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Summary: Ray et al. demonstrate that the volume of mitochondria inherited impacts mtDNA 19 

homeostasis in the model system budding yeast. They propose a model by which inheritance of 20 
an adequate mitochondrial volume results in the transmission of sufficient mtDNA copies to 21 
counteract existing and/or inevitable mutations.  22 
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ABSTRACT 23 

Most eukaryotic cells maintain mitochondria in well-distributed, reticular networks. The size of the 24 
mitochondrial network and copy number of its genome scale with cell size. However, while the 25 

size scaling features of mitochondria and their genome are interrelated, the fitness consequences 26 
of this interdependence are not well understood. We exploit the asymmetric cell division of 27 

budding yeast to test the hypothesis that mitochondrial scaling with cell size impacts mitochondrial 28 

DNA (mtDNA) function. We find that the volume of mitochondria inherited by daughter cells affects 29 
the ability of cells to maintain functional mtDNA; daughter cells that inherit a significantly reduced 30 

volume of mitochondria have an increased frequency of losing respiratory competence. In cells 31 

with such mitochondrial inheritance defects, mtDNA integrity can be maintained by upregulating 32 
mtDNA copy number. Collectively, these data support a bet-hedging model whereby the faithful 33 

inheritance of an adequate volume of mitochondria ensures enough mtDNA copies are 34 
transmitted to daughter cells to counteract pre-existing and/or inevitable mtDNA mutations.  35 

 36 
INTRODUCTION 37 

Decades of work have resolved the strategies eukaryotic cells use to shape and position 38 

their defining, essential organelle, the mitochondrion. Mitochondria in most eukaryotic cells exist 39 
in dynamic, reticular networks that sit well-distributed throughout the cell. However, some cell 40 
types adopt distinct mitochondrial morphologies for unique purposes, such as the discrete 41 
mitochondrial structures used by neurons for axonal transport (Pekkurnaz and Wang, 2022). The 42 

overall morphology of mitochondria is determined by the conserved mechanisms of mitochondrial 43 
dynamics (division/fusion), anchoring, and trafficking (Lackner, 2014; Friedman and Nunnari, 44 
2014). These activities shape and position mitochondria as well as impact the function of the 45 

organelle, highlighting the intimate connections between mitochondrial morphology and function.  46 
Mitochondria cannot form de novo. Thus, mitochondria must be partitioned during cell 47 

division—a process known as mitochondrial inheritance—to ensure cell survival. Mitochondrial 48 

dynamics, anchoring, and trafficking have all been shown to contribute to mitochondrial 49 

inheritance (Bockler et al., 2017; Higuchi-Sanabria et al., 2016; Lackner et al., 2013). In addition, 50 

mitochondrial biogenesis—which requires the addition of lipids, proteins, and nucleic acids to 51 

existing compartments—is critical to ensure mitochondrial content is not progressively lost 52 
following each successive round of cell division. Thus, dividing cells must regulate mitochondrial 53 

content throughout the cell cycle. A seminal study in budding yeast demonstrated that 54 

mitochondrial volume scales with cell size (Rafelski et al., 2012), and similar cell size scaling of 55 
mitochondria has been observed in higher-order eukaryotes (Miettinen and Bjorklund, 2016). 56 
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However, how cells sense and regulate mitochondrial volume in accordance with their cell size 57 

remains unclear. This is an especially complicated challenge for mitochondria, which contain an 58 
outer mitochondrial membrane (OMM), a cristae-forming inner mitochondrial membrane (IMM), 59 

and a matrix that houses mtDNA. mtDNA is packaged into proteinaceous structures called 60 
nucleoids (Miyakawa, 2017), and the number of nucleoids and copies of mtDNA have been shown 61 

to scale with mitochondrial length and cell size, respectively, in yeast (Jajoo et al., 2016; Osman 62 

et al., 2015; Seel et al., 2023). The molecular mechanisms that coordinate mitochondrial size, 63 
mtDNA copy number, and cell size remain largely unknown.  64 

In asymmetrically dividing cells, such as budding yeast, mitochondria must be actively 65 

transported to the daughter cell prior to cytokinesis to ensure faithful mitochondrial inheritance. 66 
Mmr1 and Ypt11 are partially redundant adaptors for the type V myosin motor, Myo2, that 67 

facilitates the actin-dependent transport of mitochondria from the mother cell to the growing bud 68 
(Boldogh et al., 2004; Chernyakov et al., 2013; Eves et al., 2012; Itoh et al., 2004; Itoh et al., 69 

2002). Mmr1 can directly bind the outer mitochondrial membrane (Chen et al., 2018) and Myo2 70 
(Itoh et al., 2004; Eves et al., 2012), bridging the interaction between the organelle and motor 71 
protein. The mechanism of Ypt11-mediated mitochondrial inheritance, however, is unclear. Ypt11 72 

is a Rab GTPase that binds the cargo-binding domain (CBD) of Myo2 at a site distinct from Mmr1 73 
(Eves et al., 2012; Tang et al., 2019). The GTPase activity of Ypt11 facilitates the trafficking of 74 
mitochondria from mother to bud (Lewandowska et al., 2013) but the molecular basis for its 75 
mitochondrial association is not known. Ypt11 also functions in Golgi and ER inheritance (Arai et 76 

al., 2008; Swayne et al., 2011), and whether its role in these processes is related to its role in 77 
mitochondrial inheritance is unclear. Deletion of either adaptor alone results in a mitochondrial 78 
inheritance delay (Boldogh et al., 2004; Chen et al., 2018; Chernyakov et al., 2013; Itoh et al., 79 

2004; Itoh et al., 2002) while the simultaneous depletion of both adaptors is lethal, as 80 
mitochondrial inheritance is inhibited (Chernyakov et al., 2013; Kraft and Lackner, 2017). Thus, 81 

the presence of at least one of these adaptors is required for mitochondrial inheritance and, 82 

consequently, cell viability.  83 

Given that mitochondrial inheritance is an essential prerequisite to deliver a template upon 84 

which the mitochondrial biogenesis machinery can propagate the compartment for proper 85 

mitochondria to cell size scaling, we reasoned that mitochondrial inheritance would also impact 86 
mtDNA scaling and function. Here, we exploit the asymmetric nature of budding yeast cell division 87 

to test this hypothesis. We first quantified the contributions of Mmr1 and Ypt11 to the volume of 88 

mitochondria inherited. We then exploited the quantified differences in mitochondrial inheritance 89 
to demonstrate that the volume of mitochondria inherited affects the ability of cells to maintain 90 
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functional mtDNA in a gradated manner; when daughter cells inherit a reduced volume of 91 

mitochondria, cells have an increased frequency of losing respiratory competence. Our data 92 
support a bet-hedging model in which the inheritance of an adequate amount of mitochondria by 93 

newborn daughter cells enables the transmission of enough functional mtDNA copies to 94 
counteract pre-existing and/or inevitable critical mutations.  95 

 96 

RESULTS AND DISCUSSION 97 
Mitochondrial inheritance adaptors contribute unequally to the inheritance of 98 

mitochondrial volume by the daughter cell 99 

 Previous studies have demonstrated that cells lacking either Mmr1 or Ypt11 display a 100 
delay in mitochondrial inheritance during budding (Boldogh et al., 2004; Chen et al., 2018; 101 

Chernyakov et al., 2013; Itoh et al., 2004; Itoh et al., 2002). We reproduced these findings using 102 
the standard assay in the field in which cells are binned into small/large bud categories and scored 103 

for the presence of mitochondria in the bud (Fig. 1 A). However, a caveat of this scoring method 104 
is that the amount of mitochondria a bud inherits is not considered in the quantification. Indeed, 105 
clear qualitative differences in mitochondrial volume that were not captured by this method of 106 

scoring were readily observed in large buds of ∆mmr1 and ∆ypt11 cells (Fig. 1 B). Therefore, to 107 
take the amount of mitochondria into account, we adapted a pipeline to rigorously assess the 108 
volume of mitochondria in buds over the progression of budding. Using live-cell 3D confocal 109 
microscopy of mitochondrial matrix-targeted DsRed (mito-dsRED) and MitoGraph, a published 110 

tool for accurately measuring mitochondrial volume in a region of interest (ROI) (Rafelski et al., 111 
2012; Viana et al., 2015), we plotted the volume of mitochondria in the buds of wild type (WT), 112 
∆mmr1, and ∆ypt11 cells against the bud-to-mother size (b:m) ratio, a measure of cell cycle 113 

progression (Fig. 1 C).  114 
 Consistent with Rafelski et al., 2012, the volume of mitochondria in the buds of WT cells 115 

scaled positively with the b:m ratio. The distribution of bud mitochondrial volume for ∆ypt11 cells 116 

appeared remarkably similar to that of WT cells, with exception to the two earliest b:m bins (b:m 117 

= 0.00-0.15 and 0.15-0.30), in which ∆ypt11 cells exhibited a decrease in bud mitochondrial 118 

volume (Fig. 1, C and D). Furthermore, ∆ypt11 cells showed an increase in % buds that lack 119 

mitochondria in comparison to WT cells for the earliest b:m bin (Fig. 1E). Thus, the reduction in 120 
bud mitochondrial volume in small buds of ∆ypt11 cells was fully restored as budding progressed 121 

(Fig. 1, C and D), consistent with the results of Rafelski et al. 2012. In striking contrast, the bud 122 

mitochondrial volume of ∆mmr1 cells was significantly lower than that of both WT and ∆ypt11 123 
cells across all stages of budding (Fig. 1, C and D). In addition, the number of buds in the earliest 124 
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b:m bin that lacked mitochondria was increased in ∆mmr1 cells compared to both WT and ∆ypt11 125 

cells (Fig.1, E).  126 
 To determine if the differences in bud mitochondrial volume were due to differences in bud 127 

size, bud mitochondrial volume was normalized to the volume of the bud (referred to as 128 
“normalized bud mitochondrial volume") (Fig. S1 A). Comparisons of this measure between WT 129 

and either ∆ypt11 or ∆mmr1 cells were similar to comparisons of raw bud mitochondrial volume 130 

in Fig. 1 C, indicating that the differences in bud mitochondrial volume could not be attributed to 131 
differences in bud volume. These results demonstrate that cells lacking Mmr1 have a more severe 132 

mitochondrial inheritance defect than cells lacking Ypt11. While the subtle defect in mitochondrial 133 

inheritance in ∆ypt11 cells is restored as budding progresses, cells lacking Mmr1 have a 134 
significantly lower mean bud mitochondrial volume than both WT and ∆ypt11 cells that persists 135 

throughout budding.  136 
One obvious question these data raise is whether the mitochondrial inheritance defects in 137 

the Mmr1 and Ypt11 mutants lead to an accumulation of mitochondria in the mother. To address 138 
this, we repeated the mitochondrial volume assay using ROIs that capture the mother of each 139 
mother-bud pair. We found that the mother mitochondrial volume normalized to mother volume 140 

(referred to as "normalized mother mitochondrial volume") for WT, ∆mmr1, and ∆ypt11 cells were 141 
largely maintained over bud progression relative to themselves and each other (Fig. S1 B). Thus, 142 
despite the observed differences in normalized bud mitochondrial volume across these strains, 143 
their normalized mother mitochondrial volumes were similar over the course of the cell cycle. 144 

Together our data indicate that Mmr1 and Ypt11 make unequal contributions to mitochondrial 145 
inheritance; Mmr1 contributes to the inheritance of a greater mitochondrial volume during the cell 146 
cycle than Ypt11.  147 

 148 
Severe disruptions in mitochondrial inheritance result in post-cytokinetic mitochondrial 149 

scaling defects in daughter cells 150 

In WT cells, mitochondrial volume scales with cell size (Rafelski et al., 2012). To test how 151 

this relationship is affected when mitochondrial inheritance is disrupted, we exploited our robust 152 

dataset from the mitochondrial inheritance quantification pipeline shown in Fig. 1. We first plotted 153 

the total mitochondrial volume normalized to cell volume for budded cells, which represents an 154 
unsynchronized global population (Fig. 2 A). The mean of this measure of normalized total 155 

mitochondrial volume for ∆mmr1 cells was subtly lower in comparison to that of WT and ∆ypt11 156 

cells, suggesting that severe mitochondrial inheritance defects can cause small perturbations to 157 
the known mitochondria-to-cell size scaling relationship. 158 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 26, 2025. ; https://doi.org/10.1101/2025.03.25.645216doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.25.645216
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

To better understand where in the cell cycle the mitochondria-to-cell size scaling 159 

relationship is affected in our adaptor mutants, we next compared mitochondrial volume 160 
normalized to size for specific ROIs for WT, ∆mmr1, and ∆ypt11 cells at specific stages of 161 

budding: late-stage budded cells (b:m > 0.6) and early-stage budded cells (b:m < 0.2). These 162 
stages represent populations about to undergo and having recently undergone cytokinesis, 163 

respectively. For late-stage budded cells, the normalized bud mitochondrial volume for WT and 164 

∆ypt11 cells was indistinguishable while ∆mmr1 cells exhibited a significant decrease in 165 
normalized bud mitochondrial volume (Fig. 2 B). Interestingly, while the normalized mother 166 

mitochondrial volume of early-stage budded ∆mmr1 cells was also reduced in comparison to WT, 167 

the difference between WT and ∆mmr1 cells at this stage of the cell cycle was smaller in 168 
magnitude. Given that late-stage buds turn into new mothers, and new mothers comprise at least 169 

50% of the cell population at any given time in an unsynchronized population of cells, these data 170 
suggest that ∆mmr1 cells undergo cytokinesis with a significantly lower normalized bud 171 

mitochondrial volume and that mitochondria-to-cell size scaling is partially restored in the newborn 172 
cell by the time a bud emerges.  173 

To more definitively demonstrate that ∆mmr1 cells undergo cytokinesis with a reduced 174 

normalized bud mitochondrial volume, we turned to live-cell 4D confocal microscopy. We used 175 
strains expressing endogenous Myo1 fused to yEGFP as a marker to visually track cytokinesis 176 
since the protein accumulates at the incipient bud site and disappears rapidly upon cytokinesis 177 
(Li et al., 2021; Lippincott and Li, 1998). We tracked the cell wall, mitochondria, and Myo1 in WT 178 

and ∆mmr1 cells every 10 minutes and identified instances in which Myo1 disappeared from the 179 
mother-bud neck. Then, using the first timepoint that lacked an accumulated Myo1 signal, we 180 
quantified mitochondrial and daughter cell volume and verified that ∆mmr1 cells indeed undergo 181 

cytokinesis with a reduced normalized daughter mitochondrial volume compared to WT (Fig. 2, C 182 
and D). Importantly, the size of ∆mmr1 buds at the time of cytokinesis did not differ from WT, 183 

indicating a true defect in the raw volume of mitochondria inherited (Fig. 2 D). Therefore, cells 184 

with defected mitochondrial inheritance can undergo cytokinesis with a minimal amount of 185 

mitochondria in the bud, consistent with previous observations that mitochondrial inheritance is 186 

not required for cytokinesis (Chernyakov et al., 2013). Despite their mitochondrial inheritance 187 

defect, our data suggest that ∆mmr1 daughter cells are able to partially restore their normalized 188 
mitochondrial volume by the time they form a new bud (Fig. 2 B). Notably, the growth rate of 189 

∆mmr1 cells was similar to WT (Fig. S2 A), suggesting this mitochondrial inheritance defect does 190 

not significantly alter cell cycle progression. Together, these findings suggest homeostatic 191 
mechanisms exist for cells to not only scale the amount of mitochondria with cell size as previously 192 
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reported (Rafelski et al., 2012) but also correct perturbations in this scaling after cytokinesis. 193 

 194 
Mitochondrial inheritance adaptors contribute unequally to the maintenance of mtDNA 195 

integrity 196 
 Both mitochondrial volume and mtDNA copy number scale with cell size, and nucleoid 197 

number scales with mitochondrial network length (Osman et al., 2015; Rafelski et al., 2012; Seel 198 

et al., 2023). Thus, leveraging the differences in mitochondrial inheritance and the resulting impact 199 
on mitochondria-to-cell size scaling we observed between ∆mmr1 and ∆ypt11 cells, we next 200 

examined the effect of altered mitochondrial inheritance on mtDNA maintenance. To assess the 201 

ability of ∆mmr1 and ∆ypt11 cells to maintain functional mtDNA, we measured their petite 202 
frequencies (Fig. 3 A). This assay distinguishes respiratory competent (rho+) from respiratory 203 

incompetent (petite) cells and is a standard method to assess mtDNA maintenance (Ogur and St 204 
John, 1956; Shadel, 1999). Strikingly, we found that, after 14 hours of fermentative growth (which 205 

does not require functional mtDNA and, therefore, allows for the propagation of mtDNA 206 
mutations), ∆mmr1 cells have an increased petite frequency (~45%) compared to WT (~10%) and 207 
∆ypt11 cells (~10%). Notably, similar to WT and ∆ypt11 cells, 100% of ∆mmr1 cells grown in 208 

fermentation conditions contained DAPI-marked mtDNA signal (Fig. 3 B). Therefore, the 209 
respiratory incompetence of petite Δmmr1 cells was likely due to mtDNA mutation (rho- cells) and 210 
not mtDNA loss (rho0 cells). Together, these results indicate that Mmr1 contributes to the 211 
maintenance of functional mtDNA, a process for which Ypt11 is dispensable. Furthermore, these 212 

findings highlight the differential contributions made by the partially redundant mitochondrial 213 
inheritance adaptors to cellular homeostasis. 214 
 215 

The distribution and scaling of mtDNA relative to mitochondria are retained in cells with 216 
severe mitochondrial inheritance defects  217 

We next sought to determine whether the defect in the maintenance of mtDNA integrity in  218 

∆mmr1 cells could be attributed to differences in nucleoid number and distribution. To this end, 219 

we stained cells with DAPI and used live-cell 3D confocal microscopy to visualize and measure 220 

the number of nucleoids in WT, ∆mmr1, and ∆ypt11 cells (Fig. 3, C and D). DAPI-marked 221 

nucleoids appeared as well-distributed punctate structures in ∆mmr1 and ∆ypt11 cells, 222 
phenocopying those of WT cells. We found that the number of nucleoids per cell normalized to 223 

cell volume was decreased slightly in ∆mmr1 cells (85% of the WT value based on the grand 224 

mean of 3 biological replicates; Fig. 3 D, upper panel) and correlated with the slight decrease in 225 
normalized total mitochondrial volume in ∆mmr1 cells (88% of the WT value based on the grand 226 
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mean of 3 biological replicates; Fig. 2 A). Furthermore, the difference in the number of bud 227 

nucleoids normalized to bud volume in ∆mmr1 cells with a b:m > 0.4 (53% of the WT value based 228 
on the grand mean of 3 biological replicates; Fig. 3 D, lower panel) correlated with the difference 229 

in normalized bud mitochondrial volume that was observed in ∆mmr1 cells of the same b:m bin 230 
(58% of the WT value based on the grand mean of 3 biological replicates; Fig. 3 G, left 2 columns). 231 

For this and subsequent analyses of buds, we focused on cells with a b:m > 0.4 since this stage 232 

more accurately reflects the amount of mitochondria daughter cells inherit upon cytokinesis.   233 
Given the polyploid nature of mtDNA and its relationship to the amount of mitochondria 234 

(Osman et al., 2015; Seel et al., 2023), we also quantified mtDNA copy number in our adaptor 235 

mutants. We performed qPCR on two mtDNA alleles that sit at spatially distinct loci, COX1 and 236 
COX3, in WT, ∆mmr1, and ∆ypt11 cells as well as in ∆mrx6 cells, which exhibit an increase in 237 

mtDNA copy number (Goke et al., 2020), as a positive control. Similar to the comparisons of 238 
normalized total mitochondrial volume between the strains, the relative mtDNA copy number of 239 

∆mmr1 cells was reduced in comparison to WT and ∆ypt11 cells (Fig. 3 E). In summary, our 240 
combined imaging and qPCR analyses demonstrate that known scaling features of mtDNA are 241 
preserved in ∆mmr1 and ∆ypt11 cells. Namely, in these strains, nucleoids sit well-distributed as 242 

discrete puncta and mtDNA copy number is correlated with the amount of mitochondria. 243 
Therefore, the defect in the maintenance of mtDNA integrity in cells lacking Mmr1 is likely not due 244 
to perturbations in nucleoid distribution or the mtDNA-mitochondria scaling relationship. 245 
 246 

The presence of mtDNA does not affect mitochondrial inheritance  247 
 Given that ∆mmr1 cells have an increased frequency of becoming petite, we wanted to 248 
determine if respiratory incompetence contributed to the mitochondrial inheritance defect 249 

observed in these cells. We repeated our volume-based mitochondrial inheritance assay in WT, 250 
∆mmr1, and ∆ypt11 cells that lack mtDNA (rho0). We found that the normalized bud mitochondrial 251 

volume for each genotype examined was not significantly altered in the absence of mtDNA (Fig. 252 

3, F and G). These results indicate that the presence of mtDNA does not affect the amount of 253 

mitochondria inherited and suggest that mitochondrial inheritance is not impacted by the 254 

respiratory competence of the cell in fermentative conditions. Consequently, the increased petite 255 

frequency of ∆mmr1 cells does not appear to contribute to their mitochondrial inheritance defect. 256 
 257 

The volume of mitochondria inherited correlates with the maintenance of mtDNA integrity  258 

To further interrogate the role of Mmr1 in the maintenance of mtDNA integrity, we 259 
examined the petite frequency of cells expressing Mmr1 mutants that disrupt the interaction 260 
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between Mmr1 and mitochondria (mmr1Dmito-BD and mmr14E) (Fig. 4 A; mutants fully described 261 

in Table S1) (Chen et al., 2018). We found that the petite frequency of these Mmr1 mutants 262 

phenocopied that of cells lacking Mmr1. These results suggest that the role of Mmr1 in the 263 

maintenance of mtDNA integrity depends on the ability of Mmr1 to interact with mitochondria.  264 
Given that both the Mmr1-mitochondria and Mmr1-Myo2 interaction are required for 265 

Mmr1-mediated mitochondrial transport (Chen et al., 2018), we wanted to determine if perturbing 266 

mitochondrial transport using mutations that disrupt the Mmr1-Myo2 interaction would also impact 267 
the maintenance of mtDNA integrity. We turned to three previously characterized point mutants 268 

in the Myo2-CBD that specifically disrupt the Mmr1-Myo2 interaction to varying degrees—269 

myo2(P1529S), myo2(K1312A), and myo2(I1308A) (Eves et al., 2012). The purpose of using 270 
these Myo2 mutants was two-fold. First, they allowed us to disrupt Mmr1-mediated mitochondrial 271 

transport without perturbing the Mmr1 protein to examine whether the mtDNA integrity defect 272 
could be ascribed to a function of Mmr1 outside of transport. Second, we reasoned that these 273 
mutants would provide varied mitochondrial inheritance defects, enabling us to test the idea that 274 

the volume of mitochondria inherited during the cell cycle correlates with the maintenance of 275 
functional mtDNA.  276 

First, we examined the growth of cells expressing these Myo2 mutants from the 277 
endogenous MYO2 locus in the presence and absence of YPT11 and found that only 278 

myo2(I1308A) ∆ypt11 cells exhibited a severe growth defect (Fig. S2 A). Next, we investigated 279 
mitochondrial inheritance in cells expressing the Myo2 point mutants from the endogenous locus 280 
in the presence of Ypt11 for myo2(P1529S) and in both the presence and absence of Ypt11 for 281 

myo2(I1308A) and myo2(K1312A) (Fig. 4, B and C). We quantified the normalized bud 282 
mitochondrial volume in cells with a b:m > 0.4. myo2(I1308A) cells exhibited a mitochondrial 283 
inheritance defect that was further exacerbated in the absence of Ypt11. Indeed, a high 284 

percentage of myo2(I1308A) ∆ypt11 cells lacked any mitochondrial signal in the bud, consistent 285 

with the growth defect observed for this strain. Similarly, the subtle mitochondrial inheritance 286 

defect in cells expressing myo2(K1312A) was exacerbated in the absence of Ypt11. Cells 287 
expressing myo2(P1529S) did not show a defect in mitochondrial inheritance. Therefore, we 288 

successfully generated strains that exhibit a range of normalized large bud mitochondrial volumes 289 
that span from mean values lower than ∆mmr1 cells to mean values similar to WT and ∆ypt11 290 

cells. Importantly, this suite of mutants maintained mtDNA copy numbers at a level close to or 291 

above ∆mmr1 cells, suggesting that these mutants do not result in unexpected mtDNA loss (Fig. 292 
S2 B).  293 

We next examined the petite frequency of these strains as a measure of the maintenance 294 
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of mtDNA integrity (Fig. 4 D). A complicating factor for this experiment is that any cells that do not 295 

inherit mitochondria will die and not be included in the quantification despite being petite by 296 
definition, which is relevant for myo2(I1308A) ∆ypt11 cells. Therefore, for this strain, we plotted 297 

both the experimentally determined petite frequencies as well as petite frequencies adjusted for 298 
the fact that ~40% of large buds lack mitochondria (Fig. 4 B; see brackets) and, therefore, will 299 

likely produce daughter cells that lack mitochondria and, consequently, die. Consistent with the 300 

mitochondrial inheritance data, we found that myo2(I1308A) cells have a petite frequency 301 
between that of WT and ∆mmr1 cells while the petite frequency of myo2(P1529S) and 302 

myo2(K1312A) cells approached WT levels. Consistent with our observed defects in 303 

mitochondrial inheritance, the petite frequencies of the myo2(K1312A) and myo2(I1308A) point 304 
mutants increased in the absence of Ypt11. myo2(I1308A) ∆ypt11 cells exhibited the highest 305 

petite frequency of the mutants tested (Fig. 4 D), with an adjusted mean value above that of 306 
∆mmr1 cells, and the lowest normalized bud mitochondrial volume of the mutants tested (Fig. 4 307 

B), with a mean below that of ∆mmr1 cells. 308 
Together, these data indicated that not only the Mmr1-mitochondria interaction but also 309 

the Mmr1-Myo2 interaction are involved in the role of Mmr1 in the maintenance of mtDNA integrity; 310 

thus, Mmr1-mediated mitochondrial transport appears to be integral in the protein’s contribution 311 
to this process. Furthermore, these data suggested an inverse correlation between petite 312 
frequency and the volume of mitochondria inherited. To better visualize this relationship, we 313 
plotted the grand mean value of the normalized bud mitochondrial volume against the mean petite 314 

frequency in all strains examined and found a striking inverse linear correlation (R2=0.94, Fig. 4 315 
E). These data suggest that the ability of cells to maintain functional mtDNA over generations is 316 
impacted by the volume of mitochondria inherited in a gradated manner.  317 

 318 
Increasing mtDNA copy number reduces the loss of respiratory competence in cells 319 

lacking Mmr1  320 

 Given that nucleoids sit evenly spaced within the mitochondrial matrix, the number of 321 

mtDNA copies a daughter cell receives is tied to the volume of mitochondria inherited (Roussou 322 

et al., 2024). Therefore, we sought to determine whether the impact of mitochondrial volume 323 

inherited on the maintenance of mtDNA integrity is related to the amount of mtDNA inherited.  324 
To address this, we asked whether increasing mtDNA copy number in cells with defective 325 

mitochondrial inheritance would reduce the rate at which the cells lose respiratory competence. 326 

We turned to three mutants that increase mtDNA copy number; these include deletions of SML1, 327 
which encodes a ribonucleotide reductase inhibitor (Taylor et al., 2005), MRX6, which encodes a 328 
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putative regulator of mtDNA replication (Goke et al., 2020), and CIM1, which encodes a 329 

mitochondrial HMG-box protein (Schrott and Osman, 2023). As expected, we found that the 330 
deletion of each gene in ∆mmr1 cells increased mtDNA copy number in comparison to ∆mmr1 331 

alone (Fig. 5 A). Furthermore, deleting these genes in ∆mmr1 cells partially rescued the petite 332 
frequency of ∆mmr1 cells in a statistically significant manner (Fig. 5 B). This rescue was not due 333 

to an increase in the volume of mitochondria inherited, since the normalized bud mitochondrial 334 

volume for large buds of all three double mutants phenocopied that of ∆mmr1 (Fig. 5, C and D). 335 
To confirm that these double mutants transmit the expected number of nucleoids to buds 336 

compared to ∆mmr1 alone, we again imaged DAPI-stained live cells to measure the number of 337 

nucleoids in large buds normalized to bud size (Fig. 5, E and F). Similar to the mitochondrial 338 
inheritance data, we found that the number of nucleoids in large buds normalized to the bud 339 

volume of the double mutants phenocopied that of ∆mmr1 cells. This is consistent with the 340 
uncoupling of nucleoid number and mtDNA copy number previously reported for ∆mrx6 and ∆cim1 341 

cells; while mtDNA copy number is increased in these cells, nucleoid number does not increase, 342 
indicating an increase in mtDNA copy number per nucleoid (Goke et al., 2020; Schrott and 343 
Osman, 2023). Thus, our data are consistent with the idea that in comparison to ∆mmr1 cells, the 344 

number of nucleoids inherited does not change in the double mutants, but the number of mtDNA 345 
copies inherited is increased. Taken together, these data suggest that the mechanism by which 346 
the inheritance of mitochondrial volume impacts the maintenance of mtDNA integrity relates to 347 
the number of copies of mtDNA transmitted to daughter cells during cell division. 348 

 349 
The inheritance of an adequate mitochondrial volume enables the transmission of 350 
sufficient mtDNA copies to maintain mtDNA function 351 

By titrating the volume of mitochondria inherited using various mutations in the 352 
mitochondrial inheritance pathway, we demonstrated that the amount of mitochondria inherited 353 

impacts the maintenance of functional mtDNA in a gradated manner (Fig. 4 E). Mitochondria 354 

occupy ~5% of the volume of WT buds about to undergo cytokinesis (Fig. 4 B), and for every ~1% 355 

loss in the volume of the bud that is occupied by mitochondria, the frequency of losing respiratory 356 

competence increases by 20% for cells grown in the conditions tested (Fig. 4 E). 357 

 We reason that inheriting a nominal volume of mitochondria and, therefore, fewer copies 358 
of mtDNA increases the burden of maintaining functional gene expression from the transmitted 359 

copies of mtDNA. Cells have been shown to rely upon a threshold mtDNA copy number of 360 

functional mtDNA to maintain respiration and mtDNA function itself (Filograna et al., 2021; Smith 361 
et al., 2024). The even distribution of mtDNA-containing nucleoids across a mitochondrial network 362 
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therefore likely necessitates the partitioning of adequate mitochondrial volumes over cell cycles 363 

to meet this threshold. The idea that the volume of mitochondria inherited affects mtDNA function 364 
was reported in a recent computational study that suggested reduced inheritance of mitochondrial 365 

volume could drive mtDNA homoplasmy (Roussou et al., 2024). Such take-over of one mtDNA 366 
form, if critically mutated, could contribute to the loss of respiratory function we see in cells with 367 

defective mitochondrial inheritance. Our data support a bet-hedging model whereby the 368 

inheritance of an adequate volume of mitochondria ensures enough functional mtDNA copies are 369 
transmitted to counteract existing and/or inevitable detrimental mtDNA mutations. A similar bet-370 

hedging model for mtDNA distribution was reported in the distant fungi, Schizosaccharomyces 371 

pombe (Jajoo et al., 2016). mtDNA replication is highly error-prone (Anderson et al., 2020). 372 
mtDNA copy number, therefore, becomes important to ameliorate defects associated with 373 

heteroplasmic mtDNA mutations and perhaps to provide access to functional mtDNA molecules 374 
for homology-directed repair (Filograna et al., 2019; Filograna et al., 2021; Jiang et al., 2017; 375 

Nishiyama et al., 2010; Wisniewski et al., 2024; Zwonitzer et al., 2024). Indeed, we found that 376 
increasing mtDNA copy number with three separate gene deletions suppressed the petite 377 
frequency of ∆mmr1 cells without rescuing their mitochondrial inheritance defect (Fig. 5). Given 378 

the conserved features of mtDNA distribution, future work will uncover whether mitochondrial 379 
volume partitioning during the cell cycle impacts mtDNA function in other eukaryotes. 380 
Furthermore, uncovering the mechanism(s) by which cells co-regulate their mitochondrial scaling 381 
with cell size and mtDNA copy number provides ample ground for future study.    382 
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MATERIALS AND METHODS 383 

 384 
Strains and Plasmids 385 

All strains and primers used in this study are cataloged in Supplemental Tables 1 and 2, 386 
respectively. All plasmids can be found in Supplemental Table 3. W303 (ade2–1; leu2–3; his3–387 

11, 15; trp1–1; ura3–1; can1–100) was used as the wild-type background for all strains used 388 

(Thomas and Rothstein, 1989). All new strains were constructed via either PCR-based targeted 389 
homologous recombination and/or mating followed by sporulation and tetrad analysis. Primer sets 390 

used to amplify deletion cassettes for generating knock-out strains and to amplify C-terminal 391 

gene-tagging cassettes were generated using common sequences published for such purposes 392 
(Goldstein and McCusker, 1999; Janke et al., 2004; Longtine et al., 1998; Sheff and Thorn, 2004; 393 

Sikorski and Hieter, 1989). Myo2 point mutants were generated by first knocking out one allele of 394 
MYO2 in a W303 diploid (given that MYO2 is essential) followed by i) homologous recombination-395 

based insertion of PCR products amplified from plasmids containing the Myo2 single point 396 
mutations and selection cassette into the genome at the ∆myo2 allele (Eves et al., 2012) and then 397 
ii) sporulation and tetrad dissection. Isolates were verified to contain the correct mutation by 398 

sequencing. To generate rho0 cells (Fox et al., 1991), cells were grown in yeast extract/peptone 399 
with 2% (wt/vol) dextrose (YPD) plus 25 µg/ml ethidium bromide for 24 h at 30°C and were used 400 
to inoculate a second culture in the same medium. Following another 24 h of growth, the culture 401 
was streaked on YPD plates. Single colonies were isolated and tested for lack of respiratory 402 

growth on yeast extract/peptone with 3% (vol/vol) ethanol and 3% (vol/vol) glycerol (YPEG) 403 
media. All strains used for imaging mitochondria were transformed with pLL806 digested with 404 
Bsp119I. All strains and plasmids are available upon request to the corresponding author.   405 

 406 
Petite frequency 407 

Petite frequency assays were performed using the established colorimetric distinction between 408 

respiration-competent (rho+) and respiration-incompetent (petite) cells which, as incipient cells, 409 

form red and white colonies, respectively, when grown on fermentative plates with low adenine 410 

(Shadel, 1999). This assay relies upon the ade2 mutation, which our W303 strain background 411 

contains. Petite frequency was defined as the percent of all colonies that were scored that were 412 
petite.   413 

 414 

Cells were grown on YPEG plates followed by overnight growth in liquid YPEG at 24°C or 30°C. 415 
Next, overnight cultures were diluted into fresh liquid YPEG and grown to log-phase at 24°C or 416 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 26, 2025. ; https://doi.org/10.1101/2025.03.25.645216doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.25.645216
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

30°C. These log-phase cultures were further diluted into fresh liquid YPD to maintain log growth 417 

for 14 h at 30°C, corresponding to ~11 doublings. Cells were then diluted before being plated and 418 
grown on YPD without supplemented adenine at 30°C before being scored for petite frequency. 419 

 420 
Quantitative PCR 421 

Real-time quantitative PCR (qPCR) was performed on two alleles, COX1 and COX3, sitting at 422 

distinct loci on the mitochondrial chromosome to account for possible site-specific mutations, such 423 
as deletions, in our tested strains. Strains used for qPCR contained no genetic markers or 424 

imaging-based genetic fusions beyond those used for knock-out cassettes to avoid potential 425 

artifacts. Cells were grown to log-phase in SCD [synthetic complete medium plus 2% (wt/vol) 426 
dextrose with 2x adenine at pH 6.4]. Total DNA from 5 mL of log-phase cells was isolated using 427 

the MasterPureTM Yeast DNA Purification Kit from BioSearch Technologies. DNA concentration 428 
quantitation was performed on a DeNovix DS-11+ Spectrophotometer. Samples were diluted in 429 

sterile double-distilled water to 100 ng/mL for qPCR analysis. Applied Biosystems® PowerUpTM 430 
SYBRTM green master mix (REF# A25742) along with primers indicated in Supplementary Table 431 
2 were used to amplify COX1 (mtDNA), COX3 (mtDNA), and ACT1 (as a normalizer for nuclear 432 

DNA). Samples were run in either technical triplicate or duplicate on MicroAmp® optical 96-well 433 
reaction plates with optical adhesive covers (Applied Biosystems® REF#s, respectively: 434 
N8010560, 4360954) on an Applied Biosystems® QuantStudio 3 thermocycler. Each plate run 435 
contained two WT biological replicates for normalization; as such, WT mtDNA levels were 436 

quantified with a greater number of biological replicates than experimental strains, for which 3-4 437 
biological replicates were measured. The ∆∆Ct method was used to quantify mtDNA levels 438 
relative to wild-type based on the measured threshold Ct value from which 2-∆∆Ct was calculated 439 

using the following formula: ∆∆Ct = ∆Ct_test strain – ∆Ct_control average of wild-type (where 440 
∆Ct_test strain = Ct_COX1/3 of a given biological replicate – Ct_ACT1 of the same biological 441 

replicate; and where ∆Ct_control average = average of two biological replicate measures of 442 

∆Ct_COX1/3 of a WT biological replicate – ∆Ct_ACT1 of the same WT biological replicate) (Livak 443 

and Schmittgen, 2001).   444 

 445 

Imaging 446 
For mitochondrial volume analysis, cells were grown to log-phase in SCD at 24°C then incubated 447 

at room temperature on optical imaging dishes from MatTek (Part No. P35G-0.170-14-C) treated 448 

with 2 mg/mL Concanavalin A to adhere cells. Dishes were washed with SCD before adding 449 
additional SCD for live-cell imaging. All images were acquired on a Nikon Spinning Disk Confocal 450 
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System fitted with a CSU-W1 dual-spinning disk unit (Yokogawa) using a 60X (NA-1.42) objective 451 

and a Hamamatsu ORCA Fusion Digital CMOS camera. 3D z-stacks with a step size of 0.2 µm 452 
for both brightfield and relevant fluorescent channel(s) were acquired. Nikon Elements software 453 

was used to capture images, which were adjusted linearly for brightness and contrast as well as 454 
cropped in FIJI (Schindelin et al., 2012). Images were assembled in Illustrator (Adobe Systems). 455 

Non-deconvolved images are shown and used for all analyses. 456 

 457 
For post-cytokinetic mitochondrial volume analysis using Myo1-GFP, cells were imaged every 10 458 

min for 3 h to capture multiple cytokinetic events. 459 

 460 
For DAPI analysis, log-phase cultures grown in SCD at 24°C were incubated with DAPI at a final 461 

concentration of 2.5 µg/mL for 30 minutes at room temperature prior to washing with SCD, 462 
resuspending in SCD, then incubating cells on optical imaging dishes from MatTek (Part No. 463 

P35G-0.170-14-C) treated with 2 mg/mL Concanavalin A to adhere cells. Dishes were then 464 
washed with SCD before adding additional SCD for live-cell imaging. 465 
 466 

Image quantification 467 
For mitochondrial volume analysis, images were prepared for MitoGraph in FIJI. The ellipse tool 468 
was used to draw ROIs around mothers and buds using the brightfield channel. The non-469 
deconvolved channel containing the z-stack of mito-dsRED signal was max-projected manually 470 

or using the GenMaxProjs.ijm plug-in. Then, individual ROI files were generated using the 471 
CropCells.ijm plug-in. Finally, MitoGraph v3.0 (https://github.com/vianamp/MitoGraph) was run 472 
on Macintosh Terminal using the parameters in the following code-line: ./MitoGraph -xy 0.111 -z 473 

0.2 (Viana et al., 2015).  474 
 475 

For DAPI analysis, the ellipse tool in FIJI was used as for the mitochondrial volume analysis above 476 

to isolate mother and bud ROIs. The “Find Maxima” function was used on maximum projections 477 

of the DAPI images for these individual ROIs. Maxima representing background signal or nuclear 478 

DNA were removed manually from the dataset. The resulting number of maxima represented the 479 

number of nucleoids in the given region of interest. Only budded cells with a b:m > 0.4 were 480 
scored, and cells with weak DAPI signal were discarded from the quantification of nucleoid 481 

numbers. The budded cells analyzed were used to determine the % cells with DAPI-marked 482 

mtDNA signal.  483 
 484 
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For post-cytokinetic mitochondrial volume analysis, cytokinetic events were manually identified 485 

on non-deconvolved images in FIJI. The same procedure as described above was performed for 486 
the first timepoint in which the Myo1-GFP signal was absent from the mother-bud neck.  487 

 488 
Cell/mother/bud volume was determined from the radii of ellipse ROIs of mothers and buds (in 489 

µm) measured in FIJI. These data were transformed into an ellipsoid approximation of the ROI 490 

volume (in µm3) using the following equation: ellipsoid volume = (4/3)*π*(major radius/2)*(minor 491 
radius2/4). 492 

 493 

Plate Reader Growth Assay 494 

Growth assays were performed in 96-well clear bottom plates (Nunclon Delta Surface – Thermo 495 
Scientific) with OD600 measurements taken every 10 minutes for 18.5 h at 30°C with no shaking 496 

on a SpectraMax iD3 (Molecular Devices) plate reader. Each plate was prepared with three 497 
technical replicates for each biological replicate (for which there are 3 per genotype) in YPD, and 498 
the plate was sealed with a clear breathable membrane to prevent evaporation. The change in 499 

OD600 per min. (slope) was calculated from a portion of the growth curve where WT displayed 500 
linear growth (between 150-270 min.). Outliers were determined using the following criteria: the 501 
endpoint OD600 was outside the upper and lower limits of the quartiles 1 and 3 (Q1 and Q3, 502 
respectively). The lower limit was calculated using Q1-[1.5*(Q3-Q1)]. The upper limit was 503 

calculated using Q3+[1.5*(Q3-Q1)]. 504 
 505 
Statistical analyses 506 
Data distributions were assumed to be normal. Either an unpaired two-tailed t-test or a one-way 507 

ordinary ANOVA with Dunnett’s multiple comparisons was performed as indicated in the figure 508 

legends. All statistical analyses, including linear regression, were performed using GraphPad 509 
Prism. 510 

 511 
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FIGURE LEGENDS 666 

Figure 1. Cells lacking Mmr1 have a more severe mitochondrial inheritance defect than 667 
cells lacking Ypt11. Wild-type (WT), ∆ypt11, and ∆mmr1 cells expressing mito-dsRED were 668 

grown in SCD at 24°C and analyzed by fluorescence microscopy. The same dataset was used 669 
for the entire figure. Only budded cells were analyzed. (A) Quantification of percent buds of a 670 

given category (cut-off for small vs. large is a b:m volume ratio of 1:3) with mitochondrial signal 671 

present. Each black dot represents the mean for one (of 3 total) biological replicates with >35 672 
cells analyzed per replicate in a given category. Colored bars show the grand mean with error 673 

bars representing ± SEM. p-values are in comparison to WT of the small bud category. (B) 674 

Representative images for each category in A shown as whole-cell maximum projections with the 675 
cell wall outlined with a yellow dashed line. Bar, 2 µm. (C) Quantification of mitochondrial volume 676 

in the bud (µm3) plotted against the b:m volume ratio. WT (gray) vs. ∆ypt11 (orange) on the left. 677 
WT (gray) vs. ∆mmr1 (blue) on the right. Pooled data from 3 biological replicates (>80 cells per 678 

replicate, >350 cells total per genotype) shown as one data point per cell. Lines show 15-point 679 
moving averages. Y-axes are broken in two for efficient visualization of a minimal number of real 680 
but high-value data points. (D) Data from C was collapsed into 0.15-range bins for b:m volume 681 

ratio values up to 0.75 (chosen as upper limit to ensure data analysis with sufficient n values). 682 

Bins within b:m volume ratio values of 0-0.6 contain ³15 data points per replicate, and the 0.6-683 

0.75 bin contains ³7 data points per replicate. The Y-axis is limited to 4 µm3 (compare with C) for 684 

visualization purposes. Individual biological replicates are shown in different colors. Individual 685 
biological replicate means are shown in black-outlined circles of the given color, and the grand 686 

mean is shown as a black line. p-values are in comparison to WT of the same bin. (E) 687 

Quantification of percent buds in the smallest b:m volume bin (b:m = 0-0.15) from D that lack 688 

mitochondrial signal. Each black dot represents the mean for one (of 3 total) biological replicates. 689 
Colored bars show grand mean with error bars representing ± SEM. p-values are in comparison 690 

to WT (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple comparisons). 691 

 692 

Figure 2. Daughter cells lacking Mmr1 undergo cytokinesis with a lower normalized bud 693 

mitochondrial volume. (A-B) Using the dataset from Fig. 1 C,  mitochondrial volume (µm3) was 694 
normalized to cell volume (µm3), bud volume (µm3), or mother volume (µm3), creating a unitless 695 

scaling ratio. Individual biological replicates (3 total) are shown in different colors. Individual 696 

biological replicate means are shown in black-outlined circles of the given color, and the grand 697 
mean is shown as a black line. The grand mean of the associated WT value is shown as a 698 

horizontal dashed line in black. Panel A shows the quantification of normalized whole-cell 699 
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mitochondrial volume using budded cells only (b:m > 0) as a representation of a vegetative 700 

population. Each replicate contains >80 cells. p-values are in comparison to WT (* p < 0.05; ** p 701 
< 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple comparisons). For each genotype 702 

shown in Panel B, normalized mitochondrial volume ratios of two different regions of interest 703 
(ROIs) are shown on either side of the vertical dashed line: normalized bud mitochondrial volume 704 

for late-stage budded cells where the b:m > 0.6 (left) and normalized mother mitochondrial volume 705 

for early-stage budded cells where the b:m < 0.2 (right). >10 cells were analyzed for each replicate 706 
of the late-stage bud measure (>50 cells total). >20 cells were analyzed for each replicate of the 707 

early-stage mother measure (>110 cells total). p-values are in comparison to normalized bud 708 

mitochondrial volume (b:m > 0.6) of WT cells, and p-value in parenthesis compares both 709 
measures of ∆mmr1 cells (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA 710 

multiple comparisons). (C-D) WT and ∆mmr1 cells expressing mito-dsRED and Myo1-GFP were 711 
imaged every 10 min for 3 h at room temperature in SCD-containing imaging dishes to identify 712 

and analyze cytokinetic events. Representative images of mitochondria and Myo1 in pre- and 713 
post-cytokinetic cells are shown in C as whole-cell maximum projections. Cell walls are outlined 714 
with dashed yellow lines. Filled arrowheads point at accumulated Myo1 signal on the mother-bud 715 

neck at the last timepoint before such signal is lost (“pre-cytokinesis”). Empty arrowheads point 716 
to the mother-bud neck void of Myo1 signal at the first timepoint in which Myo1 signal is not 717 
present at this location (“post-cytokinesis”). The arrow points to the minimal amount of 718 
mitochondria in the daughter cell of the representative ∆mmr1 image post-cytokinesis. Bar, 2 µm. 719 

For at least 17 cells per biological replicate (>95 cells total from 3 biological replicates that are 720 
shown in different colors), the first timepoint in which Myo1-GFP signal was lost from the mother-721 
bud neck was analyzed and called “post-cytokinesis”. This provided a measure of both normalized 722 

mitochondrial volume in the daughter cell (D, upper panel) and daughter volume (D, lower panel) 723 
following cytokinesis. Individual biological replicate means are shown in black-outlined circles of 724 

a given color and the grand mean is shown as a black line. p-values are in comparison to WT (* 725 

p < 0.05; ** p < 0.01; **** p < 0.0001; two-tailed unpaired t test).  726 

 727 

Figure 3. Cells lacking Mmr1 display a defect in the maintenance of mtDNA integrity. (A) 728 

Petite frequency (%) of wild-type (WT), ∆mmr1, and ∆ypt11 cells after 14 h in fermentation (YPD) 729 
conditions in which respiration-compromising mtDNA mutations can propagate and petite cells 730 

can survive. Each black dot represents an individual biological replicate (3 total) in which >100 731 

colonies were counted. Colored bars show grand mean with error bars representing ± SEM. p-732 
values are in comparison to WT (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA 733 
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multiple comparisons). (B-D) WT, ∆mmr1, and ∆ypt11 cells were grown in SCD at 30°C, stained 734 

with DAPI, and analyzed by fluorescence microscopy. Panel B shows the quantification of the 735 
percent of cells that contain DAPI-marked mtDNA (and are therefore either rho+ or rho-). 736 

Representative images of DAPI-stained cells are shown in C as whole-cell maximum projections. 737 
Cell walls are shown as yellow dashed lines. Bar, 2 µm. Panel D shows the quantification of the 738 

number of DAPI-marked nucleoids normalized to a given region of interests’ volumes: either total 739 

cell (b:m > 0.4 as a proxy for a vegetative population, upper panel) or large buds (b:m > 0.4, lower 740 
panel). Individual biological replicates are shown in different colors. Individual biological replicate 741 

means (3 total) are shown in black-outlined circles of the given color, and the grand mean is 742 

shown as a black line. Each replicate contains at least 15 cells (>85 cells total). p-values are in 743 
comparison to WT (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple 744 

comparisons). (E) qPCR analysis of mtDNA alleles (COX1 and COX3) in WT, ∆mmr1, ∆ypt11, 745 
and ∆mrx6 cells. mtDNA copy number relative to WT is shown. 2-3 technical replicates per 746 

biological replicate (4 biological replicates total per genotype, shown individually as black dots) 747 
were included. Colored bars show grand mean with error bars representing ± SEM. p-values are 748 
in comparison to WT (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple 749 

comparisons). (F) Representative images of mitochondria from a rho0 background for the given 750 
genotypes are shown as whole-cell maximum projections. Cell walls are shown as yellow dashed 751 
lines. Bar, 2 µm.  (G) Normalized mitochondrial volume of large buds (b:m > 0.4) of rho0 cells 752 
expressing mito-dsRED grown in SCD at 24°C and analyzed by fluorescence microscopy. 753 

WT/∆mmr1/∆ypt11 data are from the same dataset shown in Fig. 1. Individual biological replicates 754 
(3 total for WT/∆mmr1/∆ypt11 and 4 total for all other genotypes) are shown in different colors. 755 
Individual biological replicate means are shown in black-outlined circles of a given color, and the 756 

grand mean is shown as a black line. Each biological replicate contains at least 18 cells (>95 cells 757 
total). p-values compare a given genotype to its rho0 counterpart (* p < 0.05; ** p < 0.01; **** p < 758 

0.0001; ordinary one-way ANOVA multiple comparisons).  759 

 760 

Figure 4. Titrating the volume of mitochondria inherited to determine the relationship 761 

between the volume of mitochondria inherited and the maintenance of mtDNA integrity. 762 

(A) Petite frequency (%) of mmr1 mutants with disrupted mitochondria interaction after 14 h in 763 
fermentation (YPD) conditions, in which respiration-compromising mtDNA mutations can 764 

propagate and petite cells can survive. The petite frequency of wild-type (WT), ∆mmr1, and 765 

∆ypt11 cells is duplicated from Fig. 3 A for ease of comparison. Each black dot represents an 766 
individual biological replicate (3 total) in which >100 colonies were counted. Colored bars show 767 
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grand mean with error bars representing ± SEM. p-values are in comparison to WT, and p-values 768 

in parenthesis are in comparison to ∆mmr1 (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-769 
way ANOVA multiple comparisons). (B) Quantification of normalized mitochondrial volume in 770 

large buds (as in Fig. 3 G) of myo2 single point mutant strains expressing mito-dsRED. WT and 771 
∆mmr1 data are reproduced from Fig. 3 G for ease of comparison. Individual biological replicates 772 

[3 total except for myo2(I1308A) for which there are 4 to maintain a comparable n] are shown in 773 

different colors. Individual biological replicate means are shown in black-outlined circles of the 774 
given color and the grand mean is shown as a black line. The data points sitting at a value of 0 775 

as well as the percent of cells with the value of 0 for the pooled data are indicated by the brackets 776 

at the bottom and top of the graph, respectively. Each biological replicate contains ³19 cells (³75 777 

cells total). p-values are in comparison to WT, and p-values in parenthesis are in comparison to 778 

∆mmr1 (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple comparisons). 779 
(C) Representative fluorescence microscopy images for the cells quantified in 4B. Cell walls are 780 
outlined with yellow dashed lines. Bar, 2 µm. (D) Petite frequency (%) of myo2 single point mutant 781 

strains determined and represented as in 4A. 4 biological replicates are represented for the myo2 782 
point mutant strains. The open circles indicate adjusted petite frequency values: the percent of 783 
large buds with 0 mitochondrial volume in B was added to the petite frequency (%) to account for 784 
petite cells that die. p-values are in comparison to WT, and p-values in parenthesis are in 785 

comparison to ∆mmr1 (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple 786 
comparisons). (E) Grand mean values of the normalized mitochondrial volume of large buds from 787 
B and Fig. 3 G are plotted against the mean petite frequency (%) values from Fig. 3 A and Fig. 4 788 

D with error bars representing ± SEM. Slope and R2 are derived from linear regression for which 789 
the line of best fit is shown in black. Open circle represents data using experimentally adjusted 790 
values as described in 4D.  791 

 792 

Figure 5. Increasing mtDNA copy number suppresses the petite frequency of ∆mmr1 cells. 793 

(A) Cells of the indicated genotype were subjected to qPCR analysis of mtDNA alleles as in Fig. 794 
3 E. WT and ∆mmr1 data from Fig. 3 E are reproduced in these graphs for ease of comparison. 795 

Individual biological replicates are shown as dots. Colored bars show grand mean with error bars 796 
representing ± SEM. p-values are in comparison to WT. p-values in parenthesis are in comparison 797 

to ∆mmr1 (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple 798 

comparisons). (B) Petite frequency (%) was determined and represented as in Fig. 3 A. p-values 799 
are in comparison to WT and p-values in parenthesis are in comparison to ∆mmr1 (* p < 0.05; ** 800 

p < 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple comparisons). (C) Representative 801 
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images of mito-dsRED in indicated strains. Whole-cell maximum intensity projections are shown. 802 

Cell walls are outlined with yellow dashed lines. Bar, 2 µm. (D) Quantification of normalized 803 
mitochondrial volume in large buds (as in Fig. 3 G) of the indicated strains. WT and ∆mmr1 data 804 

are reproduced from Fig. 3 G for ease of comparison. Each biological replicate contains at least 805 
20 cells (>75 cells total). p-values are in comparison to WT. p-values in parenthesis are in 806 

comparison to ∆mmr1. (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple 807 

comparisons). (E) Representative images of DAPI-marked nucleoids in the indicated strains. 808 
Whole-cell maximum intensity projections are shown. Cell walls are outlined with yellow dashed 809 

lines. Bar, 2 µm. (F) Quantification of bud nucleoid # normalized to bud volume in large buds of 810 

indicated strains was performed and is represented as in Fig. 3 D (lower panel). WT and ∆mmr1 811 

data are reproduced from Fig. 3 D for ease of comparison. Each biological replicate contains ³ 812 

13 cells (³ 62 cells total). p-values are in comparison to WT. p-values in parenthesis are in 813 

comparison to ∆mmr1. (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple 814 
comparisons). 815 

 816 

Figure S1. Normalized mitochondrial volumes of buds and mothers in mitochondrial 817 
inheritance adaptor mutants. The same dataset from Fig. 1 C was used to graph both the 818 

normalized mitochondrial volumes of buds (A) and mothers (B) over b:m volume. Data is 819 
represented as in Fig. 1C. The y-axes in (A) are split in two for data visualization purposes.  820 
 821 
Figure S2. Characterization of strains with point mutations on Myo2-CBD that disrupt Mmr1 822 

binding. (A) Growth assay of wild-type (WT), ∆mmr1, ∆ypt11, and myo2 mutant strains. Cells 823 
were grown in fermentation conditions in a plate reader, and measurements of optical densities 824 
at 600 nm (OD600) were used to determine growth rate (∆OD600/min). Each black dot represents 825 

1 of 3 total biological replicates. Colored bars show grand mean with error bars representing ± 826 

SEM. p-values are in comparison to WT (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-827 
way ANOVA multiple comparisons). (B) qPCR analysis of COX1 and COX3 in myo2 mutant 828 

strains was performed and is represented as in Fig. 3 E. Dashed black lines represent the grand 829 

mean of the ∆mmr1 value (as determined in Fig. 3 E) for comparison. Mutants are shown in order 830 
of decreasing mean petite frequencies (from left to right) as determined in Fig. 4 D. p-values are 831 

in comparison to WT (* p < 0.05; ** p < 0.01; **** p < 0.0001; ordinary one-way ANOVA multiple 832 

comparisons). 833 
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Notes:
-Fig with pf with mmr1 mutants from WeiTing’s paper have been corrected so that
all results are reported to only first decimal place
-Myo2 pm pf graph has been corrected so representing data only to first decimal place
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Supplemental Table 1
LLY Number Genotype Source

92(A)/93(alpha) W303 (ade2–1; leu2–3; his3– 11,15; trp1–1; ura3–1; can1–100 ) Thomas and Rothstein, 1989
3584 W303 ADH::mito-DsRED::URA This study
3585 W303 ∆mmr1::KAN  ADH::mito-DsRED::URA This study
3586 W303 ∆ypt11::KAN  ADH::mito-DsRED::URA This study

5408/5409 W303 ADH::mito-DsRED::URA  MYO1-yEGFP::HIS This study
5777 W303 ∆mmr1::KAN ADH::mito-DsRED::URA MYO1-yEGFP::HIS This study
490 W303 ∆mmr1::HIS This study

491/2852 W303 ∆mmr1::KAN Chen et al. 2018 (LLY491); this study (LLY2852)
962/963 W303 ∆ypt11::NAT This study
964/965 W303 ∆ypt11::KAN This study

5012/5013 W303 ∆mrx6::HIS Wisniewski et al. 2024
6544/6545 W303 rho 0  ADH::mito-DsRED::URA This study
6540/6541 W303 rho 0  ∆mmr1::KAN ADH::mito-DsRED::URA This study
6538/6539 W303 rho 0  ∆ypt11::NAT  ADH::mito-DsRED::URA This study

1543 W303 mmr1∆mito-BD  [MMR1(∆76-195)-yEGFP::HIS ] Chen et al. 2018
2618 W303 mmr1 4E  [mmr1(R80E/R86E/K95E/K98E)-yEGFP::HIS ] Chen et al. 2018

4043/4044 W303 myo2(P1529S)::HIS This study
4136/4137 W303 myo2(I1308A)::HIS This study

4260 W303 myo2(P1529S)::HIS ∆ypt11::NAT This study
4261 W303 myo2(I1308A)::HIS ∆ypt11::NAT This study

4262/4263 W303 myo2(K1312A)::HIS This study
4284 W303 myo2(K1312A)::HIS ∆ypt11::NAT This study

4751/4753 W303 myo2(I1308A)::HIS ADH::mito-DsRED::URA This study
5971/5972 W303 myo2(K1312A)::HIS ∆ypt11::NAT ADH::mito-DsRED::URA This study

5973/5974/5975 W303 myo2(I1308A)::HIS ∆ypt11::NAT ADH::mito-DsRED::URA This study
5976/5977/5978 W303 myo2(K1312A)::HIS ADH::mito-DsRED::URA This study

6680/6681 W303 myo2(P1529S)::HIS ADH::mito-DsRED::URA This study
5476/5477 W303 ∆mmr1::KAN ∆sml1::HIS This study

6530/6531/6683 W303 ∆mmr1::KAN ∆sml1::HIS ADH::mito-DsRED::URA This study
5358/5359 W303 ∆mmr1::KAN ∆mrx6::HIS This study
6542/6682 W303 ∆mmr1::KAN ∆mrx6::HIS ADH::mito-DsRED::URA This study

5479/5480/5481 W303 ∆mmr1::KAN ∆cim1::HIS This study
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6534/6535/6536/6537 W303 ∆mmr1::KAN ∆cim1::HIS ADH::mito-DsRED::URA This study
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Supplemental Table 2
Primer # Sequence Purpose

1855 5'-CTACAGATACAGCATTTCCAAGA-3' Amplify COX1  for qPCR
1856 5'-GTGCCTGAATAGATGATAATGGT-3' Amplify COX1  for qPCR
1235 5'-TTGAAGCTGTACAACCTACC-3' Amplify COX3  for qPCR
1236 5'-CCTGCGATTAAGGCATGATG-3' Amplify COX3  for qPCR
1237 5'-CACCCTGTTCTTTTGACTGA-3' Amplify ACT1  for qPCR
1238 5'-CGTAGAAGGCTGGAACGTTG-3' Amplify ACT1  for qPCR
1848 5'- CACTAACCTCTCTTCAACTGCTCAATAATTTCCCGCTCGG ATCCCCGGGTTAATTAA-3' Delete SML1
1849 5'- GGAAAGAGAAAAGAAAAGAGTATGAAAGGAACTGAATTC GAGCTCGTTTAAAC-3' Delete SML1
1679 5'- GATCATTGCAGAAGTAGTGAGATTTAGTCGTACGTTACGTCCGGATCCCCGGGTTAATTAA-3' Delete MRX6
1680 5'- GAATATGTCACATAATAGAGCAGTGGATAAGTACTCAATGCAAAAGAATTCGAGCTCGTTTAAAC-3' Delete MRX6
1845 5'- CACTAACCTCTCTTCAACTGCTCAATAATTTCCCGCTCGGATCCCCGGGTTAATTAA-3' Delete CIM1
1846 5'- GGAAAGAGAAAAGAAAAGAGTATGAAAGGAACTGAATTCGAGCTCGTTTAAAC-3' Delete CIM1
190 5'- CAAAAAAAAAAAACACAACTAATAAACTAAACAACTAAAAAACGGATCCCCGGGTTAATTAA-3' Delete MMR1
191 5'- GAATGTTTGTGTAAAATAAGTTAATTTAATTTGAAGTTGACGCTGAATTCGAGCTCGTTTAAAC-3' Delete MMR1
421 5'- GGCACTGGCACTTGCATCAGCATCTCGTATATTAGATACATCATCAAGTCCATCGGATCCCCGGGTTAATTAA-3' Delete YPT11
422 5'-GGCGTATTGGACAATGGCTGCCTGCGAATCTTGTTGTATAATTTGTCGAAGAGAATTCGAGCTCGTTTAAAC-3' Delete YPT11

1840 5'- AAAAATATTGATAGTAACAATGCACAGAGTAAAATTTTCAGTGGTGACGGTGCTGGTTTA-3' Tag MYO1
1841 5'- ATAAAGGATATAAAGTCTTCCAAATTTTTAAAAAAAAGTTCGTCGATGAATTCGAGCTCG-3' Tag MYO1
634 5'- CTTTTTTTAGCATTCATGTACAATTTTGTTTCTCGCGCCATCAGTTTCGATGAATTCGAGCTCG-3' Generation of MYO2  point mutants

1048 5'- CCAACAAGTCGTTCAAGACGGCCACTAAGGCGCGCCACTTCTAAATAAGCGAATTTCTTATGATTTATGATTTTT-3' Generation of MYO2  point mutants
1047

5'- 
CATTGTACATATAGGACATAAAAACAGCAGATATTACAGCGTATAATGTCTTTTGAAGTGGGTACACGATGCTGGTATCCCCATAAA Generation of MYO2  point mutants

1049 5'- AAAAATCATAAATCATAAGAAATTCGCTTATTTAGAAGTGGCGCGCCTTAGTGGCCGTCTTGAACGACTTGTTGG-3' Generation of MYO2  point mutants
1015 5'- CATTGTACATATAGGACATAAAAACAGCAGATATTACAGCGTATACGGATCCCCGGGTTAATTAA-3' Delete MYO2
1016 5'- GTCATTTCTTTTTTTAGCATTCATGTACAATTTTGTTTCTCGCGCCATCAGTTGAATTCGAGCTCGTTTAAAC-3' Delete MYO2
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Supplemental Table 3
LLEC# Plasmid Name Source

776 pRS306 Sikorski and Hieter, 1989
806 pRS306 ADH::mito-DsRED::URA This study
27 pFA6a-kanMX6 Longtine et al. 1998
54 pKT128 pFA6a–link–yEGFP–SpHIS5 Sheff and Thorn 2004
29 pFA6a-His3MX6 Longtine et al. 1998

473 pFA6a-NAT Goldstein and McCusker 1999
668 pRS413 myo2(K1312A) Eves et al. 2012
669 pRS413 myo2(P1529S) Eves et al. 2012
670 pRS413 myo2(I1308A) Eves et al. 2012
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