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Abstract: In a eukaryotic cell, the ratio of mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) is
usually maintained within a specific range. This suggests the presence of a negative feedback loop
mechanism preventing extensive mtDNA replication and depletion. However, the experimental data
on this hypothetical mechanism are limited. In this study, we suggested that deletions in mtDNA,
known to increase mtDNA abundance, can disrupt this mechanism, and thus, increase cell-to-cell
variance in the mtDNA copy numbers. To test this, we generated Saccharomyces cerevisiae rho−

strains with large deletions in the mtDNA and rho0 strains depleted of mtDNA. Given that mtDNA
contributes to the total DNA content of exponentially growing yeast cells, we showed that it can be
quantified in individual cells by flow cytometry using the DNA-intercalating fluorescent dye SYTOX
green. We found that the rho− mutations increased both the levels and cell-to-cell heterogeneity in the
total DNA content of G1 and G2/M yeast cells, with no association with the cell size. Furthermore, the
depletion of mtDNA in both the rho+ and rho− strains significantly decreased the SYTOX green signal
variance. The high cell-to-cell heterogeneity of the mtDNA amount in the rho− strains suggests that
mtDNA copy number regulation relies on full-length mtDNA, whereas the rho− mtDNAs partially
escape this regulation.
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1. Introduction

Mitochondria are the semi-autonomous organelles harbouring their own genome.
Mitochondrial DNA (mtDNA) is present in all eukaryotic species, with very few
exceptions [1]. mtDNA encodes a few proteins which are essential for oxidative phospho-
rylation (OXPHOS) as well as the components of mitochondrial translation machinery:
tRNAs and rRNAs [2]. mtDNA replication is considered independent from nuclear DNA
(nDNA) replication, as indicated by the increase in mtDNA copy numbers upon cell cycle
arrest [3,4]. At the same time, mitochondrial biogenesis and mtDNA replication are modu-
lated by the cell cycle stages [5,6]. For instance, HeLa cells induce mtDNA replication in
the S-phase and repress it during mitosis [7].

During cell division, the mitochondria and mtDNA molecules randomly segregate
between newly formed cells, although this process can be constrained by the mitochondrial
network structure [8]. Random segregation suggests that during the subsequent rounds
of cell division, the number of mtDNA molecules in individual cells will drift. This could
produce cells with depleted or abnormally elevated levels of mtDNA. Under normal
conditions, however, this is rarely observed in eukaryotic cell populations, suggesting that
the regulation of mtDNA amount is conducted through a negative feedback loop or active
partitioning mechanisms. Such mechanisms operate with the plasmids in bacteria and
yeast [9,10]. The copy number of yeast mtDNA is regulated by the balance between two
nuclear-encoded HMG-box proteins, Cim1p and Abf2p, which bind mtDNA [11]. Many
other genes can also regulate the mtDNA levels [12–14]; in particular, the antioxidant
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enzyme mitochondrial superoxide dismutase and the proteins of the mitochondria-to-
nucleus signalling Rtg cascade negatively contribute to the maintenance of mtDNA under
stress conditions [15]. Moreover, mtDNA copy number regulation in yeast is mediated
by the oxidative stress levels [16]. Despite this knowledge, the mechanisms regulating
the mtDNA copy number, and particularly those preventing mtDNA copy number drift,
largely remain unknown [17].

Eukaryotic cells usually contain multiple copies of mtDNA molecules, while the
mitochondrial DNA repair mechanisms are limited [18]. These two factors make mtDNA
more prone to mutations and deletions. Indeed, the human germline mtDNA mutation
rate is an order of magnitude higher than the mutation rate of nDNA [19], and mtDNA
with large deletions are accumulated as humans age [20]. At the same time, mutant
mitochondrial DNAs with deletions or other deleterious mutations can accumulate at a
high level (copies per cell) and displace parental (wild-type) mtDNAs [21]. Many yeast
strains are prone to mutations in mtDNA, and their cultures usually have a high proportion
(up to several percent) of cells with the petite phenotype [22]. Petite cells can neither respire
nor utilise non-fermentable carbon sources. Importantly, the petite phenotype is associated
with the mutations in mitochondrial DNA, most of which are large-scale deletions [23–25].
Yeast mutant strains with large deletions in the mtDNA accumulate mtDNA molecules in
cells in large amounts [26].

In this study, we hypothesised that mtDNAs with large deletions escape copy number
control mechanisms, and therefore, the populations of cells with mutant mtDNA are more
heterogeneous in the mtDNA content than the populations of cells with wild-type mtDNA.
To test this hypothesis, we studied several S. cerevisiae strains with spontaneous large
deletions in mtDNA and quantified the level of variation in the total DNA amount in
them. S. cerevisiae cells have a compact nuclear genome of ~12 Mb and a relatively large
mitochondrial genome of approximately 85 kb [27]. As a result, in yeast, mtDNA represents
a substantial fraction of the total cellular DNA, from 15 to 25% [28]. Therefore, mtDNA
can be detected with flow cytometry using standard DNA-intercalating fluorescent dyes.
Moreover, in the S. cerevisiae laboratory strains, the rate of spontaneous mtDNA deletions
is high, and therefore, the cell suspensions usually contain a fraction of the cells that retain
only a partial mitochondrial genome [22,29]. Mutant strains with large deletions and the
corresponding mitochondrial genotypes are referred to as rho− and can be easily obtained
and distinguished from parental rho+ strains containing the full-length mitochondrial
genome.

Here, we analysed the cell-to-cell heterogeneity in the total DNA levels in suspensions
of a wild-type (rho+) yeast strain and strains with large deletions in mitochondrial genomes
(rho−). We used the rho0 strain lacking mtDNA as a control. We also analysed a previously
obtained hypersuppressive (HS) rho− strain that retained only a short 2 kb mitochondrial
genome [30]. Furthermore, we examined the variation in the total DNA levels in the ‘nuclear
petite’ strains, which were lacking one of the genes essential for oxidative phosphorylation.
The variation was analysed separately for the G1 and G2/M cells and for varying size
classes of cells.

2. Results

To test whether the mtDNAs with large deletions escape copy number regulation, from
a haploid rho+ strain we generated spontaneous rho− strains and a rho0 strain completely
lacking mitochondrial DNA (Figure S1). We cultivated these strains in batch cultures up
to the exponential phase and stained the cell suspensions with the DNA-intercalating dye
SYTOX green (see Section 4). All the strains showed a bimodal distribution of SYTOX
green intensities that correspond to the cells with unduplicated and duplicated genomic
DNA, 1n and 2n (Figure 1A). In the rho0 cell suspensions, the positions of the modes of
both peaks were shifted to the left (Figure 1A,B). We obtained consistent results using the
cdc4-3 rho+ and rho0 strains; these strains have a cell cycle defect that manifests at elevated
temperatures. Under the conditions of cell cycle arrest, both strains exhibited an increase



Int. J. Mol. Sci. 2023, 24, 17413 3 of 11

in the proportion of 1n cells. At the same time, the distributions of SYTOX green signal
intensities were shifted to higher values in cdc4-3 rho+, but not in cdc4-3 rho0 yeast cells
(Figure S2). This confirmed that mtDNA contributes to the integral SYTOX green signal
and can be detected using flow cytometry.
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lighting both the nucleus and mitochondria. These components contribute to the SYTOX green
fluorescence. (B) Local maxima of the SYTOX green signal distributions in individual experiments.
* p < 0.05, and ** p < 0.005, according to the Wilcoxon rank-sum exact test with Bonferroni adjustments.

Remarkably, the cells from all six independently generated rho− strains exhibited
higher SYTOX green signals in both cell cycle stages. Similar results were obtained for the
HS rho− strain (Figure 1B). At the same time, the rho− cells have a negligible difference in
the growth rates under normal conditions compared to those of the rho0 cells, whereas the
rho+ cells exhibited higher proliferation rates (Figure S3). Given that the cell cycle duration
depends mainly on the G1 phase duration, while the lengths of other phases are more
uniform, the proportion of G1 (1n) to G2/M (2n) cells in the rho− and rho0 strains was
higher than that in the parental rho+ strain, which showed a higher growth rate (Figure 2).

Next, we analysed the variation in SYTOX green fluorescence intensities for the rho+,
rho−, and rho0 cells. To evaluate the SYTOX green signal representing mtDNA, we needed
to analyse cells with different amounts of nDNA separately. Therefore, to ensure that the
contributions of yeast cells in different stages of the cell cycle did not distort the results,
we analysed only the right side of the distribution peak for the G2/M cells and the left
side of the peak for the G1 cells (Figure S4). This reduced the number of analysed cells in
each sample, but assured that all cells were in the same cell cycle phase and contained the
same amount of nDNA. We then calculated the robust coefficients of variation (rCV, see
Figure S4 for the equations) for the SYTOX green signal in the 1n and 2n subpopulations. To
mitigate any potential day-to-day variations in the replicas, we normalised each calculated
rCV value against the control rho+ strain’s rCV value from the same batch. Figure 3
demonstrates that 1n and 2n cell subpopulations of rho+ strains exhibit lower rCV values
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than the corresponding 1n and 2n subpopulations of rho− strains. Concurrently, the cells
of the rho0 strains were more uniform in DNA content; the rho0 strains showed lower
rCV values than the population of parental rho+ cells (Figure 3). Furthermore, increased
cell-to-cell heterogeneity of the SYTOX green signals in the rho− cell populations compared
to those of the rho+ cell populations was also observed when the yeast cells were cultivated
at 25 ◦C instead of 30 ◦C (Figure S5). Under these conditions, the cells exhibit an increase in
the duration of the G1 cell cycle stage and a larger proportion of G1 cells.
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We suggested that the increase in SYTOX green signal variation could be associated
with the increased cell size variation of rho− cells. Therefore, we analysed how the SYTOX
green mean intensity and cell-to-cell variation depend on the cell size. In order to achieve
this, we took the events (cells) with SYTOX green values above the mode of the G2 (2n)
peak (see Figure S6 for automatic identification of a mode in 2n peak position). Then, we
plotted the distributions of the forward scattering areas (FSC-A) of such cells and identified
the positions of distribution modes for each experiment (Figures 4A and S7). After this,
we calculated the SYTOX green signal intensities rCV for varying window sizes, centred
on the FSC-A distribution mode (Figure 4A, upper panel). We found that narrowing the
window size reduces the rCV to a certain threshold (Figure 4B). This threshold is commonly
referred to as intrinsic variation (noise), distinguishing it from extrinsic variation, which
depends on the cell size [31]. A narrow FSC-A window size represents the yeast cells with
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similar sizes; nonetheless, the rho− cells exhibited increased SYTOX green rCV values, even
if compared within narrow cell size windows (Figure 4B). In addition, we found that the
yeast mitotypes exert a minimal, if any, effect on the cell-to-cell variation in mitochondrial
protein abundance. This was demonstrated using yeast strains that express Idh1-GFP, a
mitochondrial isocitrate dehydrogenase fused with GFP. The variance in Idh1-GFP levels
was consistent across rho−, rho0, and rho+ strains (Figure S8).
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Figure 4. High variation of SYTOX green signal intensity in rho− cell populations is consistent across
different cell sizes. (A) Upper panel: yeast cell forward scattering amplitude (FSC-A) distribution;
middle panel: average SYTOX green intensities as a function of cell size; lower panel: rCV of SYTOX
green intensities as a function of cell size. FSC-A bin size was set to 10,000 a.u. Bold lines represent
average values; dim lines represent individual experiments; (B) rCV across different cell size ranges.
The rho+ and rho− rCV values, calculated specifically for narrower size bins with log2(FSC-A) below
12, show a significant difference, with a p-value of 0.0078 according to the Wilcoxon rank–sum exact
test; (C) Cell size variation in rho+, rho0, and rho− strains.

To test if the increase in SYTOX green rCV values is associated with the inability of
yeast cells to perform oxidative phosphorylation, we examined the variation in the SYTOX
green signal in the ‘nuclear petites’. These are yeast strains that lack one of the nuclear-
encoded OXPHOS genes and, as a result, are incapable of utilising non-fermentable carbon
sources. We took three ‘nuclear petite’ strains of the W303 genetic background: a strain
with a deleted COQ3 gene that encodes an enzyme required for coenzyme Q6 biosynthesis,
and two cyt1∆ strains with different prototrophic markers. CYT1 is a catalytic subunit of
respiratory complex III. We confirmed that all of these mutants are unable to utilise glycerol,
but retain mtDNA (see Section 4). However, unlike the rho− cells, we did not detect an
increase in the SYTOX green signal rCV of these strains, compared to that of the parental
rho+ strain (Figure S9).

Next, we evaluated how the SYTOX green signal depends on the cell size. To achieve
this, we calculated the mean and rCV of SYTOX green signal intensities for the yeast cell
populations clustered by cell size. We found that the mean SYTOX green intensities increase
with cell size in the rho+ and rho− strains to a much greater extent than those in the rho0
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strains (Figure 4A, middle panel). The slopes of linear regression between the SYTOX green
signal and FSC-A bin size were 0.94 ± 0.28 for rho+, 0.80 ± 0.40 for rho−, and 0.20 ± 0.08
for the rho0 cell suspensions (p < 0.001 if compared to the rho+ and rho− slopes according to
the Wilcoxon rank-sum test). The subpopulations of large rho− and rho+ cells also showed
higher SYTOX green rCV values (Figure 4A, lower panel), while the SYTOX green rCV
values of rho0 cells remained almost constant. Finally, we analysed the variation in cell
volume of the rho+, rho−, and rho0 strains. In order to achieve this, we approximated the cell
volume as FSC-A multiplied by forward scattering intensity height (FSC-H) and calculated
the rCV for each experiment. In contrast to the SYTOX green signal, we did not find any
relationship between the mitochondrial DNA genotype and cell volume (Figure 4C).

3. Discussion

In this study, we have demonstrated that, in yeast, the amount of mtDNA can be as-
sessed at the level of individual cells in the G1 and G2/M cell cycle stages using a standard
flow cytometry technique. As depicted in Figure 1, the rho+ and rho− cells exhibit a higher
integral SYTOX green signal intensity compared to that of the rho0 cells. This observation
indicates that, in yeast cells, mtDNA contributes significantly to the total SYTOX green
signal. However, it is important to note that yeast cells may contain extrachromosomal
elements other than mtDNA, and the total DNA content could be substantially influenced
by changes in the individual chromosome copy numbers (aneuploidies). Approximately
20% of laboratory, industrial, and natural yeast strains contain aneuploidies [32]. Nonethe-
less, the duplication and loss of chromosomes are rare; the rate of chromosome loss is
about 10−7–10−6 events per cell division [33,34], and thus, it is unlikely to contribute to the
cell-to-cell variation in the total DNA content of the yeast suspensions evaluated in this
study. On the other hand, yeast cells can contain 40–60 molecules of multicopy 2µ plasmids,
each with a size of 6.3 kb [35]. These could potentially contribute to the overall yeast DNA
content. However, even at its maximum, the total plasmid DNA in yeast is equivalent to
the size of approximately 4–5 mtDNA molecules. Furthermore, the copy number of 2µ
plasmids is regulated by negative feedback loop mechanisms encoded within the plasmid
itself [35]. Therefore, multicopy plasmids should not make a significant contribution to the
total DNA amount and variation. Lastly, individual cells could harbour extrachromosomal
rDNA circles (ERCs). ERCs are excised from rDNA tandem repeats composed of multimer
rDNA repeat units of 9.6 kb and are accumulated in old yeast cells [36]. Theoretically,
ERCs can significantly contribute to the total DNA content of individual cells. However, in
an exponentially growing yeast culture, yeast cells are continuously diluted by the new
daughter cells, and thus, old mother cells represent a very small portion of the total cell
population [37]. Therefore, we can assume that when considering cells in identical cell
cycle stages, the variation in the total DNA amount is predominantly influenced by the
variation in the number of mtDNA molecules per cell.

Our study aimed to test the hypothesis that asynchronous liquid cultures of yeast cells
with mutant rho− mtDNA are more heterogeneous in the cellular DNA content than the
cultures of cells with rho+ wild-type mtDNA. The results, as shown in Figure 3, confirm
this hypothesis: in almost all the experiments, the SYTOX green signal intensity rCV values
of the rho− strains were above the corresponding rCV values of the parental rho+ strain.
Furthermore, when we examined the SYTOX green rCV values for different cell sizes, we
found that this result remains consistent (Figure 4). Thus, an increase in the SYTOX green
rCV in rho− cell suspensions cannot be attributed to the variation in cell sizes between
the rho− and rho+ strains. On the contrary, the increase is a consequence of the mutant
mitotype, regardless of the cell size.

Next, we compared how the SYTOX green fluorescence changes across varying cell
sizes. In rho0 cell suspensions, the mean SYTOX green signal values remained constant in
the sliding FSC-A windows (Figure 4A, middle and lower panels). This suggests that the
cell parameters, such as cell size and number of vacuoles, do not significantly contribute to
the SYTOX green signal. At the same time, we found that in both the rho− and rho+ strains,
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the larger cells exhibit a higher mean SYTOX green signal and greater variation compared
to those of the smaller ones (Figure 4A, middle and lower panels). These observations
imply that mtDNA contributes to the total DNA content in the cells in the same cell cycle
phase. The increase in SYTOX green signal values suggests that as the cell volume increases,
so does the mtDNA amount. The scaling of mtDNA abundance with yeast cell volume is
consistent with the previous findings employing quantitative PCR [38]. Meanwhile, the
increase in SYTOX green signal variation in the large cells is potentially attributable to
mitochondrial dysfunction in the replicatively old cells [39], which are more prevalent in
large-sized bins, whereas small-sized bins are supposedly composed mainly of newborn
daughter and young mother cells.

Why do rho− strains show a high cell-to-cell variation in mtDNA content? Having a
large deletion in mtDNA makes these cells incapable of oxidative phosphorylation. This, in
turn, can disrupt the hypothetical negative feedback loop that regulates the mtDNA copy
number. In this study, we also tested yeast cells that cannot respire: a strain with blocked
coenzyme Q6 biosynthesis, an essential cofactor of the respiratory chain [40], and without
the core component of respiratory complex III, Cyt1p [41]. These ‘nuclear petite’ strains
exhibited neither an increased SYTOX green level nor an increase in the SYTOX green
intensity population variance (Figure S9). This suggests that the regulation of the mtDNA
copy number is not directly related to the functioning of the respiratory chain. At the same
time, we cannot completely rule out the possibility that proteins encoded in the mtDNA
regulate the mtDNA copy number. For example, their regulatory role may be realised not
by their enzymatic function, but by the abundance of certain mtDNA-encoded proteins
or the general activity of mitochondrial transcription or translation processes, which are
inhibited in the rho− cells.

Another possibility is that the original deletion in the mtDNA increases the probability
of secondary deletions, producing a variety of mitochondrial genomes present in the
cell suspension [29]. This variety can be manifested in the increased total DNA amount
heterogeneity if the mitogenomes significantly vary in copy number and size.

Finally, an increase in mtDNA content variance could be due to the concatenation of
mutant DNA molecules associated with a decrease in the copy number of the concatenates
in the rho− cells. Indeed, despite rho− mtDNAs being shorter, they can be concatenated into
larger mtDNA molecules [42]. Consequently, they represent a smaller number of mtDNA
segregation units than rho+ mtDNA. A decrease in the number of mtDNA segregation units
could intensify the drift in copy numbers, increasing the population variance in the mtDNA
amount.

Regardless of which mechanism or combination of mechanisms contributes to the
high cell-to-cell variation in mtDNA amount, our results show that the deletions in mtDNA
increase the cell-to-cell heterogeneity in the mtDNA amount. Additionally, our findings
suggest that for yeast cells with mutated mtDNA, it is difficult to maintain a normal
mtDNA/nDNA ratio. While it is important to note the significant differences in mtDNA
genome organisation and maintenance machinery between fungi and metazoans, we
propose that the deterioration of copy number regulation control in cells with mutant
mtDNA could be a widespread mechanism contributing to mitochondrial pathologies in
various species, including humans.

4. Materials and Methods
4.1. Yeast Strains and Growth Conditions

In this study, we used the mat alpha W303-1B laboratory strain (MATalpha ade2-101
his3-11 trp1-1 can1-100 leu2-3) as well as rho− and rho0 derivative mutants. The relationship
between parental and derived strains is indicated in Figure S1A. We also utilised the cdc4-3
thermo-sensitive mutant strain from the ts-collection [43], along with its rho0 derivative
mutant. For the analysis of mitochondrial protein abundance, we used a set of W303
IDH1-GFP rho−, rho+, and rho0 strains. These strains had previously been generated in our
laboratory [30,44].
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To estimate the growth rates, we inoculated yeast strains in YPD (1% yeast extract;
2% bactopeptone; 2% D-glucose) in 96-well plates (200 µL in a well, starting density
106 cells/mL that corresponds to OD550 ~0.02) and incubated them in a SpectroStar Nano
(BMG Labtech GmbH, Ortenberg, Germany) microplate spectrophotometer at 30 ◦C. The
optical density (OD550) was assessed every 5 min for the entire duration of the experiment.

We also utilised the mat a W303-1A cyt1∆::HIS3, cyt1∆::TRP1, and coq3∆::HIS3 strains,
which are incapable of growing on non-fermentable carbon sources. To confirm the
retention of mtDNA in these strains, we crossed them with the MATalpha rho0 strain
and subsequently plated the crossing on non-fermentable carbon source plates, YPGly:
2% bactopeptone, 1% yeast extract, and 2% glycerol. While both parental strains could not
utilise glycerol as the sole carbon source, the generated diploid strain did (Figure S10). This
control experiment demonstrated that, in spite of the absence of nuclear-coded OXPHOS
genes, all three tested strains retained mtDNA.

4.2. mtDNA Depletion

To generate rho− strains, we cultivated the parental rho+ strain on a YPDGly plate
containing 1% yeast extract; 2% peptone; 2% glycerol; and 0.1% D-glucose and isolated
small colonies. We ensured that strains originating from small colonies were unable to
grow on a non-fermentable carbon source, but retained a signal of DNA intercalating agent
in the cytoplasm, similar to the parental rho+ cells. To generate rho0 strains, we incubated
the parental rho+ or rho− strains overnight at 30 ◦C in YPD supplemented with ethidium
bromide (0.1 mg/mL). The cell suspension was then plated on solid YPD medium. To
discriminate between the rho− and rho0 mitochondrial genotypes, the cells were fixed
in 70% (v/v) ethanol and stained with 2 µg/mL DAPI (4′,6-diamidino-2-phenylindole,
Lumiprobe, Hunt Valley, MD, USA) [30]. We checked that the resulting cells showed no
DAPI signal outside of the nucleus (Figure S1B).

4.3. Flow Cytometry

Yeast cells were grown at 30 ◦C under rotary shaking (250 rpm) to a density of
2 × 106 cells/mL in liquid YPD medium prepared as described by Sherman [45]. After
growth, the cells were harvested by centrifugation, and then resuspended in 1 mL of 70%
(v/v) EtOH. The fixed cells were stored at −20 ◦C.

The protocol for total DNA content analysis using SYTOX green (SYTOXTM green,
ThermoFisher Scientific, Waltham, MA, USA) is a modification of the cell cycle analysis
protocol described by Haase et al. [46]. We transferred ~1.5 × 106 ethanol-fixed cells to a
microfuge tube and washed them twice in 400 µL sodium citrate buffer (50 mM, pH = 7.0).
RNAse was added to the final concentration, 0.3 mg/mL, and the mix was incubated for
2 h at 37 ◦C. It is important to eliminate RNA because DNA stains can also bind to RNA.
After this, proteinase K (0.2 mg/mL, Amresco 0706, Solon, OH, USA) was added, and cells
were incubated for one hour at 50 ◦C. This step helps to improve the access of stain to DNA.
Cells fixed in ethanol tend to agglomerate, so we sonicated the samples before staining to
separate the cell clumps. SYTOX green was added to the final concentration of 0.625 µM.

Cellular fluorescence from SYTOX green was determined quantitatively using a
CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA). The laser wavelength was
488 nm, and the emission filter was 525/40 nm bindpass (FITC-A). For each sample,
5 × 104 cells were analysed, and the flow rate was set to 10 µL/min.

4.4. Data Analysis

The flow cytometry data were analysed with CytExpert software, version 2.0 (Beckman
Coulter) and R environment using tidyverse [47]. We imported the flow cytometry experi-
ment data using the flowCore [48] bioconductor package without using log transformation.
Then, we identified the position of the 2n peak mode in SYTOX green signal intensity
distribution using the multimode [49] package. In order to improve automatic peak mode
identification, we trimmed the FSC-A and SYTOX green signal data by withdrawing
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1% extreme data points. Thereafter, we calculated the mean SYTOX green intensities and
the rCV for the varying FSC-A bins.

Whenever possible, in the figures, we show separate data points which represent the
flow cytometry experiments from separate batch cultures.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms242417413/s1.

Author Contributions: Conceptualization, E.Y.P., N.D.K. and D.A.K.; methodology, E.Y.P., N.D.K.
and D.A.K.; validation, E.Y.P., N.D.K. and D.A.K.; formal analysis, E.Y.P., N.D.K. and D.A.K.; investi-
gation, E.Y.P.; writing—original draft preparation, D.A.K.; writing—review and editing, E.Y.P., N.D.K.
and D.A.K.; visualization, D.A.K.; supervision, D.A.K.; funding acquisition, D.A.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by Russian Science Foundation grant (project 22-14-00108).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are present within the manuscript and Supplementary Materials.

Acknowledgments: We are grateful to Zinovkin and Zinovkina for their insightful discussion of our
study. We are also grateful to Azbarova and Sokolov for providing the nuclear petite strains.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Roger, A.J.; Muñoz-Gómez, S.A.; Kamikawa, R. The Origin and Diversification of Mitochondria. Curr. Biol. 2017, 27, R1177–R1192.

[CrossRef] [PubMed]
2. Taanman, J.W. The Mitochondrial Genome: Structure, Transcription, Translation and Replication. Biochim. Biophys. Acta 1999,

1410, 103–123. [CrossRef] [PubMed]
3. Newlon, C.S.; Fangman, W.L. Mitochondrial DNA Synthesis in Cell Cycle Mutants of Saccharomyces Cerevisiae. Cell 1975, 5,

423–428. [PubMed]
4. Sazer, S.; Sherwood, S.W. Mitochondrial Growth and DNA Synthesis Occur in the Absence of Nuclear DNA Replication in Fission

Yeast. J. Cell Sci. 1990, 97 Pt 3, 509–516. [CrossRef] [PubMed]
5. Lee, S.; Kim, S.; Sun, X.; Lee, J.-H.; Cho, H. Cell Cycle-Dependent Mitochondrial Biogenesis and Dynamics in Mammalian Cells.

Biochem. Biophys. Res. Commun. 2007, 357, 111–117. [CrossRef] [PubMed]
6. Sasaki, T.; Sato, Y.; Higashiyama, T.; Sasaki, N. Live Imaging Reveals the Dynamics and Regulation of Mitochondrial Nucleoids

during the Cell Cycle in Fucci2-HeLa Cells. Sci. Rep. 2017, 7, 11257. [CrossRef]
7. Chatre, L.; Ricchetti, M. Prevalent Coordination of Mitochondrial DNA Transcription and Initiation of Replication with the Cell

Cycle. Nucleic Acids Res. 2013, 41, 3068–3078. [CrossRef] [PubMed]
8. Glastad, R.C.; Johnston, I.G. Mitochondrial Network Structure Controls Cell-to-Cell mtDNA Variability Generated by Cell

Divisions. PLoS Comput. Biol. 2023, 19, e1010953. [CrossRef]
9. Summers, D.K. The Kinetics of Plasmid Loss. Trends Biotechnol. 1991, 9, 273–278. [CrossRef]
10. Kumar, D.; Prajapati, H.K.; Mahilkar, A.; Ma, C.-H.; Mittal, P.; Jayaram, M.; Ghosh, S.K. The Selfish Yeast Plasmid Utilizes the

Condensin Complex and Condensed Chromatin for Faithful Partitioning. PLoS Genet. 2021, 17, e1009660. [CrossRef] [PubMed]
11. Schrott, S.; Osman, C. Two Mitochondrial HMG-Box Proteins, Cim1 and Abf2, Antagonistically Regulate mtDNA Copy Number

in Saccharomyces cerevisiae. Nucleic Acids Res. 2023, 51, 11813–11835. [CrossRef] [PubMed]
12. Puddu, F.; Herzog, M.; Selivanova, A.; Wang, S.; Zhu, J.; Klein-Lavi, S.; Gordon, M.; Meirman, R.; Millan-Zambrano, G.; Ayestaran,

I.; et al. Genome Architecture and Stability in the Saccharomyces Cerevisiae Knockout Collection. Nature 2019, 573, 416–420.
[CrossRef] [PubMed]

13. Göke, A.; Schrott, S.; Mizrak, A.; Belyy, V.; Osman, C.; Walter, P. Mrx6 Regulates Mitochondrial DNA Copy Number in
Saccharomyces Cerevisiae by Engaging the Evolutionarily Conserved Lon Protease Pim1. Mol. Biol. Cell 2020, 31, 527–545.
[CrossRef] [PubMed]

14. Staneva, D.; Vasileva, B.; Podlesniy, P.; Miloshev, G.; Georgieva, M. Yeast Chromatin Mutants Reveal Altered mtDNA Copy
Number and Impaired Mitochondrial Membrane Potential. J. Fungi 2023, 9, 329. [CrossRef] [PubMed]

15. Stenberg, S.; Li, J.; Gjuvsland, A.B.; Persson, K.; Demitz-Helin, E.; González Peña, C.; Yue, J.-X.; Gilchrist, C.; Ärengård, T.;
Ghiaci, P.; et al. Genetically Controlled mtDNA Deletions Prevent ROS Damage by Arresting Oxidative Phosphorylation. eLife
2022, 11, e76095. [CrossRef] [PubMed]

16. Hori, A.; Yoshida, M.; Shibata, T.; Ling, F. Reactive Oxygen Species Regulate DNA Copy Number in Isolated Yeast Mitochondria
by Triggering Recombination-Mediated Replication. Nucleic Acids Res. 2009, 37, 749–761. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms242417413/s1
https://www.mdpi.com/article/10.3390/ijms242417413/s1
https://doi.org/10.1016/j.cub.2017.09.015
https://www.ncbi.nlm.nih.gov/pubmed/29112874
https://doi.org/10.1016/S0005-2728(98)00161-3
https://www.ncbi.nlm.nih.gov/pubmed/10076021
https://www.ncbi.nlm.nih.gov/pubmed/1098780
https://doi.org/10.1242/jcs.97.3.509
https://www.ncbi.nlm.nih.gov/pubmed/2074269
https://doi.org/10.1016/j.bbrc.2007.03.091
https://www.ncbi.nlm.nih.gov/pubmed/17400185
https://doi.org/10.1038/s41598-017-10843-8
https://doi.org/10.1093/nar/gkt015
https://www.ncbi.nlm.nih.gov/pubmed/23345615
https://doi.org/10.1371/journal.pcbi.1010953
https://doi.org/10.1016/0167-7799(91)90089-Z
https://doi.org/10.1371/journal.pgen.1009660
https://www.ncbi.nlm.nih.gov/pubmed/34270553
https://doi.org/10.1093/nar/gkad849
https://www.ncbi.nlm.nih.gov/pubmed/37850632
https://doi.org/10.1038/s41586-019-1549-9
https://www.ncbi.nlm.nih.gov/pubmed/31511699
https://doi.org/10.1091/mbc.E19-08-0470
https://www.ncbi.nlm.nih.gov/pubmed/31532710
https://doi.org/10.3390/jof9030329
https://www.ncbi.nlm.nih.gov/pubmed/36983497
https://doi.org/10.7554/eLife.76095
https://www.ncbi.nlm.nih.gov/pubmed/35801695
https://doi.org/10.1093/nar/gkn993
https://www.ncbi.nlm.nih.gov/pubmed/19074198


Int. J. Mol. Sci. 2023, 24, 17413 10 of 11

17. Moraes, C.T. What Regulates Mitochondrial DNA Copy Number in Animal Cells? Trends Genet. 2001, 17, 199–205. [CrossRef]
18. Tadi, S.K.; Sebastian, R.; Dahal, S.; Babu, R.K.; Choudhary, B.; Raghavan, S.C. Microhomology-Mediated End Joining Is the

Principal Mediator of Double-Strand Break Repair during Mitochondrial DNA Lesions. Mol. Biol. Cell 2016, 27, 223–235.
[CrossRef]

19. Rebolledo-Jaramillo, B.; Su, M.S.-W.; Stoler, N.; McElhoe, J.A.; Dickins, B.; Blankenberg, D.; Korneliussen, T.S.; Chiaromonte,
F.; Nielsen, R.; Holland, M.M.; et al. Maternal Age Effect and Severe Germ-Line Bottleneck in the Inheritance of Human
Mitochondrial DNA. Proc. Natl. Acad. Sci. USA 2014, 111, 15474–15479.

20. Lujan, S.A.; Longley, M.J.; Humble, M.H.; Lavender, C.A.; Burkholder, A.; Blakely, E.L.; Alston, C.L.; Gorman, G.S.; Turnbull,
D.M.; McFarland, R.; et al. Ultrasensitive Deletion Detection Links Mitochondrial DNA Replication, Disease, and Aging. Genome
Biol. 2020, 21, 248. [CrossRef]

21. Lawless, C.; Greaves, L.; Reeve, A.K.; Turnbull, D.M.; Vincent, A.E. The Rise and Rise of Mitochondrial DNA Mutations. Open
Biol. 2020, 10, 200061. [CrossRef] [PubMed]

22. Dimitrov, L.N.; Brem, R.B.; Kruglyak, L.; Gottschling, D.E. Polymorphisms in Multiple Genes Contribute to the Spontaneous
Mitochondrial Genome Instability of Saccharomyces Cerevisiae S288C Strains. Genetics 2009, 183, 365–383. [CrossRef] [PubMed]

23. de Zamaroczy, M.; Marotta, R.; Faugeron-Fonty, G.; Goursot, R.; Mangin, M.; Baldacci, G.; Bernardi, G. The Origins of Replication
of the Yeast Mitochondrial Genome and the Phenomenon of Suppressivity. Nature 1981, 292, 75–78. [CrossRef] [PubMed]

24. Osman, C.; Noriega, T.R.; Okreglak, V.; Fung, J.C.; Walter, P. Integrity of the Yeast Mitochondrial Genome, but Not Its Distribution
and Inheritance, Relies on Mitochondrial Fission and Fusion. Proc. Natl. Acad. Sci. USA 2015, 112, E947–E956. [CrossRef]
[PubMed]

25. Dzierzbicki, P.; Kaniak-Golik, A.; Malc, E.; Mieczkowski, P.; Ciesla, Z. The Generation of Oxidative Stress-Induced Rearrangements
in Saccharomyces Cerevisiae mtDNA Is Dependent on the Nuc1 (EndoG/ExoG) Nuclease and Is Enhanced by Inactivation of the
MRX Complex. Mutat. Res. 2012, 740, 21–33. [CrossRef]

26. Fangman, W.L.; Henly, J.W.; Churchill, G.; Brewer, B.J. Stable Maintenance of a 35-Base-Pair Yeast Mitochondrial Genome. Mol.
Cell. Biol. 1989, 9, 1917–1921. [PubMed]

27. Foury, F.; Roganti, T.; Lecrenier, N.; Purnelle, B. The Complete Sequence of the Mitochondrial Genome of Saccharomyces
Cerevisiae. FEBS Lett. 1998, 440, 325–331. [CrossRef] [PubMed]

28. Hall, R.M.; Nagley, P.; Linnane, A.W. Biogenesis of Mitochondria. XLII. Genetic Analysis of the Control of Cellular Mitochondrial
DNA Levels in Saccharomyces Cerevisiae. Mol. Gen. Genet. 1976, 145, 169–175. [CrossRef]

29. Nunn, C.J.; Goyal, S. Contingency and Selection in Mitochondrial Genome Dynamics. Elife 2022, 11, e76557. [CrossRef]
30. Karavaeva, I.E.; Golyshev, S.A.; Smirnova, E.A.; Sokolov, S.S.; Severin, F.F.; Knorre, D.A. Mitochondrial Depolarization in Yeast

Zygotes Inhibits Clonal Expansion of Selfish mtDNA. J. Cell Sci. 2017, 130, 1274–1284. [CrossRef] [PubMed]
31. Newman, J.R.S.; Ghaemmaghami, S.; Ihmels, J.; Breslow, D.K.; Noble, M.; DeRisi, J.L.; Weissman, J.S. Single-Cell Proteomic

Analysis of S. Cerevisiae Reveals the Architecture of Biological Noise. Nature 2006, 441, 840–846. [CrossRef] [PubMed]
32. Peter, J.; De Chiara, M.; Friedrich, A.; Yue, J.-X.; Pflieger, D.; Bergström, A.; Sigwalt, A.; Barre, B.; Freel, K.; Llored, A.; et al.

Genome Evolution across 1,011 Saccharomyces Cerevisiae Isolates. Nature 2018, 556, 339–344. [CrossRef] [PubMed]
33. Kumaran, R.; Yang, S.-Y.; Leu, J.-Y. Characterization of Chromosome Stability in Diploid, Polyploid and Hybrid Yeast Cells.

PLoS ONE 2013, 8, e68094. [CrossRef] [PubMed]
34. Mulla, W.; Zhu, J.; Li, R. Yeast: A Simple Model System to Study Complex Phenomena of Aneuploidy. FEMS Microbiol. Rev. 2014,

38, 201–212. [CrossRef] [PubMed]
35. Chan, K.-M.; Liu, Y.-T.; Ma, C.-H.; Jayaram, M.; Sau, S. The 2 Micron Plasmid of Saccharomyces Cerevisiae: A Miniaturized

Selfish Genome with Optimized Functional Competence. Plasmid 2013, 70, 2–17. [CrossRef] [PubMed]
36. Sinclair, D.A.; Guarente, L. Extrachromosomal rDNA Circles—A Cause of Aging in Yeast. Cell 1997, 91, 1033–1042. [CrossRef]
37. Knorre, D.A.; Azbarova, A.V.; Galkina, K.V.; Feniouk, B.A.; Severin, F.F. Replicative Aging as a Source of Cell Heterogeneity in

Budding Yeast. Mech. Ageing Dev. 2018, 176, 24–31. [CrossRef] [PubMed]
38. Seel, A.; Padovani, F.; Mayer, M.; Finster, A.; Bureik, D.; Thoma, F.; Osman, C.; Klecker, T.; Schmoller, K.M. Regulation with Cell

Size Ensures Mitochondrial DNA Homeostasis during Cell Growth. Nat. Struct. Mol. Biol. 2023, 30, 1549–1560. [CrossRef]
39. Veatch, J.R.; McMurray, M.A.; Nelson, Z.W.; Gottschling, D.E. Mitochondrial Dysfunction Leads to Nuclear Genome Instability

via an Iron-Sulfur Cluster Defect. Cell 2009, 137, 1247–1258. [CrossRef]
40. Kelso, G.F.; Porteous, C.M.; Coulter, C.V.; Hughes, G.; Porteous, W.K.; Ledgerwood, E.C.; Smith, R.A.; Murphy, M.P. Selective

Targeting of a Redox-Active Ubiquinone to Mitochondria within Cells: Antioxidant and Antiapoptotic Properties. J. Biol. Chem.
2001, 276, 4588–4596. [CrossRef]

41. Joseph-Horne, T.; Hollomon, D.W.; Wood, P.M. Fungal Respiration: A Fusion of Standard and Alternative Components. Biochim.
Biophys. Acta 2001, 1504, 179–195. [CrossRef] [PubMed]

42. Bos, J.L.; Heyting, C.; Van der Horst, G.; Borst, P. The Organization of Repeating Units in Mitochondrial DNA from Yeast Petite
Mutants. Curr. Genet. 1980, 1, 233–239. [CrossRef] [PubMed]

43. Li, Z.; Vizeacoumar, F.J.; Bahr, S.; Li, J.; Warringer, J.; Vizeacoumar, F.S.; Min, R.; Vandersluis, B.; Bellay, J.; Devit, M.; et al.
Systematic Exploration of Essential Yeast Gene Function with Temperature-Sensitive Mutants. Nat. Biotechnol. 2011, 29, 361–367.
[CrossRef] [PubMed]

https://doi.org/10.1016/S0168-9525(01)02238-7
https://doi.org/10.1091/mbc.e15-05-0260
https://doi.org/10.1186/s13059-020-02138-5
https://doi.org/10.1098/rsob.200061
https://www.ncbi.nlm.nih.gov/pubmed/32428418
https://doi.org/10.1534/genetics.109.104497
https://www.ncbi.nlm.nih.gov/pubmed/19581448
https://doi.org/10.1038/292075a0
https://www.ncbi.nlm.nih.gov/pubmed/7024821
https://doi.org/10.1073/pnas.1501737112
https://www.ncbi.nlm.nih.gov/pubmed/25730886
https://doi.org/10.1016/j.mrfmmm.2012.12.004
https://www.ncbi.nlm.nih.gov/pubmed/2664462
https://doi.org/10.1016/S0014-5793(98)01467-7
https://www.ncbi.nlm.nih.gov/pubmed/9872396
https://doi.org/10.1007/BF00269590
https://doi.org/10.7554/eLife.76557
https://doi.org/10.1242/jcs.197269
https://www.ncbi.nlm.nih.gov/pubmed/28193734
https://doi.org/10.1038/nature04785
https://www.ncbi.nlm.nih.gov/pubmed/16699522
https://doi.org/10.1038/s41586-018-0030-5
https://www.ncbi.nlm.nih.gov/pubmed/29643504
https://doi.org/10.1371/journal.pone.0068094
https://www.ncbi.nlm.nih.gov/pubmed/23874507
https://doi.org/10.1111/1574-6976.12048
https://www.ncbi.nlm.nih.gov/pubmed/24118136
https://doi.org/10.1016/j.plasmid.2013.03.001
https://www.ncbi.nlm.nih.gov/pubmed/23541845
https://doi.org/10.1016/S0092-8674(00)80493-6
https://doi.org/10.1016/j.mad.2018.09.001
https://www.ncbi.nlm.nih.gov/pubmed/30292690
https://doi.org/10.1038/s41594-023-01091-8
https://doi.org/10.1016/j.cell.2009.04.014
https://doi.org/10.1074/jbc.M009093200
https://doi.org/10.1016/S0005-2728(00)00251-6
https://www.ncbi.nlm.nih.gov/pubmed/11245784
https://doi.org/10.1007/BF00390949
https://www.ncbi.nlm.nih.gov/pubmed/24189664
https://doi.org/10.1038/nbt.1832
https://www.ncbi.nlm.nih.gov/pubmed/21441928


Int. J. Mol. Sci. 2023, 24, 17413 11 of 11

44. Galkina, K.V.; Zyrina, A.N.; Golyshev, S.A.; Kashko, N.D.; Markova, O.V.; Sokolov, S.S.; Severin, F.F.; Knorre, D.A. Mitochondrial
Dynamics in Yeast with Repressed Adenine Nucleotide Translocator AAC2. Eur. J. Cell Biol. 2020, 99, 151071. [CrossRef] [PubMed]

45. Sherman, F. Getting Started with Yeast. In Methods in Enzymology; Guthrie, C., Fink, G.R., Eds.; Academic Press: Cambridge, MA,
USA, 2002; Volume 350, pp. 3–41.

46. Haase, S.B. Cell Cycle Analysis of Budding Yeast Using SYTOX Green. Curr. Protoc. Cytom. 2004, 26, 7–23. [CrossRef] [PubMed]
47. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Use R! Springer: New York, NY, USA; Berlin/Heidelberg, Germany, 2016.
48. Hahne, F.; LeMeur, N.; Brinkman, R.R.; Ellis, B.; Haaland, P.; Sarkar, D.; Spidlen, J.; Strain, E.; Gentleman, R. flowCore: A

Bioconductor Package for High Throughput Flow Cytometry. BMC Bioinform. 2009, 10, 106. [CrossRef]
49. Ameijeiras-Alonso, J.; Crujeiras, R.M.; Rodriguez-Casal, A. Multimode: An R Package for Mode Assessment. J. Stat. Softw. 2021,

97, 1–32. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ejcb.2020.151071
https://www.ncbi.nlm.nih.gov/pubmed/32057484
https://doi.org/10.1002/0471142956.cy0723s26
https://www.ncbi.nlm.nih.gov/pubmed/18770800
https://doi.org/10.1186/1471-2105-10-106
https://doi.org/10.18637/jss.v097.i09

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Yeast Strains and Growth Conditions 
	mtDNA Depletion 
	Flow Cytometry 
	Data Analysis 

	References

