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Mitochondria are not produced de novo in newly divided1

daughter cells, but are inherited from the mother cell during2

mitosis. While mitochondrial homeostasis is crucial for living3

cells, the feedback responses that maintain mitochondrial vol-4

ume across generations of dividing cells remain elusive. Here,5

using a microfluidic yeast ’mother machine’, we tracked sev-6

eral generations of fission yeast cells and observed that cell size7

and mitochondrial volume grew exponentially during the cell8

cycle. We discovered that while mitochondrial homeostasis re-9

lied on the ’sizer’ mechanism of cell size maintenance, mitochon-10

drial function was a critical determinant of the timing of cell11

division: cells born with lower than average amounts of mito-12

chondria grew slower and thus added more mitochondria before13

they divided. Thus, mitochondrial addition during the cell cycle14

was tailored to the volume of mitochondria at birth, such that15

all cells ultimately contained the same mitochondrial volume at16

cell division. Quantitative modelling and experiments with mi-17

tochondrial DNA-deficient rho0 cells additionally revealed that18

mitochondrial function was essential for driving the exponential19

growth of cells. Taken together, we demonstrate a central role20

for mitochondrial activity in dictating cellular growth rates and21

ensuring mitochondrial volume homeostasis.22
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Introduction26

As a cell grows, the size or volume of organelles such as the27

nucleus, lysosomes and mitochondria typically scales with28

cell size (1–4). This scaling relationship is attributed to the29

increasing functional demands on the organelle as the cell30

grows. However, the mechanisms that underpin organelle31

scaling and homeostasis are poorly understood. For exam-32

ple, while the importance of mitochondrial activity for cellu-33

lar fitness is widely accepted (5–8), it remains unclear how34

mitochondrial volume is maintained across successive gener-35

ations.36

Mitochondria typically form tubular networks that un-37

dergo continuous cycles of fusion and fission, enabling the38

redistribution of mitochondrial DNA (mtDNA) and the dilu-39

tion or removal of damaged components (9–11). Since mito-40

chondria are composed of proteins that are encoded by both41

nuclear and mtDNA, mitochondria cannot be synthesised de42

novo in newly-divided daughter cells, but are partitioned into43

daughter cells from the mother. In fission yeast, we recently44

described an independent segregation mechanism for mito-45

chondrial partitioning (12). Mitochondria in mother cells un-46

dergo enhanced fission upon loss of microtubule association47

during closed mitosis in fission yeast, which increases mi-48

tochondrial copy numbers and thus reduces partitioning er-49

rors in this system (12). Regardless, due to the nature of the50

process, mitochondrial partitioning exhibited binomial errors51

(13), resulting in slight differences in mitochondrial volumes52

at birth even in these symmetrically dividing cells.53

Cell size homeostasis in fission yeast is achieved through54

the ’sizer’ mechanism, wherein cells sense their own size and55

a critical size threshold is reached before cells undergo divi-56

sion (14–16). Using mutants with varying widths compared57

to WT cells, fission yeast has been found to undergo division58

upon reaching a defined surface area, in a process dependent59

on the protein kinase Cdr2 (16–18). Other systems, includ-60

ing bacteria and mammalian cells behave as ’adders’, adding61

a constant mass during each cycle (19, 20).62

Recently, we discovered that fission yeast cells with mu-63

tations or deletions of proteins responsible for microtubule64

and mitochondrial dynamics exhibited a significant degree65

of asymmetric cell division (21). Asymmetrically-dividing66

cells still followed independent segregation, with the smaller67

daughter cell receiving less mitochondria from the mother68

than the larger daughter cell. Occasionally, we observed mu-69

tant cells that partitioned their cytoplasm symmetrically but70

their mitochondria asymmetrically; in these cases, the daugh-71

ter cell with less mitochondria grew slower than the other72

daughter. Given this key role of mitochondrial function in73

dictating cell growth and fitness, we asked how mitochon-74

drial homeostasis is maintained across several generations of75

dividing cells.76

Here, we use extended live cell imaging in a yeast mother77

machine (YMM) (22, 23), automated analysis, and quantita-78

tive modeling to demonstrate the critical role of mitochon-79

drial function in determining not only feedback-driven mito-80

chondrial homeostasis, but also the timing of cell division,81

which ultimately actively controls cell size homeostasis in82

fission yeast.83
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Figure 1. Mutants with a high degree of asymmetric division also exhibit "sizer-like" behaviour. (A) Representative montage of an Ase1∆ cell (expressing a fluorescent
membrane marker) undergoing growth and division in a single channel of the yeast mother machine (YMM). (B) Plots of cell length over time for all the mutants indicated.
Coloured circles represent a long cell cycle followed by a short cycle. ’B1’-’B6’ in the Ase1∆ plot represent 6 individual cell birth events as indicated in A. (C) Cell cycle
duration is inversely proportional to the cell size at birth, as shown by the cell cycle duration plotted against the cell length at birth in wild-type (WT) and mutant cells. Note that
the Mmb1∆ fit was computed using only the last four bins, as the first bin contained several outliers. (D) Cell length at division plotted against cell length at birth in wild-type
(WT) and mutant cells demonstrates that the sizer behaviour is active in these cells. The yellow dashed line represents the expected data for a perfect sizer and the green
dashed line that for an adder. The plots in C and D show mean ± standard error of the mean (SEM) (solid circles and the shaded region respectively) and their fits (solid
lines). The data in C and D were rescaled as detailed in the Methods section.The slopes and R2 values of the fits in C and D are in Supplementary Table S2. Strains VA130,
VA131, VA136, VA135, and VA144 were used for all figures in this panel (see Supplementary Table S3).

Results84

Fission yeast cells achieve cell size homeostasis85

through the sizer mechanism. To visualise growth and di-86

vision in several generations of fission yeast cells, we em-87

ployed a YMM (Fig. S1A). We confirmed that cells were88

healthy in the YMM, since the cell dimensions over the89

course of their cell cycle (Fig. S1B, Supplementary Video90

S1) were consistent with published literature (24–28). Simi-91

larly, the cell lengths at birth (8.1 ± 0.8 µm; mean ± standard92

deviation (SD), n=2159 cells, see Supplementary Table S1)93

and at division (15.8 ± 1.4 µm; mean ± SD, n=2159 cells)94

were comparable to the known estimates in fission yeast cells95

(24–27), and so was the mean duration of a cell cycle at 1.896

± 0.3 h (mean ± SD, n=2159 cells, Fig. S1C-D).97

We then probed the size homeostasis mechanism in wild-98

type (WT) cells growing in the YMM and reconfirmed sev-99

eral previous findings suggesting that fission yeast cells show100

sizer-like behaviour (14, 16, 24, 29), with cells that were101

smaller than the average length of ~8.1 µm at birth adding102

more length before division and vice versa (Fig. S2A-C), ul-103

timately resulting in cells initiating division at a characteristic104

size of 15.8 ± 1.4 µm (mean ± SD, n=2159, Fig. S2D). An-105

other consequence of the sizer-like behaviour of fission yeast106

was that cells that were born smaller than average exhibited107

longer cell cycle durations (Fig. S2E), as reported previously108

(30, 31). We additionally confirmed that cellular volume, sur-109

face area and length reported similarly on the cell size for the110

duration of the cell cycle (Fig. S3A).111

We previously showed that fission yeast cells with muta-112

tions or deletions of mitochondrial morphology-related pro-113

teins exhibit a higher degree of asymmetric cell division114

compared to WT cells (21). Cells devoid of microtubule-115

associated proteins are also known to exhibit asymmetric cell116

division (12, 32). We asked if these mutants that exhibit a117

high degree of asymmetric cell division also showed sizer-118

like behaviour for cell size homeostasis. We observed that119

similar to WT cells, these mutant cells tailored their cell120

size at division to their size at birth - cells that were longer121

than average at birth divided faster in the following cycle to122
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Figure 2. Mitochondrial volume at birth scales with cell length at birth. (A) Example montages of cell cycles of different sized WT cells expressing fluorescent membrane
and mitochondria markers, (B) Mitochondrial volume at birth plotted against cell length at birth in WT cells reveals a linear scaling between the two parameters. Error bars
represent SD and the black solid line represents a linear fit to the data; the heat map represents the density of the data. (C) Mitochondrial volume at birth plotted against cell
length at birth in mutant cells also demonstrates a similar linear relationship between cell size and mitochondrial volume at birth. The plots show mean ± SEM (solid circles
and the shaded region respectively) and their fits (solid lines). The data in B and C were rescaled as detailed in the Methods section. The slopes and R2 values of the fits in
C are in Supplementary Table S2. Strains VA130, VA131, VA136, VA135, and VA144 were used for this panel (see Supplementary Table S3).

compensate for increased size at birth (Fig. 1A-C, Supple-123

mentary Video S2). These asymmetrically-dividing mutants124

also showed a characteristic division length, confirming their125

sizer-like behaviour for size homeostasis (Fig. 1D, see Sup-126

plementary Table S1).127

Mitochondrial volume is proportional to cell size. We128

then probed mitochondrial volume in WT and mutant cells129

for the duration of their cell cycle (Supplementary Video130

S3). We previously demonstrated that mitochondrial parti-131

tioning at division proceeds relative to daughter cell sizes132

(21). Here, we tracked the mitochondrial volume alongside133

the cell sizes (Fig. S3A) and observed that mitochondrial134

volume at birth scaled with the cell size at birth, such that a135

smaller cell than average contained less mitochondria at birth136

than a larger cell (Fig. 2A-B). Mutant cells with higher de-137

grees of asymmetric cell division also exhibited similar be-138

haviour (Fig. S3B), with the mitochondrial volume inherited139

during division showing a linear relationship to cell size at140

birth (Fig. 2C).141

Mitochondrial volume at division exhibits compen-142

satory signatures. Next, we asked how mitochondrial143

homeostasis was maintained across several generations. A144

previous study in fission yeast suggested that a constant vol-145

ume of mitochondria is added during each cycle irrespective146

of the mitochondrial volume at birth (33). Alongside our data147

suggesting that mitochondrial volume at birth is dependent148

on cell size at birth (Fig. 2), this would imply that even a149

cell that received less volume at birth (due to its smaller size)150

would add the same volume of mitochondria as a large cell.151

We measured the mitochondrial volume added during a cy-152

cle (by comparing the mitochondrial volume at division and153

at birth), and plotted this against the cell length at birth (Fig.154

3A). We observed that contrary to the proposed mechanism155

of constant volume addition, cells that were smaller than av-156

erage at birth added more mitochondrial volume during their157

cell cycle. This resulted in cells, small and large, achiev-158

ing similar mitochondrial volumes at division (Fig. 3B), sug-159

gesting that rather than adding constant volume, cells exhib-160

ited compensation of mitochondrial volumes by adding more161

mitochondrial volume when born with less, and vice versa.162

So too, the volume added per unit length before cell division163

was similar for cells with a wide range of starting mitochon-164

drial concentrations (mitochondrial volume per unit length at165

birth) (Fig. 3C), i.e., cells that were small at birth added more166

length (Fig. S2C) and mitochondrial volume such that the ra-167

tio between the added mitochondrial volume and added cell168

length remained a constant. We previously showed that cells169

that were smaller than average at birth had longer cell cycle170

durations (Fig. S2E). Accordingly, cells that had longer cell171

cycle durations also added more mitochondria than those that172

had shorter cell cycle durations (Fig. S4A), which fits with173

the compensatory homeostatic responses we observed.174

Further, we split the WT cells into two populations -175

large and small cells, with the former having cell lengths176

>9 µm and the latter with cell lengths <7 µm at birth, i.e.,177

1 SD away from the mean length at birth. We tracked their178

cell lengths and mitochondrial volumes over the course of the179

cell cycle and observed that while the small cells started with180

lower cell lengths and mitochondrial volumes, they attained181

similar lengths and mitochondrial volumes as the large cells182

at the end of their cycle by prolonging their cell cycle (Fig.183

3D). Thus, fission yeast cells rely on the cell sizer mechanism184

to maintain mitochondrial homeostasis: larger (smaller) cells185

typically contain more (less) mitochondria at birth, but need186

to add less (more) cell size (length/area) before division, thus187

reducing (increasing) the amount of mitochondria added dur-188

ing the cell cycle. We observed similar behaviour in mutant189

cells that have a higher propensity to divide asymmetrically,190

which showed an inverse relationship between cell length at191

birth and mitochondrial volume added during the cell cycle192

(Fig. 3E), resulting in a characteristic mitochondrial volume193

at division across the population (Fig. 3F). Thus, both WT194

and mutant cells corrected for deficiencies or excess mito-195
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Figure 3. WT and mutant cells exhibit ’compensation’ of mitochondrial volume to achieve homeostasis. (A) Mitochondrial volume added in a cycle plotted against the
cell length at birth in WT cells reveals an inverse relationship. (B) Mitochondrial volume at division plotted against the cell length at birth in WT cells demonstrates signatures of
compensation, wherein all cells attain a typical mitochondrial volume at division. (C) Mitochondrial volume added per unit length added during the cell cycle plotted against the
mitochondrial concentration at birth in WT cells reveals a compensatory mechanism, with a constant volume of mitochondria added per unit length of cell. In A-C, error bars
represent SD. Black solid lines represent linear fits to the data; the heat map represents the density of the data. (D) Cell length (top) and the normalised mitochondrial volume
(bottom) plotted over time in large (>9 µm, magenta) and small (<7 µm, teal) WT cells reveals differences in the duration of the cell cycle between the two populations. Error
bars represent SD. (E) Mitochondrial volumes added per cell cycle plotted against cell lengths at birth in mutant cells also shows an inverse relationship. (F) Mitochondrial
volumes at division plotted against cell lengths at birth in mutant cells also demonstrates mitochondrial compensation. In B, C and F, the yellow dashed line represents the
expected data for a compensation mechanism and the green dashed that for constant volume addition. The plots in E and F show mean ± SEM (solid circles and the shaded
region respectively) and their fits (solid lines). The data in A-F were rescaled as detailed in the Methods section. The slopes and R2 values of the fits in E and F are in
Supplementary Table S2. Strain VA130 was used for panels A-D and strains VA130, VA131, VA136, VA135, and VA144 were used in panels E and F (see Supplementary
Table S3).

chondrial volume in one generation, as indicated by the sim-196

ilar distributions of mitochondrial volumes at birth for these197

cells (Fig. S4B-F).198

Mitochondrial activity drives the exponential growth of199

cells and determines the timing of cell division. Thus200

far, we determined that mitochondrial homeostasis relies on201

the cell sizer mechanism. However, given the dependence202

of starting mitochondrial volume on cell size at birth, it re-203

mained unclear what the precise role of the sizer was in deter-204

mining mitochondrial homeostasis. To delineate the specific205

role of mitochondrial activity, we chose to analyse daughter206

cell pairs in the WT population that divided symmetrically,207

i.e., had similar cytoplasmic volumes, but exhibited asym-208

metric mitochondrial partitioning. Such daughter cell pairs209

arose due to the nature of mitochondrial partitioning in fis-210

sion yeast that follows an independent segregation mecha-211

nism, with binomial errors (12). Analysis of the cell lengths212

over time (Fig. 4A) of these daughter cell pairs revealed that213

the cell with more mitochondria at birth grew significantly214

faster than the other daughter cell (Fig. 4B), thus reach-215

ing the characteristic cell length for the sizer mechanism to216

operate sooner than the other daughter cell (Fig. 4C). We217

confirmed that the daughters with more and less mitochon-218

dria still exhibited their sizer-like behaviour by comparing219

the cell lengths at division, and observed that both popula-220

tions did indeed achieve similar lengths at division (Fig. 4D221

top). So too, cells born with different starting mitochondrial222

volumes showed a similar mitochondrial volume at division223

(Fig. 4D bottom), indicating the presence of compensatory224

mechanisms. Together, these data suggest that mitochondrial225

volume at birth is a key determinant of the timing of cell di-226

vision in fission yeast.227

To further explore the role of mitochondria in determin-228

ing the growth kinetics and hence the timing of cell division,229

we tracked the change in cell size and mitochondrial volume230

over time in WT cells (Fig. 5A). Measurement of the instan-231

taneous growth rates of cells and the size-normalised instan-232

taneous growth rates over time reconfirmed earlier findings233

that cells grow exponentially until mitosis in fission yeast234
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Figure 4. Mitochondrial activity determines the timing of cell division. (A) Cell length plotted over time for pairs of daughter cells with similar cell sizes, but unequal
mitochondrial volumes (’More mito’ and ’Less mito’, with >55% of the mother cell mitochondrial volume partitioned in the former, and <45% partitioned into the latter, but with
both daughters having 48-52% of the mother cell length at division). The solid line represents the mean and the error bars represent SD. (B) Scatter plot of the growth rate of
the cells analysed in A. The horizontal lines represent the mean. The asterisks represent significance (**** = p < 10−4); unpaired T-test for parametric data. (C) Normalised
cell length plotted over time for those pairs of cells whose cycles were tracked fully indicating a longer cell cycle duration for those cells that had less mitochondrial volume
at birth. The solid line represents the mean and the error bars represent the SD. (D) Top - scatter plot of cell length at division versus cell length at birth for the data in C
showing that cells still behave as sizers regardless of starting mitochondrial volume. Bottom - scatter plot of mitochondrial volume at division versus that at birth for the data
in C demonstrating mitochondrial compensation in cells born with more and less mitochondria than average.The magenta circles represent cells in the daughter pair with less
mitochondria (<45% mitochondrial volume partitioned from the mother) and the teal circles represent cells with more mitochondria (>55% mitochondrial volume partitioned
from the mother). Strain VA130 was used for all panels in this figure (see Supplementary Table S3).

(Fig. 5B, S5A). Thereafter, the cellular growth rate slowed235

down considerably until cells eventually divided. However,236

unlike cellular growth, mitochondrial addition rate contin-237

ued to increase, implying an exponential increase in mito-238

chondrial volume throughout the cell cycle (Fig. 5B, S5B).239

Given our finding that in a daughter cell pair, the daugh-240

ter that received more mitochondria from the mother grew241

faster (Fig. 4B), we probed if the exponential growth of cells242

was driven by the exponential addition of mitochondria and243

the consequent exponential increase in mitochondrial activ-244

ity. We modeled mitochondrial volume to increase exponen-245

tially over time. Specifically, we describe mitochondrial ac-246

tivity M as:247

M(t) = m0 ek1t (1)

M is equivalent to mitochondrial volume in WT cells,248

m0 is mitochondrial volume at the start of the cell cycle, t is249

time and k1 is the mitochondrial volume addition rate.250

The resulting fit to the raw data was highly robust, with251

an R2 value of 0.99 (Fig. S5C), confirming that an expo-252

nential model accurately captures the observed mitochondrial253

growth dynamics. From this fit, we extracted the values of254

m0 and k1.255

Next, we modeled the growth rate of the cell ( dA
dt ) as256

dependent on the activity of the mitochondria:257

dA

dt
= k2M +D (2)

where k2 is a rate constant that links mitochondrial activity258

to cell growth and D, the mitochondrial activity-independent259

growth rate.260

We plotted the cell growth rate ( dA
dt ) against mitochon-261

drial volume (activity) (M ) during the cell cycle, excluding262

the M-phase where cell growth stalled. We then performed263

a linear regression on the data to determine the value of k2.264

The linear fit achieved an R2 value of 0.97 ((Fig. S5D).265
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Figure 5. Loss of mitochondrial activity leads to linear cell growth. (A) Plots of cell size (area, black) and mitochondrial volume (grey) over time for those cells whose
durations are within one SD of the mean WT cell cycle duration. Error bars represent SEM. (B) Plots of instantaneous growth rates of the cell (black) and mitochondrial
volume (grey) respectively for the cells analysed in A. Error bars represent SEM. (C) Plot of cell area A over cell cycle duration t (solid black line, excluding the M-phase).
The dashed black line represents a fit to the equation A = 2.57e0.32t − 0.39t + E. Error bars represent standard error of the mean. (D) Representative montages of a WT
cell (top, expressing a fluorescent membrane marker), and rho0 cell (bottom, stained with calcofluor white) undergoing one cycle of growth and division. (E) Plots of cell size
over time for WT and rho0 cells (teal and magenta respectively) whose durations are within one SD of the mean WT and rho0 cell cycle durations respectively. The dashed
magenta line represents a fit to a polynomial with degree 1. Error bars represent SEM. (F) Plots of instantaneous growth rates for WT and rho0 cells (teal and magenta
respectively) for the cells analysed in D. Error bars represent standard error of the mean. The data in A-C and E,F were rescaled as detailed in the Methods section. Strain
VA130 was used for panels A-D and strains VA130 and PHP14 were used for panels D-F (see Supplementary Table S3).

Finally, substituting (1) and the fitted values of c = 0.72,266

k1 = 0.32, k2 = 1.14 and D = −0.39 into (2):267

A(t) = 2.57e0.32t −0.39t+E (3)

where E is the integration constant. Note that D does268

not accurately capture mitochondrial activity-independent269

growth rates in WT cells, since we do not have data points270

around M=0, i.e., cells whose starting mitochondrial vol-271

ume/activity is close to zero. The value of D here is based272

on the fit to the available dataset, and this parameter is better273

estimated using a strain that lacks mitochondrial ATP pro-274

duction, as discussed below.275

Fitting (3) to the plot of cell size A over time t (Fig. 5C)276

resulted in an R2 value of 0.995, indicating an excellent cor-277

relation between the model and the experimental data. This278

confirms that our model is sufficient to describe the depen-279

dence of the exponential growth of the cell on mitochondrial280

activity. This model also predicts that in the absence of mi-281

tochondrial volume or activity i.e., M=0, rather than exhibit282

exponential cell growth, cells would switch to linear growth,283

with a constant growth rate across the cell cycle. In other284

words:285

dA

dt
= D

and286

A(t) = Dt+E

To test this prediction, we employed fission yeast cells287

lacking mtDNA (rho0), which do not generate mitochondrial288

activity-derived ATP, and hence are known to grow much289

slower than WT cells (34, 35). We compared the cell lengths290

over time and growth rates of WT and rho0 cells (Fig. 5D)291

and measured a growth rate of only 1.1 ± 0.4 µm/h (mean ±292

SD, n=128 cells) for the rho0 cells as opposed to 3.8 ± 0.4293

µm/h (mean ± SD, n=2159) in WT cells. Notably, while cell294

size increased exponentially until mitosis in WT cells, the295

growth rate was constant throughout the cell cycle in rho0296

cells as predicted by the quantitative model (Fig. 5E, F).297

So too, we observed a small proportion of one of our mu-298

tants (lacking the microtubule-mitochondria linker protein,299

Mmb1) partitioned mitochondria between daugther cell pairs300

substantially asymmetrically while still dividing symmetri-301

cally (also characterised in our previous work (21)). We ob-302

served the growth rate of the daughter cell that received very303
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little mitochondria remained nearly constant throughout the304

cell cycle, while that of the other daughter cell increased dur-305

ing the first half (Fig. S5E, F) similar to WT cells, reiterating306

the critical role of mitochondrial volume/activity in determin-307

ing cellular growth kinetics.308

Discussion309

In this work, we used a YMM to observe several genera-310

tions of fission yeast cells undergoing growth and division311

(Fig. S1). We first confirmed that both WT cells and mutant312

cells with a propensity for asymmetric cell division displayed313

sizer-like behaviour, undergoing division at a characteristic314

size (Figs. S2, 1). While the sizer property of WT cells315

has been well-established (16–18, 24, 36), that mutant cells316

demonstrate similar behaviour is interesting, and points to a317

decoupling of the machinery involved in establishing the cell318

division plane and that responsible for enforcing the sizer. We319

additionally observed that the cell cycle duration is inversely320

proportional to cell size at birth (Fig. 1C), as described pre-321

viously (24).322

We quantified mitochondrial volume of cells from birth323

to division and discovered that while mitochondrial volume324

partitioning scaled with the birth size of the cell (cells that325

are small at birth typically have less mitochondria than large326

cells, Fig. 2B, C), all cells attained similar mitochondrial327

volumes at division (Fig. 3A, B). This finding reveals a novel328

compensatory mechanism that corrects for initial mitochon-329

drial “deficits” or “excesses”. In an earlier study in S. pombe330

(33), the authors concluded that mitochondrial volume home-331

ostasis behaved like an adder wherein a constant volume of332

mitochondria was added per cycle regardless of the starting333

mitochondrial volume. However, a deeper look at their data334

suggests that the authors may have in fact measured mito-335

chondrial compensation similar to our data, since mitochon-336

dria volume (intensity) added per unit length of growth dur-337

ing the cell cycle remained constant in their study (see Fig.338

4C, in ref. (33), equivalent to 3C in this manuscript). This339

would imply that a cell that added more length during the340

cycle (i.e., one that was short at birth) would also add more341

mitochondrial volume, which is in agreement with our data342

(Fig. 3A, C). So too, if cells only added a constant volume of343

mitochondria per cycle, any deviation from the average mi-344

tochondrial volume at birth should take a few generations to345

converge back to the average volumes, as has been described346

for bacterial size regulation (19). In contrast, we found that347

deviation from mean mitochondrial volumes at birth were348

rectified within a single generation (Fig. 3B, S4B-F), which349

provides additional evidence of a compensatory mitochon-350

drial homeostasis mechanism in these cells. Live-cell obser-351

vations in S. cerevisiae have also revealed signatures of com-352

pensatory homeostasis, wherein a mother cell entering G1353

with an abnormal mitochondrial volume relative to the total354

cell volume compensates by altering mitochondrial biogene-355

sis to restore the correct ratio in the bud (3).356

Given the tight coupling in cells between cell size and357

mitochondrial volume, we sought to disentangle their specific358

roles in the process of mitochondrial homeostasis. We previ-359

ously described mitochondrial volume as a critical determi-360

nant of cell growth rates (21), but did not follow the fates361

of cells with altered mitochondrial volumes at birth. Here,362

we discovered that in daughter cell pairs that partitioned their363

cytoplasm symmetrically but exhibited asymmetry in mito-364

chondrial partitioning, the daughter cell with reduced mito-365

chondrial volume showed slower growth rates (Fig. 4). Other366

studies in mammalian cells report on similar phenomena,367

with daughter cells inheriting more mitochondria following368

cell division progressing faster through the cell cycle (37).369

Here, we found that while cells with less (more) mitochondria370

grew slower (faster), all cells exhibited sizer-like behaviour,371

dividing at similar sizes (Fig. 4C, D). Thus, mitochondrial372

compensatory mechanisms determine the time at which the373

sizer is enforced, but the molecules and processes controlling374

the sizer likely operate independently of the mitochondrial375

volume at birth.376

S. pombe growth rates have been described as linear, bi-377

linear, exponential, and non-exponential (15, 25, 28, 38–41).378

With the high-throughput dataset we acquired, we found that379

the growth of cells fit best to exponential growth kinetics un-380

til cells entered mitosis (Fig. 5B, S5A). We observed that381

mitochondrial volume also increased exponentially through-382

out the cell cycle (Fig. S5B). Thus, mitochondrial volume383

feeds back to the biogenesis machinery with genes encoded384

by both nuclear and mtDNA to enable exponential growth.385

A recent study in S. pombe compared the proteomes of large386

(cdc25-22) and small (wee1-50) mutants and found that mi-387

tochondrial proteins “super-scaled” with cell size, suggesting388

that bigger cells allocate disproportionately more resources to389

mitochondria (42). This observation contrasts with the idea390

that mitochondrial volume addition is a fixed or constant in-391

crement (33). Instead, the data indicate that as cells become392

larger, they likely ramp up mitochondrial biogenesis, poten-393

tially to meet the heightened metabolic and energy demands394

of a larger cytoplasm (42).395

We found a key difference between cellular growth396

rate and mitochondrial addition rate in cells: while cellu-397

lar growth rates declined and eventually almost completely398

stalled during the later stages of a cell cycle, mitochondrial399

volume continued to add at an increasing rate for the en-400

tire cycle (Fig. 5B). Such increases in protein concentration401

while cells are stalled in mitosis has been described previ-402

ously (43), and are essential for maintaining volume home-403

ostasis. Using quantitative modeling, we demonstrated that404

exponential growth of cells early in the cell cycle depended405

on mitochondrial volume/activity in WT cells (Fig. 5C). Our406

model also predicted linear growth of cells devoid of mito-407

chondrial volume (activity). Therefore, we tested our model408

in cells lacking mtDNA, and indeed observed that rho0 cells409

switched to linear growth, with a constant growth rate across410

the cell cycle (Fig. 5E, F). Similarly, in Mmb1∆ daughter411

cell pairs which partitioned the mother cell cytoplasm sym-412

metrically, but mitochondria highly asymmetrically, we ob-413

served a marked difference between the growth kinetics of414

cells that contained little mitochondria and that of the cells415

that were apportioned more mitochondria (Fig. S5E, F).416

Chacko et al. | Mitochondrial homeostasis in fission yeast 7

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 1, 2025. ; https://doi.org/10.1101/2025.03.31.646474doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.31.646474
http://creativecommons.org/licenses/by-nc-nd/4.0/


Which aspects of mitochondrial function are relevant for417

the modulation of cell growth kinetics? An intuitive answer418

would be energy production, since rho0 cells lack the ability419

to generate mitochondrial ATP (34). Other studies support420

this conclusion, since increased mitochondrial mass leads to421

increased rates of energy-dependent transcription and trans-422

lation (37, 44). Future studies will also help identify the423

molecules and machinery that participate in the crosstalk be-424

tween mitochondrial function and cell growth. While it has425

been established in several systems that mitochondrial vol-426

ume and mtDNA scale with cell size (3, 45, 46), here we427

additionally show that mitochondrial volume is a key deter-428

minant of when the size control mechanisms are invoked.429

In summary, our findings reveal a robust mechanism of430

mitochondrial homeostasis governed by mitochondrial ac-431

tivity: when cells inherit a lower-than-average mitochon-432

drial volume, they compensate by extending their cell cycle,433

thereby synthesising additional mitochondria before dividing434

in accordance with the sizer mechanism. This compensatory435

strategy preserves mitochondrial homeostasis over multiple436

generations of dividing cells.437

Materials and Methods438

Growth media and conditions. In this study, the S. pombe439

cells were grown in yeast extract (YE5) medium with appro-440

priate supplements at a temperature of 30◦C (47).441

Construction of strains. The fission yeast strains used442

in this study are listed in Supplementary Table S3. Strain443

VA102 was constructed by crossing PT1650 (h+ cox4-444

GFP:leu1 ade6-M210 ura4-D18; see Table S1) with445

JCF4627 (h- ade6-M210 leu1-32 ura4-D18 his3-D1 hht1-446

mRFP-hygMX6). Strain VA125 was constructed by crossing447

TFSP669 (h- ura4-D18 tuf1-mRFP::ura4 sdh2-mEGFP::nat)448

with L975 (h+) and selecting for GFP positive and RFP449

negative cells. Strain VA127 was constructed by crossing450

PT1650 with (h+ cox4-GFP:leu1 ade6-M210 ura4-D18)451

with YSM3340 (h90 ura4+::pact1-mCherry-D4H. Strain452

VA130 was constructed by crossing JFY3062 (h+ tom20-453

mCherry:NatR) with YSM3811 (h- ura4+::pact1:sfGFP-454

3RitCb:terminatortdh1 ade6-M210 leu+). VA131 was455

constructed by crossing crossed VA078 (h+ mmb1Δ:Kanr)456

with VA130 (h- ura4+::pact1:sfGFP-3RitCb:terminatortdh1457

Tom20-mCherry:NatR). Strain VA135 was constructed by458

crossing VA132 (h-ase1::kanMX6 leu1-32 ura4-D18 Tom20-459

mCherry:NatR) with VA128 (h+ ura4+::pact1:sfGFP-460

3RitCb:terminatortdh1 leu-). Strain VA136 was constructed461

by crossing Dnm1Δ (h+ dnm1::kanr leu1-32ade-(ura+))462

with VA130 (h- ura4+::pact1:sfGFP-3RitCb:terminatortdh1463

Tom20-mCherry:NatR). Strain VA144 was constructed464

by crossing FY20823 (leu1 ura4 his7 Δklp5::ura4+465

Δklp6::ura4+) with JFY3062 (h+ tom20-mCherry:NatR).466

Preparing the YMM mould. The YMM design used in this467

study is identical to what was described in Ref. (22). We468

used an epoxy resin replica mould of the YMM which is a469

robust and cost-effective alternative to the traditional silicon470

wafer-based master mould (23). To make the epoxy resin471

replica mould, first a polydimethylsiloxan (PDMS) template472

was made from the silicon wafer-based master mould. A473

thin PDMS layer (10: 1 monomer-to-cross-linker ratio) was474

cured in a Petri dish. The PDMS template was then plasma-475

cleaned, placed feature-side up on the cured PDMS layer, and476

covered with epoxy resin. After being degassed under a vac-477

uum to remove air bubbles, the resin was allowed to fully478

cure. Finally, the Petri dish was removed using a Dremel479

tool and the PDMS template was carefully separated from the480

hardened epoxy. The resulting epoxy mould retained the mi-481

crochannel pattern and served as a stable and reusable master482

mould for producing multiple YMM devices.483

Preparing the YMM. A 10:1 PDMS mixture was degassed484

to remove bubbles that formed due to mixing, poured into the485

epoxy resin mould, and cured overnight at 65°C; the cured486

PDMS was peeled off, trimmed, and punched to form in-487

lets/exit holes to allow the insertion of microfluidic tubing.488

To remove dust particles from the surface of the coverslips,489

24x60 mm coverslips (no. 1.5) were soaked overnight in 1%490

SDS plus 0.1 M NaOH solution, rinsed with MilliQ water,491

sonicated in isopropanol for a couple of minutes and dried492

using nitrogen air to prevent liquid stains on the glass sur-493

face. Then both coverslips and PDMS devices were plasma-494

cleaned (feature side up), brought into contact, and placed in495

a 65°C oven for at least an hour to bond. Leak testing was496

performed in a custom antileak chamber to ensure a stable,497

spill-free environment for extended time-lapse imaging.498

Preparing S. pombe for imaging in the YMM. To popu-499

late the YMM with cells, the device was first wet with 0. 01%500

Triton and thoroughly rinsed with YE5 medium. A highly501

concentrated cell suspension (nearly a cell pellet) was then502

loaded via a short piece of YMM tubing and a syringe fitted503

with a blunt needle. The cell filled device was centrifuged504

at 4000-4500 rpm (with rotation by 90°if necessary) until the505

microchannels were packed (∼ 5 - 10 minutes). Excess cells506

were removed from the inlet and outlet holes using the short507

piece of YMM tubing and a syringe fitted with a blunt needle,508

allowing the outflow to rinse away stray cells without block-509

ing the outlet. A peristaltic pump was then attached to supply510

fresh YE5 medium and this was input into the YMM using511

fresh tubes in the inlet and outlet holes. As cells grew in512

lines within the YMM, any cells that were pushed out of the513

growth channels were washed away via the feeding channel.514

Live-cell imaging using the YMM. To image S. pombe515

cells in the YMM, they were first acclimated by running the516

setup overnight on a Nikon confocal microscope (A1 or AX-517

R2) using the built-in perfect focus system (PFS) feature to518

maintain focus. Faster flow rates (≥ 2 ml/h) helped align519

cells with the original cell (mother) trapped at the closed520

end of the channel while the progeny (daughters) escaped as521

the mother and daughters divided. Proper connections be-522

tween the peristaltic pump and YMM tubing (via a needle523

and male luer) prevented leaks. Sufficient medium was pro-524

vided to ensure continuous flow and cell viability. For strains525
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lacking RitC:GFP, to delineate cell boundaries (PHP14 and526

VA144, see Supplementary Table S3), YE5 media supple-527

mented with 2µg/mL calcofluor white stain (Sigma-Aldrich528

cat. no.:18909) was continuously flowed into the YMM. The529

peristaltic tubing was replaced after each experiment and the530

flow rates of the pump recalibrated as needed. Confocal mi-531

croscopy (Nikon A1 or AX-R2, 60× water-immersion ob-532

jective with 1.20 NA) was used to acquire z-stacks (1 µm533

intervals) and time-lapse images (5–15 min intervals over534

30–60 h) in transmitted light, 488 and 561 nm channels, cap-535

tured both mitochondria (Tom20:mCherry) and cell bound-536

aries (RitC:GFP).537

Image and data analysis. We developed an automated538

image analysis framework for segmenting and tracking S.539

pombe growing in the YMM using Fiji/ImageJ (48), MAT-540

LAB (Mathworks Corp.), and Python. First, the fluorescent541

images of the YMM were cropped into individual channels542

and each channel was oriented with the closed end, contain-543

ing the mother cell, at the bottom. Images with the closed544

end at the top were rotated 180° to maintain consistency. The545

images with fluorescent cell membranes were denoised with546

Nikon’s AI-driven algorithm to remove Poisson shot noise547

and enhance the signal-to-noise ratio. The denoised images548

were then segmented using Cellpose, which is a deep learn-549

ing tool trained on various cell morphologies (49). Cells were550

segmented using either ’cyto2’, ’cyto3’, or a custom Cell-551

pose model. In instances where the default cyto models pro-552

duced segmentation errors on Calcofluor-stained images, a553

custom model was trained on the data to ensure segmenta-554

tion accuracy. During segmentation, the diameter parameter555

was set to ’None’, allowing the algorithm to automatically556

estimate the optimal cell size based on image characteristics.557

After segmentation, the ’regionprops’ function in MATLAB558

extracted quantitative cell features (e.g. centroid, bounding559

box, length, width, and area).560

We define cell birth as the moment the membrane561

(RitC:sfGFP) signal first appears at the medial plane of the562

cell, marking the onset of septum formation. This point also563

coincides with cell segmentation by Cellpose. In S. pombe,564

the septum, composed of specific polysaccharides, acts as a565

new cell wall that divides the two daughter cells (48, 50, 51).566

During cytokinesis, septum formation physically separates567

the cytoplasm, enabling each daughter cell to grow inde-568

pendently (52, 53). Following septation, each daughter cell569

briefly passes through the G1 phase before entering the S570

phase to initiate its own DNA replication cycle (54).571

The cells were arranged by the y-coordinate of their cen-572

troids to identify and track the bottom-positioned mother573

cells. In the tracking algorithm, a decrease exceeding 30%574

in the area of a mother cell between consecutive frames was575

interpreted as a division event, which led the algorithm to576

visually mark the mother and daughter cells with bounding577

boxes. Each cell received a unique identifier (ID) record-578

ing its generation and lineage (e.g. mother cell ’001’ pro-579

ducing daughters ’011’ and ’012’, see Supplementary Video580

S1). Mother cells were tracked continuously throughout the581

movie, while daughter cells were tracked until they under-582

went division. Finally, the areas/lengths of the mother and583

daughter cells were plotted, along with their mitochondrial584

intensities or volumes over time.585

The mitochondrial channel was binarized using 3D586

Trainable Weka Segmentation in a two-class system, with587

mitochondria defined as one class and the background as588

the other (55). For each field of view (FOV), a single rep-589

resentative 3D image was manually classified to construct590

a classifier model, which was then applied to all images in591

that time-lapse. Owing to differences in mean intensities be-592

tween FOVs, a distinct classifier model was developed for593

each field. The mitochondrial area for each z-slice was deter-594

mined using MATLAB’s built-in function ’bwarea’, which595

estimates the area of the objects in the binary image and596

then scaled by the corresponding pixel value. The mitochon-597

drial volume was calculated by summing these area values598

across all z-slices and multiplying the sum by the inter-slice599

distance. For quantifying mitochondrial area and intensity,600

sum intensity projection images were used. The mitochon-601

drial area was again extracted using ’bwarea’ and scaled by602

the pixel value, while integrated density (which is the sum603

of all pixel intensities within the region), was measured to604

determine mitochondrial intensity. To further ensure unifor-605

mity, all mitochondrial volume and intensity values were nor-606

malised to the mean mitochondrial volume/intensity for each607

FOV.608

Measurement of surface area and volume of S. pombe609

cells. The surface area of the cell was calculated as follows:610

Surface Area = 2πrLtotal

where r is the radius of the cell, calculated as half of the width611

of the cell, Ltotal is the total measured cell length, including612

its hemispherical ends and π is the mathematical constant.613

The volume of the cell was calculated as follows:614

Volume = πr2Ltotal − 2
3πr3

Plotting and statistics. All plots were generated in MAT-615

LAB. For population-wide patterns (Fig.1C and D, Fig.2B616

and C, Fig.3A, B, C, E and F, Fig.S2 C, D and E, Fig. S3,617

S4A), raw values were rescaled by normalising to their re-618

spective means (e.g., in Fig.2C, the birth lengths were di-619

vided by the mean birth length, and the mitochondrial vol-620

umes at birth were divided by the mean mitochondrial vol-621

ume at birth). In Fig.3D, the normalised mitochondrial vol-622

ume refers to mitochondrial volume normalised by FOV. In623

Fig. 4C, the cell length of each daughter was normalised to624

the sum of the daughter lengths. In Fig. 5, the cell area data625

was normalised to the mean birth areas and the mitochondrial626

volumes to the mean volume per FOV and the cells included627

in the plots have cell cycle durations within 1 SD of the mean628

duration of the WT cell cycle. In Fig. S5, the mitochondrial629

volume was normalised to the mean mitochondrial volume630

per FOV.631

Heat scatter plots were created using a custom MAT-632

LAB function (56) to depict local data density with a colour633
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map (warmer colours indicate higher density). Data were634

grouped into bins, and outliers were removed using MAT-635

LAB’s ’rmoutlier’ function. Trend lines were fit using MAT-636

LAB’s ’cftool’ with a Linear Model (’Poly1’) and each point637

weighted by the inverse of its SEM. Shaded error plots, show-638

ing the mean with SEM or SD shading, were generated using639

the custom ’shadedErrorBar’ function (57), with similar fit-640

ting procedures. For all the shaded error bar plots involving641

the mutants, 5 bins were used. Data were checked for nor-642

mality using the ’chi2gof’ function in Matlab. Then, to test643

the statistical significance of the difference between distribu-644

tions we used ordinary one-way ANOVA or Student’s T-test645

for parametric data and Kruskal-Wallis test or Mann-Whitney646

test for non-parametric data. The figures were organised and647

prepared in Illustrator.648

Acknowledgements649

We thank the Katharina Gaus Light Microscopy Facility,650

UNSW, Australia for the use of the Nikon A1, AX-R2 con-651

focal microscopes and data analysis computer; P. Delivani652

(Max Planck Institute of Molecular Cell Biology and Genet-653

ics, Dresden, Germany), S. Martin (University of Geneva,654

Switzerland), Tomoyuki Fukuda (Niigata University Gradu-655

ate School of Medical and Dental Sciences: Niigata, Japan),656

J. Friedman (UT Southwestern Medical Center, USA), M.657

Takaine (Gunma University, Gunma, Japan), I. Tolić (Rud̄er658
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