at CpG sites. In Escherichia coli, methylated cytosines
have order-of-magnitude higher rates of C—T mutations
than unmethylated cytosines (Cooper and Youssoufian
1988). With active cytosine methylation, one would expect
C nucleotides at CpG sites to exhibit higher rates of C—T
mutations than C nucleotides not followed by a G nucleotide
(ie, followed by A, C or T). In H. uvarum, there are 27
mutations at CpG sites with 15 mutations being C—T and
12 mutations being C— A or C—G. When mutations at all G/
C sites are compared, there are 212 mutations at G/C sites
with 129 mutations being G:C—A:T and 83 mutations being
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Fic. 6. Neighbor-dependent single nucleotide mutation rates in the nuclear genomes of (A) Hanseniaspora uvarum, (B) H. valbyensis, (C)
H. osmophila, and (D) Saccharomycode ludwigii. The rates reflect the impact of flanking nucleotides on mutation at A and C bases. For instance,
XYz represents both xYz and its reverse complement triplets. For each rate, the 95% Poisson confidence interval is shown.

GC—TA or GC—CG. There is no evidence of elevated
C—T mutations at CpG sites (Fisher’s exact test, P value =
0.42). Similarly, there is no evidence of elevated C—T muta-
tions at CpG sites when compared with C nucleotides fol-
lowed by non-G nucleotides in H. valbyensis, H. osmophila,
and Saccharomycode ludwigii (Fisher’s exact test, P values =
0.65, 0.82, 0.91, respectively).

Small Indel Mutations

The rates of indel mutations are low compared with BSM
rates (table 3). Indel mutation rates are 4.17 = 0.49x 10 "'
indels per site per generation in H. uvarum,
593+ 059x10 " in H. valbyensis, 3.88 * 044x10 " in
H. osmophila, and 2.08 == 0.38x 10~ "' in Saccharomycode lud-
wigii. They are 26.1%, 61.6%, 23.2%, and 27.7% of their corre-
sponding BSM rates. Furthermore, we compared insertions
versus deletions by events and by nucleotides in
Saccharomycodaceae (table 3). There is no significant bias
toward either insertion or deletion events in any species.
For numbers of inserted nucleotides and deleted nucleotides,
significant differences are evident in H. uvarum, H. valbyensis,
and H. osmophila, with more nucleotides in deletions than in
insertions (3 test, P value <0.05 in each of the three species).
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LOH at Heterozygous Sites

Hanseniaspora valbyensis and H. osmophila have abundant
LOH sites, and show similar relative LOH rates among the
four types of heterozygous patterns, C/T, C/A, C/G, A/T (ta-
ble 4 and supplementary fig. S2, Supplementary Material on-
line). Bias is evident in LOH directionality. In H. osmophila,
there are significantly more AT—G:C than G:C—A:T at C/T
sites (° test, P value <001), and more T:A—G:C than
G:C—T:A at C/A sites (i test, P value <0.01), suggesting a
gene-conversion bias toward G/C.

The LOH rate ranges from 1.65x10~° events per hetero-
zygous site per cell division in Saccharomycode ludwigii to
11.07x 10~ ® events per heterozygous site per cell division in
H. valbyensis (table 5). The median length of LOH tracts
ranges from 1bp in Saccharomycode ludwigii to 1,216 bp in
H. osmophila (fig. 7). The finding of most LOH events involved
short tracts is consistent with previous reports in
Saccharomyces cerevisiae (Dutta et al. 2017) and Candida
albicans (Ene et al. 2018). The short LOH tracts (<1kb) are
likely to have arisen through local gene conversions (Palmer
et al. 2003; Laureau et al. 2016). The long LOH tracts may have
arisen through mitotic crossovers, whose median tract
lengths are 8—12kb in Saccharomyces cerevisiae (St Charles
and Petes 2013). It is noteworthy that LOH detection and
tract estimation are limited by the number and density of
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Fic. 7. Frequency distribution of conversion tract lengths in three Saccharomycodaceae species. Hanseniaspora uvarum is not shown as the lengths
of all conversion tracts are 1bp (table 5). Species abbreviations are per figure 3.

Table 3. Comparison of Indel Mutations among Different Nuclear Genomes.

Hanseniaspora uvarum H. valbyensis H. osmophila Saccharomycode ludwigii
Deletions Insertions Deletions Insertions Deletions Insertions Deletions Insertions
No. of events 59 37 72 52 70 47 13 11
No. of nucleotides 207 83 255 194 293 212 50 45

Table 4. Loss of Heterozygosity (LOH) at Heterozygous Sites.

Transitions Transversions Subtotal
G:C>AT AT-G:C G:C—>T:A AT—>CG G:C—>CG AT-TA

Hanseniaspora uvarum 5 3 0 4 0 2 14
H. valbyensis 6,815 6,681 1,969 1,917 756 3,935 22,251
H. osmophila 2,356 2,615 464 586 410 810 7,241
Saccharomycode ludwigii 8 1 2 0 0 3 24
heterozygous single nucleotide polymorphisms. The inferred the depth of normal coverage. Due to the nature of the
LOH tract lengths are the minimal LOH lengths. Saccharomycodaceae genomes and/or sequencing methods,
LOH can also be caused by deletion of chromosomal there is a high variation (i.e, over 2-fold) of coverage depth
regions, which ideally can be detected by on an average half along sequences in this study (see supplementary fig. S1,
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Table 5. Details of LOH Events.

LOH Events LOH Tract Length (nt) LOH Rates® (X107°)
Mean 1st Quartile Median 3rd Quartile
Hanseniaspora uvarum 14 1 1 1 1 4.09
H. valbyensis 1,911 429 1 46 3,131 11.07
H. osmophila 202 14,422 1 1,216 15,948 6.93
Saccharomycode ludwigii 21 260 1 1 1 1.65
*LOH event per site per cell division.
Table 6. Loss of Heterozygosity (LOH) among Spontaneous Base-Substitution Mutations.
Transitions Transversions Subtotal  (%)*  Rate®(x107°)
GC>AT AT-GC  GC->TA AT-CGGE GC-CGGC AT-TA

Hanseniaspora uvarum 6 1 0 1 0 0 8 2.15 10.47
H. valbyensis 0 2 0 0 2 2 6 2.88 13.38
H. osmophila 2 6 1 0 2 2 13 2.50 11.46
Saccharomycode ludwigii 0 0 0 0 1 0 1 1.15 6.18

*Out of total substitution sites.
PLOH per substitution site per cell division.
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Fic. 8. Comparison read depths between each LOH substitution site
and the average of heterozygous substitution sites from the same MA
line. The diagonal line is when the read depth of an LOH substitution
site is equal to the average read depth, whereas the dashed line is
when the read depth of an LOH substitution site is half of the average
read depth, presumably due to chromosomal deletion.

Supplementary Material online). Unfortunately, our data
could not reliably and systematically infer chromosomal de-
letion and aneuploidy. As LOH can be caused by deletion of
chromosome regions of various length, the contribution of
possible chromosomal deletion to LOH was assessed by com-
paring read depths among homozygous BSMs (see below).

LOH at Spontaneous Mutation Sites

Spontaneously arisen mutations can subsequently undergo
LOH events and become homozygous. There are collectively
28 homozygous BSMs (table 6). No bias was detected among
LOH changes, given the low number. The LOH rates at
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substitution sites are 10.47x10°° event per substitution
site per cell division in H. uvarum, 13.38x10° in
H. valbyensis, 11.46x10™° in H. osmophila and 6.18x10~°
in Saccharomycode ludwigii. The LOH rates are four to five
orders of magnitude higher than the BSM rates.

Among the 28 LOH substitution mutation sites, four
(143%) mutation sites have low read depths (0.56-0.61
times) relative to the average read depth of all heterozygous
substitution mutation sites from the respective MA line
(fig. 8). Some of these low-coverage LOH sites could have
resulted from chromosomal deletion. The remaining 24
(85.7%) LOH substitution sites have comparable or higher
read depths than the average read depth of all heterozygous
substitution sites from the respective MA line. This supports
that a vast majority of LOH events associated with substitu-
tion sites result from mitotic gene conversion.

Mutation Validation

Mutation calls were validated by additional lllumina sequenc-
ing with longer sequencing read lengths (pair-end 250 nt)
using separately prepared PCR-free sequencing libraries for
two MA lines from each species. Two MA lines from
Saccharomycode ludwigii were sequenced by PCR-free se-
quencing, but one MA line was excluded due to low sequenc-
ing quality in the mutation analysis data. In total, 54 mutation
calls in seven MA lines were validated by PCR-free sequencing,
with 48 mutation calls covered by >4 PCR-free sequencing
reads and six covered by two or three reads. All 48 mutation
calls covered by >4 PCR-free sequencing reads are supported
(supplementary table S29, Supplementary Material online).

Spontaneous Mutations in mtDNAs

In yeasts, the mtDNA mutation rate is only available in the
budding yeast Saccharomyces cerevisiae (Lynch et al. 2008).
No mtDNA mutations were found in Schizosaccharomyces
pombe (Farlow et al. 2015) or R. toruloides (Long et al. 2016).
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Table 7. Raw Counts of Base-Substitution Mutations in mtDNAs.

Transitions Transversions Reference
G:C—>AT A:T->G:C G:.CHTA AT-CG G:.C—>CG AT-TA

Hanseniaspora uvarum 2 1 0 0 0 0 This study

H. valbyensis 2 1 0 0 0 0 This study

H. osmophila 1 0 0 0 1 2 This study
Saccharomyces cerevisiae 0 10 0 4 0 7 Lynch et al. (2008)
Saccharomyces cerevisiae® 12 9 0 9 14 14 Sharp et al. (2018)
Saccharomyces cerevisiae® 1 1 0 0 2 2 Sharp et al. (2018)
?Haploid.

®Diploid.

This study observed three mtDNA BSM:s in H. uvarum, three
mtDNA BSMs in H. valbyensis, yielding a BSM rate of
131+ 74x10"'° mutations per site per cell division in
H. uvarum and 594 = 3.60x 10 '° mutations per site per
cell division in H. valbyensis. The rates of mtDNA BSMs are
higher than nuclear BSM rates. In H. osmophila, there are four
mtDNA BSMs and five mtDNA indels, resulting in a genome-
wide BSM rate of 9.57 = 6.96x 10~ '° mutations per site per
cell division and an indel rate of 12.49 * 6.45x 10~ '* muta-
tions per site per cell division. Three BSMs and one indel are
from one MA line, whose mtDNA polymerase MIP1 gene
carries a single nonsynonymous mutation causing Pro-to-
Ser change (supplementary table S20, Supplementary
Material online). This mtDNA mutator strain has three times
the number of BSMs in mtDNA than all the remaining MA
lines. No mtDNA mutation data were generated in
Saccharomycode ludwigii due to poor sequencing coverage.
There are collectively five G/C—A/T mtDNA mutations and
two A/T—G/C mtDNA mutations in Hanseniaspora,
whereas there are 13G/C—A/T mtDNA mutations and
34 A/T — G/C mtDNA mutations in Saccharomyces cerevi-
siae (table 7). The mtDNA mutation pattern in
Hanseniaspora is significantly different from that in
Saccharomyces cerevisiae (Fisher's exact test, P value <0.05),
which is biased toward G/C (Lynch et al. 2008).

Discussion

Variation of Nuclear Mutations within and between
Different Species in Yeast

Among seven yeast species, nuclear BSM rates varied 5.4-fold
ranging from 0.75x10™ ' in Saccharomycode ludwigii to
4.04x107"° in Saccharomyces cerevisiae (table 1). Within
Saccharomyces cerevisiae, haploid strains have higher BSM
rates than diploid strains (Sharp et al. 2018). BSM rates are
similar among yeasts when cultured in rich media and at
optimal temperatures (Long et al. 2016), whereas BSM rates
of the same strain can vary significantly among media with
different carbon and nitrogen sources, and especially for those
containing chemical stressors (Liu and Zhang 2019). Even
though all media in yeast MA studies use dextrose as carbon
source (table 1), the influence of different media on mutation
rates cannot be ruled out. High mutation rate variation in
sexually reproduced Saccharomyces cerevisiae lines has been
suggested to result from different mating patterns (Nishant

et al. 2010) and possible mutagenic effects of meiosis (Magni
and Von Borstel 1962). Mitotic recombination can also be
mutagenic (Rattray et al. 2001), but the influence of LOH on
genome-wide mutation rate is likely complex. In this study,
H. valbyensis has the highest LOH rate, yet its mutation rate is
lower than H. uvarum or H. osmophila.

Indel mutation rates among yeasts are more variable than
BSM rates. Indel mutation rates range from 0.05x10~° in
Saccharomyces cerevisiae (Zhu et al. 2014) to 1.74x 10" ° in
Schizosaccharomyces pombe (Behringer and Hall 2015) (~34-
fold). Indel mutations are highly dependent on sequence-
context and GC-content (Montgomery et al. 2013; Williams
and Wernegreen 2013; Jiang et al. 2015; Xiao et al. 2017),
which are indeed variable among yeast species. Indel-
mutation rates are known to vary significantly among differ-
ent genetic backgrounds and environmental conditions
(Behringer and Hall 2016).

Higher Mutation Rates at G/C Sites than at A/T Sites
All yeast species, but R. toruloides, show a mutation bias to-
ward A/T with higher mutation rates at C/G nucleotides than
at A/T nucleotides. In transition mutations, the different rates
between G:.C—AT and A.T—G:C mutations can often be
dictated by frequencies of nucleotide deamination. In E. coli,
cytosine deamination (leading to G:C— A:T transition muta-
tions) is significantly more frequent than adenine deamina-
tion (leading to AT—G:C transition mutations) (Lindahl and
Nyberg 1974). However, it is important to note that muta-
tions in Saccharomycodaceae show no evidence of elevated
C—T mutations of focal C nucleotides at CpG sites com-
pared with C nucleotides followed by non-G nucleotides.
Thus, cytosine methylation is unlikely to play an important
role in causing mutations at C/G nucleotides. In transversion
mutations, the higher rates of G:C—T:A than AT—CG may
be due to oxidative DNA damage, such as 8-oxo-dG (leading
to G:C—T:A transversion mutations) (Cheng et al. 1992).

Variable Equilibrium G + C Contents

Equilibrium %(G + C) values predicted from mutation spec-
tra vary among yeast species and reflect difference in their
mutation spectra. Expected equilibrium %(G + C) values are
lower than the observed G + C contents in all yeast species,
suggesting mechanism(s) consistently operating to increase
G + C content. There may be two reasons for this behavior: 1)
selection being nearly universal in favor of G+ C content
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(Long et al. 2018) and 2) gene conversion being mostly biased
toward G/C during DNA mismatch repair (Pessia et al. 2012;
Lassalle et al. 2015). LOH events in H. osmophila show a bias
toward G/C, whereas LOH sites in H. valbyensis do not show
such a bias toward G/C. Furthermore, G + C content, per se,
is a parameter influencing mutation rates and the rates of
mitotic and meiotic recombination (Kiktev et al. 2018). Since
G + C content change alters nucleotide landscape, the rates
and spectra of mutation and recombination can be further
influenced in a context-dependent manner.

Rapid Genome-Wide LOH Rates

This study, to our knowledge, is the first on genome-wide
LOH rates in naturally heterozygous yeast. The LOH rates are
four orders of magnitude higher than the BSM rates. LOH
events have been previously measured ranging from
3.4x10"*t0 6.0x 10 per heterozygous site per cell division
in constructed heterozygous Saccharomyces cerevisiae
$288c/YJM789 strains (Dutta et al. 2017). The LOH rates in
S288c/YJM789 are at least one order of magnitude higher
than the measured LOH rates in this study, likely due to
dynamic chromosome change and extensive LOH in hybrid
genomes (Li et al. 2012). As LOH can convert a mutated allele
back to the ancestral type, rapid LOH can lead to underesti-
mation of mutation rates. Among detected spontaneous
mutations in this study, 1.15-2.88% are homozygous due to
LOH (table 6). If mutations converting back to the reference
allele take place at the same rate as to the alternate allele,
mutation rates would have been underestimated by 1.15—
2.88%. Such small underestimation by LOH alone is insuffi-
cient to explain the significant difference of mutation rates
between diploid and haploid genomes (Sharp et al. 2018).

LOH Variation

Differential loss of recombination-associated genes might lead
to LOH variation. The presence or absence of 23 recombina-
tion proteins (Krogh and Symington 2004) was determined
for the four Saccharomycodaceae species (supplementary ta-
ble S30, Supplementary Material online). More gene losses are
evident in FEL species, which are lacking RAD55 and MMS4.
There are also differences between the two FEL species, with
YKU70 missing in H. uvarum, and RMIT missing in H. valbyen-
sis. RMI1 is part of the Sgs1-Top3-Rmi1 antirecombination
complex, which functions to remove double Holiday junc-
tions (Krogh and Symington 2004). The lack of antirecombi-
nation RMI1 could have contributed to the high LOH rates in
H. valbyensis.

Rates and Spectra of Yeast mtDNA Mutations

Hanseniaspora mtDNA mutations collectively have more
G/C—A/T mutations than A/T—G/C mutations (table 7).
This is consistent with the near-universal mutation bias to-
ward A/T in bacteria (Hershberg and Petrov 2010) and in
mtDNAs of nonyeast organisms such as Drosophila mela-
nogaster (Haag-Liautard et al. 2008), Caenorhabditis briggsae
(Howe et al. 2010), and C. elegans (Konrad et al. 2017), but in
contrast to budding yeast Saccharomyces cerevisiae, which
has mtDNA mutations biased toward G/C (Lynch et al.
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2008). As the Saccharomyces cerevisiae FY10 strain (isogenic
to S288c) used in the Lynch et al. (2008) study contains a
single nonsynonymous mutation in the mtDNA polymerase
(MIP1) linked to reduced fidelity of mtDNA replication
(Baruffini et al. 2007), it would be of great interest to deter-
mine the exact contribution of the MIP1 gene to the G/C
biased mtDNA mutation spectrum in Saccharomyces cerevi-
sige. All of these observations make yeast mtDNAs an excel-
lent model system to investigate genetic mechanisms driving
the evolution of nucleotide composition.

® Substitutionper nucleotide site per cell division

Conclusion

In this study, we quantified mutations and LOH events in
naturally heterozygous yeast genomes. Mutation rates are
variable among yeast species, between haploid and diploid
strains. LOH rates are four to five orders of magnitude higher
than base-substitution rates. The difference in LOH rates be-
tween naturally heterozygous strains and experimentally con-
structed strains raises the need to identify mechanisms and
processes that dictate LOH rates. LOH events influence the
accumulation of mutations. Even though LOH has only a very
minor impact on mutation-rate estimates during MA courses
(~4,000 cell divisions) in this study, the cumulative impact of
LOH on mutations would be significant. Further studies are
needed to quantify the role of LOH in causing mutations.

Materials and Methods

Yeast Strains and MA Experiments

Four diploid yeast strains, H. uvarum Y-1612, H. valbyensis
Y-1626, H. osmophila Y-1381, and Saccharomycode ludwigii
Y-12793, were kindly provided by the USDA-ARS National
Center for Agricultural Utilization Research (IL). For each
strain, 60 MA lines were established from a single cell ancestor
and underwent single-cell bottleneck every 48 h for 200 pas-
sages. MA lines were cultured on Universal Medium for yeast
and mold (YM) without pH adjustment (1% dextrose, 0.3%
malt extract, 0.5% peptone, 0.3% yeast extract, 2% agar) at
25°C. During passages, only well-isolated colonies were
picked to minimize contamination. In every 50 passages, 10
MA lines were selected to estimate generation times by
counting colony-forming units. The estimated generation
times were 235*+003, 226%*0.05 221*003 and
2.60 = 0.04 h per cell division for H. uvarum, H. valbyensis,
H. osmophila, and Saccharomycode ludwigii, respectively.
These resulted in 4,119, 4,312, 4,364, and 3,718 cell divisions,
respectively, after 200 passages.

Genome Sequencing and Reference Genome
Construction

Genomic DNAs of the MA lines and their progenitor from
each species were phenol-chloroform extracted from a 2-day
culture of a single colony inoculation following Sambrook
et al. (1989). Sequencing libraries were constructed using
the Nextera DNA Library Preparation Kit and sequenced on
an lllumina HiSeq2500 platform (paired-end 150 bp, Hubbard
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Center for Genome Studies, University of New Hampshire) as
done in Long et al. (2016). To improve the reference genomes
and validate mutation calls in the MA data, additional library
preparation using TruSeq DNA PCR-Free Library Prep kit and
sequencing (paired-end 250 bp) were performed on the pro-
genitor and two selected MA lines for each species. Genomes
were assembled using SPAdes v3.7.1 (Bankevich et al. 2012)
with k-mers of 55, 75, 89, 97, and 127. Each assembly was
validated by visualizing mapping of raw reads versus assem-
bled genome using BWA-MEM v0.7.12 (Li and Durbin 2009)
and Integrative Genomics Viewer (IGV v2.3.60) (Robinson
et al. 2011). The assembled haploid genome sizes are
87 Mb for H. uvarum, 9.5 Mb for H. valbyensis, 10.9 Mb for
H. osmophila, and 11.8 Mb for Saccharomycode ludwigii (sup-
plementary fig. S1, Supplementary Material online). The nu-
clear genomes were annotated using the Yeast Genome
Annotation Pipeline (YGAP) (Proux-Wera et al. 2012).
Annotated protein genes were used to determine synony-
mous and nonsynonymous mutations in each MA line.

Mutation Analyses and Validation
Raw sequencing reads were trimmed for adaptor sequences
and low quality reads using Trimmomatic v0.36 (Bolger et al.
2014), mapped to reference genomes using BWA-MEM
v0.7.12 (Li and Durbin 2009), and indexed with Samtools
v1.2 (Li et al. 2009). To reduce mapping errors, mapping qual-
ity was set to be >59 using “samtools view -bp 59.” Duplicate
reads were removed using PicardTools-1.119 (http://broad-
institute.github.io/picard/). Analyzed nucleotide-sites in each
strain were required to have read depths at least 15x, be-
tween 5th and 95th percentiles of all nucleotide coverages
and at least half of the median coverage in the corresponding
genome (see supplementary fig. S1, Supplementary Material
online). MA lines were required to share >50% of analyzed
nucleotide-sites with the progenitor. The progenitor genomes
of H. valbyensis and Saccharomycode ludwigii exhibit high
variation in read depth, sites with read depth <50% of the
average coverage were excluded. The final numbers of MA
lines in mutation analysis are 40 for H. uvarum, 44 for
H. valbyensis, 41 for H. osmophila, and 32 for
Saccharomycode ludwigii. The average read depths of ana-
lyzed nucleotides are 97 in H. uvarum, 69x in H. valbyensis,
68x in H. osmophila, and 57% in Saccharomycode ludwigii.
The three H. mitogenomes was covered in nearly full length
and by average read depths >700x. The Saccharomycode
ludwigii mitogenome was poorly covered in length (only
10% of the total nucleotides were covered by >10x read
depths) and excluded from mtDNA mutation analysis.
Mutation calls were made for BSMs and insertions/dele-
tions (indels) using GATK UnifiedGenotyper (McKenna et al.
2010) with recommended parameters (DePristo et al. 2011;
Van der Auwera et al. 2013). Mutation calls were made only
on nucleotide positions of >100 Phred-scaled quality (QUAL)
score, >20 genome quality (GQ) score, and >5 quality per
depth (QD) score. To reduce detection errors, mutation calls
were required to be supported by >3 forward reads, >3
reverse reads, and >25% of covered reads. Heterozygous sites
were excluded from mutation analyses, but analyzed

specifically for rates of LOH (see below). Following previous
studies (Zhu et al. 2014; Long et al. 2016), mutations were
called only when present in one MA line due to their low
frequencies. Multinucleotide mutations are evident, two
double-nucleotide polymorphisms (DNPs) in H. uvarum,
five DNPs and one triple-nucleotide polymorphism in H.
osmophila, and one DNP in Saccharomycode ludwigii, whereas
there are no multinucleotide mutations in H. valbyensis. To
further reduce sequencing and/or mapping errors, we took
advantage of the diploid nature, where reads of alternative
allele are expected to be half of the total mapped reads. For
indel mutation calling, low-quality calls have been associated
with mixed insertion and deletion in the same position due to
sequencing and mapping errors (Fang et al. 2014). For each
initial indel call made by GATK, we counted the number of
reads supporting insertion and reads supporting deletion.
Since each bona fide indel mutation in a diploid organism
against its own reference genome is expected to be either an
insertion or a deletion (but not both), we excluded indel
mutation calls with reads supporting both insertion and de-
letion and sites where reference- and alternative alleles to-
gether were supported by <80% of covered reads.
Mutation rate (per generation per site) is calculated by
K = 35 where m is the number of mutations, N is the num-
ber of nucleotides analyzed, G is the number of generations,

and 2 is for diploid genomes. Standard error (SE) is \;ﬁ where s

is the SD of mutation rates across MA lines and n is the
number of analyzed MA lines. Similarly, the rates of
neighbor-dependent nucleotide mutations were calculated
using the number of triplets. The equilibrium G + C contents

(=SE) were calculated as the ratiol%‘y, where p and v

represent the A/T to G/C and G/C to A/T substitution rates,
respectively (Lynch and Walsh 1998; Lynch 2007). Mutations
in mitogenomes were observed and the rates were analyzed

fm

using p = 45—, where f, is the fraction of each mutated
allele among the sequencing reads, N is the number of nucleo-
tides analyzed, G is the number of generations. Mutations in
mitogenomes were always specifically stated in this study. For
simplicity, mutations in nuclear genomes might not always be
specified.

Quantification of the LOH

Heterozygous sites were identified in the progenitor strains by
fulfilling the criteria for mutation calls and alternative-allele
frequency >35%. The numbers of identified heterozygous
sites are 44 in H. uvarum, 20442 in H. valbyensis, 3488 in
H. osmophila, and 239 in Saccharomycode ludwigii. In princi-
ple, LOH generates homozygous alleles, where all reads can be
either identical with (no BSM called) or different from (100%
BSM) the reference sequences. In practice, mutation calling
relies on statistical tests to distinguish real alternative alleles
from mapping/sequencing errors, thus no mutation calls can-
not be reliably interpreted as being identical with the refer-
ence. Because of this, we only detected LOH events toward
BSM alleles (i.e,, half of the total LOH events). Since the rates
of lllumina sequencing errors range from ~0.1-1%

3127


http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/

Nguyen et al. - doi:10.1093/molbev/msaa150

MBE

(Meacham et al. 2017; Jinemann et al. 2013) and could be
high in AT-rich genomes (Chen et al. 2013), we applied a
cutoff of BSM-containing reads >95% in MA lines to detect
LOH sites. Each LOH event was inferred by consecutive LOH
sites. Gene conversion tract was defined by the maximum
distance of LOH sites in each LOH event. The LOH rate (per
site per generation) is calculated by 2_/0 where [ is the number
of heterozygous sites becoming homozygous, N is the number
of heterozygous sites analyzed, G is the number of genera-
tions, and 2 is to count for unconsidered LOH changes to-

ward the reference genomes.

Selection Detection in MA Lines

MA experiments through single-cell bottlenecks have been
shown to be effective in minimizing selection against delete-
rious mutations in haploid yeast strains (Farlow et al. 2015;
Long et al. 2016). To test whether mutations in this study
were under selection, we conducted Fisher’s exact tests to
compare the expected numbers of nonsynonymous and syn-
onymous mutations in the absence of selection against the
observed ones in MA experiments. The expected numbers of
nonsynonymous and synonymous mutations in each ge-
nome can be derived from its base composition, mutation
rate, and mutation spectrum following Yang (2014).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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