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Abstract

Mitochondrial DNA (mtDNA), present as multiple copies within cells, encodes
crucial subunits of the mitochondrial respiratory chain and is essential for ATP gen-
eration. Within individual cells, mtDNA copies can vary in sequence, leading to a
state known as heteroplasmy. Dynamic changes in heteroplasmy are not well un-
derstood due to the challenge of real-time monitoring. We employ mtDNA-based
fluorescent markers, microfluidics, and automated cell tracking to observe mtDNA
variants in live heteroplasmic yeast populations at the single-cell level. This method,
combined with direct mtDNA tracking and data-driven mathematical modeling, re-
veals that asymmetric partitioning of mtDNA copies during cell division and limited
mitochondrial fusion and fission frequencies are critical for mtDNA variant segre-
gation and homoplasmy establishment.

Mutations in mtDNA can lead to cellular energy shortages and numerous mito-
chondrial diseases, and the mechanisms by which cells maintain mtDNA integrity
over generations remain unclear. By using S. cerevisiae, we investigated whether cells
can intracellularly distinguish between functional and defective mtDNA. Our find-
ings indicate that mother cells promote the generation of daughter cells with health-
ier mtDNA content. Purifying selection for functional mtDNA occurs within a con-
tinuous mitochondrial network and relies on stable mitochondrial subdomains and
intact cristae morphology. We suggest that cristae-dependent proximity of mtDNA
and its encoded proteins creates a spatial ’sphere of influence,’ linking lack of func-
tional fitness to the clearance of defective mtDNA.

These comprehensive approaches offer new insights into mtDNA heteroplasmy
dynamics and the role of mitochondrial architecture and essential mechanisms in
mtDNA quality control.
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Zusammenfassung

Die mitochondriale DNA (mtDNA), die in Form von mehreren Kopien in Zellen
vorhanden ist, kodiert wichtige Untereinheiten der mitochondrialen Atmungskette
und ist für die ATP-Erzeugung unerlässlich. Innerhalb einzelner Zellen können die
mtDNA-Kopien in ihrer Sequenz variieren, was zu einem Zustand führt, der als Het-
eroplasmie bekannt ist. Die dynamischen Veränderungen in der Heteroplasmie sind
aufgrund der Schwierigkeit der Echtzeitbeobachtung nicht gut verstanden. Wir set-
zen mtDNA-basierte Fluoreszenzmarker, Mikrofluidik und automatisierte Zellver-
folgung ein, um mtDNA Varianten in lebenden heteroplasmatischen Hefepopula-
tionen auf Einzelzellniveau zu beobachten. Diese Methode, kombiniert mit direkter
mtDNA-Analyse und datengetriebener mathematischer Modellierung, zeigt, dass
die asymmetrische Aufteilung der mtDNA Kopien während der Zellteilung und die
begrenzten mitochondrialen Fusions- und Fissions- frequenzen für die Segregation
der mtDNA Varianten und die Etablierung der Homoplasmie entscheidend sind.

Mutationen in der mtDNA können zu zellulärem Energiemangel und zahlre-
ichen mitochondrialen Krankheiten führen, und die Mechanismen, durch die die
Zellen die Integrität der mtDNA über Generationen hinweg aufrechterhalten, sind
noch unklar. Mit Hilfe von S. cerevisiae haben wir untersucht, ob Zellen intrazel-
lulär zwischen funktioneller und defekter mtDNA unterscheiden können. Unsere
Ergebnisse deuten darauf hin, dass Mutterzellen die Erzeugung von Tochterzellen
mit gesünderem mtDNA Gehalt fördern. Die Selektion auf funktionelle mtDNA
findet innerhalb eines kontinuierlichen mitochondrialen Netzwerks statt und hängt
von stabilen mitochondrialen Subdomänen und einer intakten Cristae Morphologie
ab. Wir vermuten, dass die cristae-abhängige Nähe von mtDNA und den kodierten
Proteinen eine räumliche "Einflusssphäre" schafft, die einen Mangel an funktioneller
Fitness mit der Beseitigung defekter mtDNA verbindet.

Diese umfassenden Ansätze bieten neue Einblicke in die Dynamik der mtDNA
Heteroplasmie sowie in die Rolle der mitochondrialen Architektur und der wesentlichen
Mechanismen bei der Qualitätskontrolle der mtDNA.
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Introduction

1 The eukaryotic cell and Mitochondria

Mitochondria are widely recognized as the primary energy generators in eukaryotic
cells, producing ATP through aerobic respiration. Their name as "powerhouses" was
branded already in 1957 by Peter Siekevitz (Siekevitz, 1957). They were initially doc-
umented in 1857 by the Swiss anatomist Rudolf Albrecht von Kölliker, and in 1890,
Richard Altman hypothesized that they functioned as intracellular parasites. How-
ever, these structures were coined the term "mitochondria" by the German scientist
Carl Benda, from the Greek words "mitos" meaning thread and "khondros" mean-
ing granule. It took nearly fifty more years to isolate mitochondria and demonstrate
their role in catalyzing respiration.

Research conducted over the last decades has unveiled a plethora of additional
functions carried out by mitochondria. Mitochondrial proteomes typically consist of
more than 1,000 proteins that participate in a variety of biochemical processes crucial
for cell function. These processes include - but are not limited to - protein synthesis,
metabolism of amino acids and nucleotides, breakdown of fatty acids, lipid, quinone
and steroid biosynthesis, biogenesis of iron-sulfur clusters, regulation of apoptosis,
and maintenance of ion balance within the cell (Kauppila, Kauppila, and Larsson,
2017; Malina, Larsson, and Nielsen, 2018; Calvo and Mootha, 2010).

1.1 Origin of mitochondria

Mitochondria’s origin can be traced back to the endosymbiotic theory proposed by
Lynn Margulis in 1970 (Margulis, 1970; Embley and Martin, 2006). Subsequent ge-
netic analyses provided support for the notion that mitochondria have evolved from
endosymbiotic bacteria. Specifically, mitochondria have their origins in endosymbi-
otic purple non-sulphur bacteria (alpha-proteobacteria), although the precise mech-
anisms of their evolution have remained under debate (John and Whatley, 1975; An-
dersson et al., 2003). There are also controversies around the nature of the host and
the initial advantages that led to the intracellular engulfment (Martin and Müller,
1998; Andersson et al., 2003). The most recent studies support the theory that mito-
chondria evolved from an endosymbiotic alpha-proteobacterium within an archaeal
host cell related to Asgard archaea. Proto-mitochondria developed from the earli-
est known precursor, the pre-mitochondrial alpha-proteobacterium, with forms that
slowly transitioned to the mitochondrial cenancestor, in the last eukaryotic common
ancestor (LECA). During eukaryogenesis, the complexity of the proto-eukaryotic
genome and proteome gradually expanded, in contrast to the genome and pro-
teome of the mitochondrial endosymbiont, which underwent reduction as the or-
ganelle amalgamated proteins of both host(inner) and foreign(outer) sources (Wang
and Wu, 2015; Roger, Muñoz-Gómez, and Kamikawa, 2017). Recent evidence sug-
gests that the host organism, related to the Asgard archaea, already possessed some
characteristics resembling those of eukaryotes, such as a dynamic cytoskeleton and
membrane trafficking. Vosseberg et al. suggest that, upon mitochondrial acquisition,
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there was a further increase in complexity, marked by the development of a signaling
and transcription regulation network, as well as the shaping of the endomembrane
system (Vosseberg et al., 2020).

1.2 Evolution of the mitochondrial genome

Due to their origin, mitochondria are cellular organelles possessing their own ge-
netic material (Figure 1). In human cells on average 1-10 copies are estimated to
exist in each organelle (Margulis, 1970; Wiesner, Rüegg, and Morano, 1992). Addi-
tional studies have confirmed that several thousand copies of mitochondrial DNA
(mtDNA) can be found in just one animal cell (Spelbrink, 2010; Montoya et al., 1982).
However, as different cell types have different tasks and thus exhibit different ener-
getic needs, the amount of mtDNA they harbor greatly varies. For example, human
lung cells contain 5,000 - 20,000 mtDNA copies per cell (D’Erchia et al., 2015), while
the oocytes contain 100,000 mtDNA molecules (Chen et al., 1995). Importantly, mito-
chondrial genomes are much simpler than those of their bacterial ancestors, contain-
ing only a fraction of the genes. This reduction occurred over time through the com-
bination of increased mutation rates and gene loss, probably due to the genomes’
inability to replicate outside host cells. Furthermore, as a protein import system
evolved, essential genes could recombine into the host genome, which led to a fur-
ther reduction of the mitochondrial gene content (McCutcheon and Moran, 2011;
Boussau et al., 2004).

The reason for the retention of mitochondrial genomes, despite the integration of
numerous genes into the nuclear genome, remains a subject of inquiry. Two main hy-
potheses have emerged to shed light on this phenomenon (Daley and Whelan, 2005).
The Co-location for Redox Regulation (CoRR) hypothesis posits that certain genes
crucial to the electron transport chain (ETC) must remain within mitochondria to
rapidly regulate gene expression in response to the organelle’s redox state. Efficient
ETC function requires swift adjustments in gene expression to prevent the formation
of harmful reactive oxygen species. Therefore, retaining these genes within the mito-
chondrial genome provides a selective advantage by facilitating localized regulation
(Allen, 1992; Allen, 2015). The second hypothesis, so-called Barrier to Evolution-
ary Transfer, proposes that specific proteins retained in the mitochondrial genome
cannot be efficiently synthesized in the cytosol and further targeted to mitochondria
due to their characteristics, such as being large hydrophobic proteins with multiple
transmembrane domains. When these genes are expressed in the nucleus, they may
mis-localize to the endoplasmic reticulum (ER), hindering their proper function, and
thus acting as a barrier to their evolutionary transfer (Björkholm et al., 2016). Both
of these theories are reinforced by the observation that components of the ETC en-
coded by the mitochondrial genome, particularly those in the center of those com-
plexes, are the least likely to be transferred to the nucleus (Johnston and Jones, 2016).
It is worth noting that the two hypotheses are not mutually exclusive, and also that
neither of them fully addresses the consistent retention of mitochondrial ribosomal
RNA (rRNA) genes on organellar chromosomes. One explanation for this retention
could be attributed to the challenges associated with translocating large structured
RNAs across membranes and the risk of mis-assembly (Roger, Muñoz-Gómez, and
Kamikawa, 2017).
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2 Budding yeast as model organism for mitochondrial
research

The budding yeast Saccharomyces cerevisiae has become a potent system for inves-
tigating mitochondrial dynamics, due to its numerous experimental advantages.
Unlike most organisms, which cannot survive when the mitochondrial genome is
mutated or lost, leading to a halt in oxidative phosphorylation (OXPHOS) and ATP
production, yeast cells lacking functional mtDNA can still thrive and be studied.
However, this can only take place provided they maintain mitochondria and are
supplied with a fermentable carbon source, like glucose. Moreover, since many nu-
clear mutations that impact mitochondrial morphology and physiology also result
in mtDNA loss, S. cerevisiae stands out as one of the rare model organisms where the
consequences of these mutations can be scrutinized, and the corresponding genes
can be thoroughly characterized (Shaw and Nunnari, 2002).

Another advantage of baker’s yeast is that not only its nuclear, but also its mito-
chondrial genome can be edited (Lasserre et al., 2015). This enables direct manipula-
tion of mtDNA, further allowing specialized experimental setups, such as tagging of
mtDNA-encoded genes, rendered almost impossible in other model organisms. The
short replication cycle of yeast is another of its advantages as it allows experiments
spanning across multiple generations. Since one generation in yeast takes on aver-
age 90 minutes, it enables tracking of cellular and mitochondrial dynamics at the
single cell level in populations, within reasonable time periods. Last but not least,
the vast majority of mitochondrial and nuclear genes in budding yeast have been
preserved throughout evolution. This suggests that the same proteins utilized for
energy production and mitochondrial biology in yeast most likely also hold signif-
icant roles in energy production in other more complex eukaryotes. Consequently,
findings from mitochondrial research in yeast can be extrapolated to humans (Shaw
and Nunnari, 2002; Shadel, 1999).

mtDNA

Mitochondria
in S. cerevisiae

A. B.

Cristae

Matrix

OMM

IMM

Cytosol

FIGURE 1: Simplified representation of mitochondrial morphology in S. cerevisiae.
(A) Mitochondria in budding yeast appear as a continuous tubular network, with
the mitochondrial DNA molecules dispersed evenly throughout. (B) Mitochon-
dria are comprised of an outer membrane (OMM) that encloses the inner mem-
brane (IMM), creating an intermembrane space. Copies of mtDNA are distributed
across the mitochondrial network, within the matrix. Cristae structures emerge

due to invaginations of the inner mitochondrial membrane.
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3 Main functions of mitochondria (a very brief summary)

Cells utilize various fuels such as sugars, amino acids, and fatty acids to produce en-
ergy in the form of ATP and GTP. The mitochondria, acting as the metabolic center
of the cell, undertake numerous crucial tasks apart from just producing ATP. Their
primary function might be producing ATP via the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation (Spinelli and Haigis, 2018; Nolfi-Donegan, Braganza, and
Shiva, 2020), nonetheless they also take part in metabolic activities, including amino
acid, lipid and intermediary metabolism, synthesis of iron–sulfur clusters and heme,
and maintenance of the cellular redox state. They essentially generate intermediate
metabolites, facilitate inter-organelle communication, and contribute in the main-
tenance of the balance in calcium ions and reactive oxygen species (ROS). All the
aforementioned functions are intricately linked, relying on the health of individual
mitochondria as well as the overall mitochondrial network. Notably, these processes
are affected by aging, which eventually leads to mitochondrial dysfunctions.

Specifically, the breakdown of mitochondrial substrates, such as pyruvate, pro-
duces acetyl-CoA, which is metabolized by the citric acid cycle. Importantly, it has
been reported that different substrates lead to different effects on the kinetics and
efficiency of OXPHOS in isolated mitochondria (Tomar et al., 2022). In the break-
down process, electron donors, nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FADH2), are generated and transfer electrons to the
ETC (Saraste, 1999). Electron flow in the ETC, which is located in the inner mito-
chondrial membrane (Figure 2), results in the pumping of protons into the inter-
membrane space (Sazanov, 2015). The fundamental mechanism of ATP generation
by the ETC is largely conserved from yeast to mammalian cells. In mammals, the
electron donors are NADH and FADH2, and in budding yeast NADH and succinate
(Lenaz and Genova, 2013). Either way, the translocation of protons (H+) across the
inner membrane into the intermembrane space (IMS) establishes an electrochemi-
cal proton gradient, known as mitochondrial membrane potential(� ). This poten-
tial, in conjunction with proton concentration (pH), generates a proton-motive force,
which plays a pivotal role in storing energy during OXPHOS. The proton-motive
force (�p) serves as a crucial element linking the electron transport (complexes I-
IV) and oxygen consumption to the function of Complex V (ATP synthase). It is
the movement of protons down their electrochemical gradient through the ATP syn-
thase that generates ATP and this re-entry of protons into the matrix that dissipates
the proton gradient (Watt et al., 2010; Nolfi-Donegan, Braganza, and Shiva, 2020).
The proton-motive force is also responsible for facilitating the transport of ADP and
phosphate into the mitochondria, while expelling ATP into the cytosol for cellular
utilization. Apart from that, �p plays also a vital role in regulating the movement
of calcium ions, ensuring ion homeostasis within both the cytosol and mitochon-
drial matrix, and hence influencing pathways involved in calcium-related signaling
(Brand et al., 2013).

In mammalian cells, the ETC consists of four multi-subunit complexes and two
electron carriers, cytochrome c and ubiquinone (Vries and Marres, 1987). Notably,
budding yeast lacks complex I, but compensates with two types of NADH dehy-
drogenases, one which oxidizes NADH in the matrix, termed internal or Ndi, and
one facing the IMS, termed external or Nde (Vries and Marres, 1987; Iwata et al.,
2012; Luttik et al., 1998). Certain subunits of ATP synthase and cytochrome c oxi-
dase are encoded by the mitochondrial genome, while the remaining subunits are
nuclear-encoded and imported into the mitochondria. Of note, disruptions in the
ETC can lead to the development of numerous diseases, such as myopathies and
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brain disorders (DiMauro and Schon, 2003).
The electron transport chain organizes into large, stable supra-molecular struc-

tures, known as respirasomes (Dudkina et al., 2011; Boekema and Braun, 2007; Wit-
tig and Schägger, 2009). These structures improve substrate transport efficiency
and minimize the generation of ROS, which is a consequence of electrons deviat-
ing from their typical pathway to oxygen (Lasserre et al., 2015). ROS generated
by ETC, including hydrogen peroxide (H2O2) and superoxide anion radical (O2-),
serve as redox signaling agents in various cellular pathways. ROS are implicated
in stimulating cell proliferation and potentially influencing transcription factors and
mitochondrial DNA replication (Nolfi-Donegan, Braganza, and Shiva, 2020; Sauer,
Wartenberg, and Hescheler, 2001). Mitochondrial ROS can trigger ferroptosis, a form
of iron-dependent cell death, distinct from apoptosis (Dixon et al., 2012; Dai et al.,
2024). Lastly, mitochondria are also involved in the activation of apoptosis (Lopez
and Tait, 2015).

Electron Transport Chain

OXPHOS

FIGURE 2: Brief overview of the oxidative phosphorylation, adapted from Wu, Ho,
and Lu, 2021. The mitochondrial electron transport chain consists of four enzy-
matic protein complexes located in the inner mitochondrial membrane: complex
I (NADH dehydrogenase - in yeast: Nde and Ndi), complex II (succinate dehy-
drogenase), complex III (cytochrome bc1 complex), and complex IV (cytochrome
c oxidase). These complexes facilitate electron transport from NADH or FADH2

to molecular oxygen. During this process, protons (H+) are transported across the
inner mitochondrial membrane to the intermembrane space, establishing a proton
gradient. This gradient is utilized by complex V (ATP synthase) to generate ATP

from ADP phosphorylation, the process known as oxidative phosphorylation.



10 Introduction

4 Mitochondrial morphology

4.1 Mitochondrial structure in S. cerevisiae

Mitochondria are enclosed by two membranes that create four distinct compart-
ments: the outer membrane, the IMS, the inner membrane, and the matrix (Fig-
ures 1). The outer mitochondrial membrane (OMM), encapsulating the entire or-
ganelle, has a protein to phospholipid ratio akin to that of the eukaryotic plasma
membrane, approximately 1:1 by weight (Alberts and Watson, 1994). It harbors pro-
tein complexes facilitating the translocation of newly synthesized proteins, as well
as voltage-dependent anion channels (VDACs or porins) which render the organelle
permeable to other molecules, such as calcium cations (Khan, Kuriachan, and Ma-
halakshmi, 2021).

The inner mitochondrial membrane (IMM), characterized by extensive folding
which creates the cristae, carries more than one fifth of the total mitochondrial pro-
teins. Comprising roughly of 20% lipids and 80% proteins, the IMM has the highest
protein to lipid ratio among cellular membranes. Importantly, the majority of mito-
chondrial proteins are translated in the cytoplasm and then targeted and transported
into the mitochondrial subcompartments. This process is mediated by distinct pre-
protein translocases located in the outer (TOM complex) and inner membrane (TIM
complex) of the mitochondria (Figure 3), with interactions between TOM and TIM
being highly dynamic (Segui-Real et al., 1993; Neupert, 1997).

Approximately 5% of the total mitochondrial proteins inhabit the intermem-
brane space, with roles in maintaining mitochondrial morphology, electron trans-
port, apoptosis, iron-sulfur cluster biogenesis, and protein translocation. The mi-
tochondrial matrix serves as the hotspot for metabolic processes, such as the oxi-
dation of pyruvate and fatty acids as well as the citric acid cycle, and contains a
myriad of enzymes, mitochondrial ribosomes, tRNAs, and multiple mitochondrial
DNA molecules.

4.2 Cristae morphology and function

The cristae are elaborately folded structures of the inner mitochondrial membrane,
characterized by invaginations that project into the matrix of the organelle (Figure 3).
These structures are integral to the function of mitochondria in cellular respiration.
Specifically, the connections between the inner membrane and the cristae are known
as crista junctions (CJs). These narrow crista junctions link the IMM to the cristae.
Additionally, the IMM and the OMM are firmly connected by contact sites (CS),
which are stabilized by the mitochondrial contact sites (MICOS) complex (Harner
et al., 2011). Cristae significantly increase the surface area of the inner mitochondrial
membrane, providing ample space for numerous protein complexes involved in ox-
idative phosphorylation. The main benefit of this increased surface area is that it
facilitates efficient ATP production, as it maximizes the space for the subunits of the
respiratory chain, thus directly optimizing the coupling of electron transport to ATP
synthesis.

Furthermore, cristae play a crucial role in creating specific sub-compartments
within the mitochondrial network, aiding in the isolation of metabolic processes.
This compartmentalization helps to segregate enzymes and substrates, and could
potentially serve as a physical barrier for mutated mtDNA copies, providing a mech-
anism for containing and even mitigating the impact of deleterious mutations on
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mitochondrial function. Notably, it has been suggested that mtDNA and the pro-
teins it encodes exert a localized influence, affecting mitochondrial functionality
only in close proximity (Busch, Kowald, and Spelbrink, 2014). This indicates the
possibility that cristae structures are involved in the process of mtDNA quality con-
trol, although it remains uncertain whether they play a role in maintainance and
inheritance of mtDNA copies. Put together, beyond their role in energy produc-
tion, cristae also serve as dynamic organizers of the mitochondrial contents, due to
their compartmentalization ability (Zorkau et al., 2021; Iovine, Claypool, and Alder,
2021).

FIGURE 3: Schematic representation of cristae architecture and its determinants,
adapted from Colina-Tenorio et al., 2020. The MICOS complex maintains the sta-
bility of cristae junctions by inducing membrane curvatures and establishing con-
tact sites with outer membrane protein complexes. The mitochondrial F1Fo-ATP
synthase creates the pronounced curvature of cristae rims and tubules by forming
membrane-bending dimers and oligomers dependent on the subunits e (ATP21), g
(ATP20), and k (ATP19). The dynamin-related GTPase Opa1 (yeast Mgm1) facili-
tates fusion of the inner membrane, through homotypic interactions, participating
in cristae biogenesis and maintenance. CI, CII, CIII, CIV refer to the respiratory
chain complexes. OXPHOS represents the oxidative phosphorylation machinery.
SAM denotes the sorting and assembly machinery. TOM represents the translo-

case of the outer mitochondrial membrane.
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4.3 Atp20, Mic60 and their role in cristae formation

Two necessary components for the aforementioned cristae architecture and the over-
all function of mitochondria are the MICOS complex and the ATP synthase. These
two complexes are required for oxidative phosphorylation and normal mitochon-
drial ultrastructure and morphology.

Specifically, the F1Fo-ATP synthase acts as a molecular rotary motor and it com-
prises a catalytic sector (head piece), a membrane sector (base piece), and two con-
necting stalks (Figure 3). The F1 sector, containing the head piece, is a water-soluble
component capable of ATP hydrolysis, detached from the Fo sector. In contrast, the
Fo sector is integrated into the membrane and primarily consists of hydrophobic
subunits that establish a dedicated proton-conducting pathway. Upon coupling of
the F1 and Fo sectors, the enzyme operates as a reversible H+-transporting ATPase,
which facilitates the conversion of ADP and Pi into ATP within the mitochondrial
membranes of both eukaryotes (Frasch, Bukhari, and Yanagisawa, 2022; Kühlbrandt,
2019; Berden and Hartog, 2000). The F1Fo-ATP synthase is a highly conserved molec-
ular apparatus. It forms dimers arranged in rows along the curvatures of cristae
(Figure 3). In yeast, the molecular mass of the ATP synthase is around 600 kDa, and
comprises thirteen core subunits (↵3, �3, �, �, ✏, OSCP, 4, 6, 8, 9, 10, d, f, and h), and
this structure does remain consistent across eukaryotes and bacteria. In yeast, four
substructures of the ATP synthase are formed as follows: the catalytic head group
[↵3, �3,], the central stalk (�, �, ✏,), the peripheral stalk (4, d, h), and the membrane
region (9, 10, 6, 8, f). The first two units create the F1 subcomplex and the latter two
the Fo subcomplex. The oligomycin sensitivity conferral protein (OSCP) subunit
bridges the peripheral stalk and the catalytic domain, enabling the ATP synthase to
adopt various rotational states by acting as a hinge (Davies et al., 2012; Murphy et
al., 2019).

The yeast F1Fo-ATP synthase includes four supplementary protein subunits (e,
g, i, and k), with e, g, and k identified within the ATP synthase dimer (Arselin et
al., 2004; Velours and Arselin, 2000; Arnold, 1998). Specifically, subunits e (ATP21)
and g (ATP20), which are also present in mammals, are small, integral membrane
proteins featuring a single predicted transmembrane helix containing a GXXXG mo-
tif. Subunit g possesses a minor N-terminal matrix domain capable of crosslinking
with subunit 4, while subunit e carries a short C-terminal domain with a predicted
coiled-coil motif exposed to the intermembrane space. Together they stabilize bent
cristae rims, as they are directly involved in the formation of ATP synthase dimers.
Specifically, within the dimers of the ATP synthase both of the monomers are ar-
ranged in a 86° angle, which leads to the bending of the membrane (Harner et al.,
2016). Yeast mutants lacking either subunit e or g, or both, fail to form dimers. Lack
of the dimeric ATP synthase has been described to lead to an onion-like morphology
of mitochondria, where uncontrolled proliferation of cristae membranes leads to a
multilayered appearance (Paumard et al., 2002). Interestingly, a reduction in sub-
unit e quantities results in a decrease in the amount of subunit g, whereas a decrease
in subunit g does not impact subunit e levels. The complete loss of either subunit
e or g results in the loss of supramolecular ATP synthase structures, leading to a
50% reduction in mitochondrial ATPase activity (Arselin et al., 2004). Electron cryo-
tomography of mitochondrial membranes has revealed extensive rows of dimers
along the highly curved cristae ridges in mammals, plants, and fungi. Importantly,
within each dimer the two F1 subcomplexes have been observed to be consistently
28 nm apart, in contrast to the spacing between adjacent dimers that vary along the
rows (Davies et al., 2012).
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As introduced already, further stabilization of cristae junctions occurs via the
MICOS complex (Figure 3). It is situated within the IMM, with domains facing the
intermembrane space, facilitating the formation of extended heterogeneous scaffold-
like structures, localized towards the inner boundary membrane (Hoppins et al.,
2011; Friedman et al., 2015). This multiprotein complex is comprised of six nuclear-
encoded core subunits (Mic60, Mic10, Mic19, Mic27, Mic26, and Mic12) in yeast, and
most of them have a mammalian counterpart (Darshi et al., 2011; Friedman et al.,
2015; Alkhaja et al., 2012; Weber et al., 2013). It plays a central role in regulating the
shape and organization of the mitochondrial inner membrane (Harner et al., 2011;
Hoppins et al., 2011; Malsburg et al., 2011; Pfanner et al., 2014), by interacting with
cardiolipin, the import machinery, and respiratory complexes (Weber et al., 2013;
Harner et al., 2016; Harner et al., 2011; Rabl et al., 2009; Hoppins et al., 2011; Zerbes
et al., 2012; Bohnert et al., 2012; Harner et al., 2014). Since it has such a crucial role,
deletion of any single subunit leads to characteristic morphological IMM defects,
including extended lamellar structures and reduced cristae junctions, resulting in a
lamellar mitochondrial shape defect.

From the aforementioned subunits, Mic60 and Mic10 are characterised as the
"core components" coordinating the MICOS assembly in a stepwise manner. Delet-
ing Mic60 was shown to destabilize Mic19, whereas deletion of Mic10 destabilizes
Mic27 (Harner et al., 2014; Hoppins et al., 2011; Malsburg et al., 2011). More-
over, double deletions of different subunits exhibit diverse genetic interactions, in-
dicating collaborative yet distinct functions within mitochondria (Hoppins et al.,
2011). For example, Mic60’s role in import operates independently of the MI-
COS complex (Malsburg et al., 2011). It has also been observed that the assem-
bly of Mic27/Mic10/Mic12 at cristae junctions relies on respiratory complexes and
cardiolipin (Friedman et al., 2015). Additionally, in contrast to the assembly of
Mic27/Mic10/Mic12 at cristae junctions, Mic60’s assembly occurs autonomously of
the respiratory complexes, indicating its potential involvement in marking nascent
cristae junctions. Furthermore, Mic60 has the capability to engage with both the
TOM complex and the sorting and assembly machinery (SAM) complex (Figure 3).
Notably, the Mic60-Mic19 subcomplex is believed to link CJs to the OMM. Previous
studies have demonstrated that Mic19 facilitates the interaction between the mito-
chondrial outer and inner membranes through the Sam50-Mic19-Mic60 axis (Tang
et al., 2019). Deletion of MIC19 results in alterations in mitochondrial ultrastruc-
ture, characterized by aberrant mitochondrial cristae and the absence of cristae junc-
tions, consequently hindering ATP production (Darshi et al., 2011). Importantly,
since Mic19 can also act as a bridge between MICOS subcomplexes, it has been sug-
gested to play a role in mtDNA copy number regulation and positioning of cristae
junctions (Sastri et al., 2017).

4.4 Fission-Fusion and their role in mitochondrial dynamics

Taking into account that the impermeability of the IMM is such that even small hy-
drogen ions cannot pass through (Lemasters, 2007), the question arises on how the
contents of mitochondria get exchanged and travel along the tubular network. It
is known that the overall cell function is significantly controlled by the mitochon-
drial morphology and throughout the lifespan of a cell mitochondria undergo con-
tinuous growth, division, and fusion. Thereby, the balance between fission and fu-
sion events inevitably influences the organelle’s morphology at steady state (Shaw
and Nunnari, 2002). In budding yeast, where mitochondria form a dynamic net-
work, fission-fusion events occur every two minutes (Nunnari et al., 1997), and it
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is these continuous dynamics that maintain the tubular reticulum, which supports
mitochondrial function.

Fission events are governed by the Dnm1 GTPase (mammalian Drp1), and occur
specifically within a tubule or at a branchpoint within the mitochondrial network
(Otsuga et al., 1998; Mozdy, McCaffery, and Shaw, 2000; Bleazard et al., 1999) (Ot-
suga D, et al. 1998; Bleazard W, et al., 1999; Sesaki H, Jensen RE, 1999). Dnm1
localises to the OMM, and is recruited to the mitochondria from the cytosol only
after post-translational activation (Archer, 2013). Importantly, Dnm1 assembles into
multimeric contractile rings at the fission site (Figure 4). Cardiolipin, which is syn-
thesized within the IMM, has been show to be transported to the OMM and directly
interact with Drp1 in mammalian cell lines (Bustillo-Zabalbeitia et al., 2014; Ugarte-
Uribe et al., 2014). This interaction promotes Drp1 oligomerization and GTPase ac-
tivity, consequently amplifying the process of mitochondrial fission (Ugarte-Uribe et
al., 2014). Fusion, on the other hand, is regulated by the mitofusin Fzo1 (mammalian
Mfn1 and Mfn2) and exclusively occurs between two mitochondrial tips (Figure 4)
or between a tip and the side of a tubule (Hermann et al., 1998; Rapaport et al., 1998).
Fzo1 has been also shown to localize on the OMM, with Fzo1’s GTPase domain ex-
posed to the cytoplasm (Hermann et al., 1998).

Another GTPase involved in remodeling of mitochondrial compartments, the
so-called Mgm1 (human Opa1), localizes within the intermembrane space (Shepard
and Yaffe, 1999; Wong et al., 2000), with its long form embedded in the IMM, and
mediates inner membrane fission (Figure 4). Few proteins have been identified to
work together with Dnm1 on the outer membrane fission machinery. The two key
players are the Fis1 and Mdv1 proteins (Tieu and Nunnari, 2000; Mozdy, McCaffery,
and Shaw, 2000; Cerveny, McCaffery, and Jensen, 2001). In a yeast two-hybrid as-
say, Mdv1 was found to interact and co-localize with Dnm1 (Figure 4), in punctate
structures on the OMM (Tieu and Nunnari, 2000; Uetz et al., 2000; Cerveny, McCaf-
fery, and Jensen, 2001), which indicates that these two proteins are part of a complex
marking future division sites. Interestingly, Mdv1 seems to be specific for yeast mi-
tochondrial division, as no homologs have been identified in higher eukaryotes. In
contrast, homologs of Mgm1 and Dnm1 have been identified in a range of other or-
ganisms. Mutations in the human homolog of Mgm1 have been associated with a
form of dominant optic atrophy that causes childhood blindness (Alexander et al.,
2000; Delettre et al., 2000).

In cells lacking Dnm1, mitochondria appear with ’net-like’ structures, due to
halted mitochondrial fission, while fusion of mitochondrial tips persists (Sesaki and
Jensen, 1999). Conversely, in Fzo1 mutant cells, mitochondrial networks rapidly
disintegrate due to the obstruction of mitochondrial fusion, while fission continues
unimpeded (Rapaport et al., 1998). When Mgm1 function is impaired in yeast, mito-
chondrial tubules quickly fragment, leading to subsequent loss of mtDNA (Shepard
and Yaffe, 1999; Wong et al., 2000). Interestingly, the observed mitochondrial frag-
mentation is blocked when fission is inhibited by deletion of DNM1 (Wong et al.,
2000; Fekkes, Shepard, and Yaffe, 2000). Fis1 and Mdv1 mutations have also been
shown to prevent this fragmentation, and mtDNA loss in fzo1 mutants (Tieu and
Nunnari, 2000; Mozdy, McCaffery, and Shaw, 2000; Cerveny, McCaffery, and Jensen,
2001).

Recently, there have been two distinct types of fission characterized in mice, one
associated with mitochondrial proliferation and one with mitochondrial degrada-
tion (Kleele et al., 2021), both involving Drp1 (yeast Dnm1). Firstly, midzone mito-
chondrial fission, which occurs within the central half (middle) of a mitochondrion,
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at specific sites guided by actin and mitochondrial–ER tethering, is believed to pri-
marily support cell proliferation and mitochondrial biogenesis (Nagashima et al.,
2020). Secondly, peripheral fission events occur at the outer 0–25% of the mitochon-
drion and rely on Fis1 and lysosome contact to facilitate the Dnm1 assembly. It is
believed that division at the periphery allows damaged material to be discarded into
smaller mitochondria parts destined for mitophagy, which could be a direct mech-
anism involved in mitochondrial quality control (Colpman, Dasgupta, and Archer,
2023).

All in all, mitochondrial fusion and fission processes are facilitated by numerous
large GTPases, collectively shaping the dynamic mitochondrial networks across var-
ious cell types, and improper regulation of those two mechanisms is associated with
several genetic neuro-degenerative diseases, like Parkinson’s disease (Poole et al.,
2010; Ziviani, Tao, and Whitworth, 2010).

FIGURE 4: Schematic description of fission and fusion dynamics, adapted from
Navarro-Espíndola, Suaste-Olmos, and Peraza-Reyes, 2020. Mitochondria dy-
namics are regulated by fusion and fission processes. Fusion is facilitated by Fzo1
(mitofusin) and Mgm1 (human Opa1) at the outer and inner mitochondrial mem-
branes, respectively, while Dnm1 is responsible for mediating fission, upon inter-

action with Mdv1.

5 mtDNA structure and composition

5.1 mtDNA structure in S.cerevisiae

The mitochondrial genome is structured either as a circular or linear double-
stranded DNA molecule. The two strands, termed heavy (H-strand) and light (L-
strand) in mammals, are distinguished by their nucleotide composition, with the H-
strand being guanine-rich and the L-strand being cytosine-rich (Berk and Clayton,
1974). The length of mtDNA varies among species. In humans it is approximately
16,5 kilobases (kb), while in yeast it has a length of 86 kb. There are few major dif-
ferences between the mammalian and the yeast mtDNA, such as the intron content
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and the amount of proteins encoded, however in both organisms mtDNA exists in
multiple copies within individual cells, which can further vary depending on the
cellular energy requirements.

Regarding the structural configurations of mtDNA, there are three different ones
in yeast: linear filaments, open circles, and closed circles, based on their sediment
behavior (Shapiro et al., 1968). Early investigations suggest that the predominant
conformation is in the form of linear filaments, denoted as concatemers, with het-
erogeneous sizes (Maleszka, Skelly, and Clark-Walker, 1991). Importantly, the major
species of mtDNA in the mother cells are in the form of concatemers, while in daugh-
ter cells are as circular monomers (Ling, Hori, and Shibata, 2007). While the precise
functional significance of these diverse conformations remains not fully understood,
it is postulated that they play a major role in the process of mtDNA replication.

The human mitochondrial genome contains 37 genes, with 28 located on the H-
strand and 9 on the L-strand. Thirteen of these genes encode a single polypeptide
component of the mitochondrial respiratory chain, which serves as the primary site
for cellular energy production via OXPHOS. The remaining 24 genes produce ma-
ture RNA products, including 22 mitochondrial tRNA molecules, a 16S rRNA (large
ribosomal subunit), and a 12S rRNA (small ribosomal subunit). In yeast, mtDNA en-
codes 7 proteins required for oxidative phosphorylation (Figure 5), including three
subunits of the ATP synthase complex (Atp6, Atp8, and Atp9), apocytochrome b
(Cob), three subunits of cytochrome c oxidase (Cox1, Cox2, and Cox3) and one mi-
tochondrial ribosomal protein (Var1). Yeast mtDNA also encodes for 2 ribosomal
RNAs (rRNAs), 24 transfer RNAs (tRNAs), the 9S RNA component of RNase P and
several intron-related open reading frames (ORFs) (Foury et al., 1998; Miyakawa,
2017).

Unlike the nuclear genome (nDNA), mtDNA is highly dense with approximately
93% representing coding regions in mammals. In the higher eukaryotes, mtDNA
genes lack introns, and some genes, such as ATP6 and ATP8, feature overlapping
regions. Most genes are contiguous, separated by one or two non-coding base pairs.
Mammalian mtDNA contains only one significant non-coding region, known as the
displacement loop (D-loop) (Andrews et al., 1999), which houses the site for mtDNA
replication initiation, as well as both H-strand transcription promoters (Hsp1 and
Hsp2) (Chinnery and Hudson, 2013). Notably, in S.cerevisiae, coding regions con-
sist of approximately 30% GC and the intergenic regions, which occupy two-thirds
of the yeast mtDNA, are separated by long repetitive AT-rich spacers, separated
by GC-rich clusters (Zamaroczy and Bernardi, 1986). Also, in contrast to mam-
malian mtDNA genes, yeast coding regions contain introns. The yeast mitochon-
drial genome is equipped with eight replication origin-like (ori) elements (Tzagoloff
and Myers, 1986).

Importantly, the mitochondrial genetic code exhibits slight variations compared
to the nuclear one. The mitochondrial DNA has only two stop codons: ’AGA’ and
’AGG’, as opposed to the three stop codons ’UAA’, ’UGA’, and ’UAG’ in nDNA.
Additionally, ’UGA’ in mtDNA encodes for tryptophan instead (Temperley et al.,
2010). Furthermore, ’AUA’, typically representing isoleucine in nDNA, codes for
methionine in mtDNA.
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FIGURE 5: The mitochondrial genome in S. cerevisiae. mtDNA encodes 8 protein-
encoding genes and several tRNAs and rRNAs. Among these, 7 of the proteins
serve as subunits of the electron transport chain, while one encodes a ribosomal
protein (Var1). In budding yeast, these subunits are cytochrome c oxidase subunits
I, II, and III (COX1, COX2, and COX3), ATP synthase subunits 6, 8, and 9 (ATP6,

ATP8, ATP9) and apocytochrome b (COB).

5.2 mtDNA organization in S.cerevisiae

Since mitochondria do not contain histones, mtDNA had been initially thought to
be free from protective and packaging proteins. In 1982, Kuroiwa et al. demon-
strated that mtDNA in Physarum polycepharum is localized into electron-dense bod-
ies, termed "mitochondrial nuclei" at the center of a mitochondrion (Kuroiwa et al.,
1982). Essentially, Kuroiwa described the nucleoids, nucleoprotein complexes that
mtDNA molecules are organized into (Spelbrink, 2010; Chen and Butow, 2005a).
Eukaryotic cells harbor numerous copies of mtDNA, dispersed throughout the mi-
tochondrial matrix, with each nucleoid generally hosting an average of 1-3 mtDNA
copies (Kukat et al., 2011; Seel et al., 2023). A typical yeast cell contains 30 to even 100
copies of mtDNA (Göke et al., 2020; Seel et al., 2023), depending also on the strain
or sugar source. However, there is a contradiction, termed “the ploidy paradox” be-
tween the large physical number of mtDNA molecules per cell and the small number
(1–3) of heritable units, estimated from mitochondrial genetics (Piškur, 1994). Re-
search in yeast and stable human cell lines has shown that nucleoids are maintained
in a semi-regular pattern, with each mtDNA copy positioned at approximately equal
distances from adjacent ones (Osman et al., 2015; Jajoo et al., 2016; Iborra, Kimura,
and Cook, 2004). Even distribution is thought to be supported by the additional
anchorage of nucleoids to the IMM, which further facilitates the regulation of mi-
tochondrial genome inheritance (Nunnari et al., 1997; Cho et al., 1998; Rickwood,
Chambers, and Barat, 1981).

The key protein responsible for proper organization and packaging of mtDNA
is TFAM in mammals (Ekstrand, 2004), and its counterpart Abf2 in S. cerevisiae
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(Zelenaya-Troitskaya et al., 1998). Both proteins are functionally similar and con-
tain two adjacent HMG-boxes each, capable of binding to mtDNA, inducing bends
in the DNA strands, thereby aiding in packaging (Kukat et al., 2011; Cuppari et
al., 2019; Chakraborty et al., 2016; Choi and Garcia-Diaz, 2021). Both TFAM and
Abf2 play a regulatory role in determining the mtDNA copy number, with their ex-
pression levels directly influencing this parameter, establishing a dose-dependent
correlation. It has been shown that moderate overexpression of both TFAM and
Abf2 leads to an increase in mtDNA levels (Ikeda et al., 2015; Kanki et al., 2004;
Zelenaya-Troitskaya et al., 1998). However, excessive Abf2 overexpression can lead
to mtDNA loss (Zelenaya-Troitskaya et al., 1998). Importantly, Abf2, apart from
stabilizing mtDNA, is presumed to also play a role in mtDNA recombination, po-
tentially facilitating mtDNA replication (MacAlpine, Perlman, and Butow, 1998).
TFAM, on the other hand, can act as a transcription factor, a function not shared
by Abf2 (Miyakawa, 2017).

More precisely, in budding yeast, Abf2 induces negative supercoiling in the cir-
cular mtDNA, and subsequently folds the mtDNA, facilitated by a DNA topoiso-
merase (Diffley and Stillman, 1992). Alternatively, linear DNA is packaged in a re-
laxed manner and has limited binding affinity to Abf2, potentially allowing enzymes
to access regulatory sites within mtDNA more easily (Brewer et al., 2003). Absence
of ABF2 leads to rapid loss of mtDNA, resulting in rho0 or rho- petite cells, when
cultivated and kept on fermentable media (Diffley and Stillman, 1992). In such a
case, nucleoids display a less compact structure and exhibit a diffused organization
(Newman, 1996). Importantly, when yeast cells are kept on glycerol, they maintain
their mtDNA, as it is needed for survival under a non-fermentable selective environ-
ment. Recently, alongside Abf2, a few other proteins have been identified as being
associated with nucleoids (Miyakawa, 2017), such as the HMG-box protein Cim1,
which acts antagonistically to Abf2, with �cim1 cells exhibiting increased mtDNA
levels (Schrott and Osman, 2023), and the helicase Hmi1, required for maintenance
of functional mtDNA (Sedman et al., 2000). Another protein playing an important
role in mtDNA copy number regulation is Mrx6, as its deletion, like that of Cim1,
leads to a previosuly reported 1.5-fold increase in mtDNA levels (Göke et al., 2020).

6 mtDNA Heteroplasmy (Emergence and Dynamics)

In mitochondria, the maintenance of mtDNA is vital for the organelle’s proper func-
tion and the respiratory chain. This necessitates meticulous regulation of processes
governing its replication, transmission, and maintenance of integrity. Unlike nDNA,
mtDNA lacks protection from histones, rendering it more vulnerable to both intrin-
sic and extrinsic assaults. However, the previously reported Cim1 and Abf2 are pro-
teins involved in packaging and protection of mtDNA. Notably, because mtDNA
is located proximal to the IMM where the mitochondrial respiratory chain generates
free electrons and ROS, it is exposed to mutagenic factors (Habbane et al., 2021). This
leads to mitochondrial DNA copies exposed to various stress conditions, which can
lead to changes in their sequence, even if that is silent mutations. The coexistence of
various mtDNA haplotypes within a single cell is known as heteroplasmy (Figure
6). Accordingly, mtDNA homoplasmy translates to the state where all the mitochon-
drial DNA molecules within a cell or organism are identical.

By referring to mtDNA heteroplasmy dynamics one inevitably encompasses the
changes that occur in mtDNA over time, and these alterations can alter the degree
of heteroplasmy within a single yeast cell, as well as within a population. These
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dynamics can be both temporal and spatial. Mutations leading to morphological
re-organization, due to increased fusion and fission frequencies for example, have
been reported to increase heteroplasmy variance in theoretical studies (Glastad and
Johnston, 2023; Tam et al., 2013; Kowald and Kirkwood, 2011). On the other hand,
time, which often translates to cell divisions and aging, has also been shown to in-
crease heteroplasmy variance and result in significant alterations on the degree of
heteroplasmy within cells (Johnston, 2019; Johnston et al., 2015). All in all, both
intra-cellular and inter-cellular shifts are attributed to the spatio-temporal mtDNA
dynamics.

More specifically, there are few different mechanisms believed to contribute
to this phenomenon. Briefly, the most prominent explanations for the observed
mtDNA segregation dynamics are 1) vegetative segregation, which describes the
stochastic partitioning of mtDNA copies at cell divisions (Birky, Fuerst, and
Maruyama, 1989); 2) intracellular random drift, due to gene conversion resulting
in recombinant genomes, or random replication of a subset of mtDNA molecules
(Birky, Fuerst, and Maruyama, 1989); 3) active intracellular selection for mtDNA
with a specific genotype, which can include selective replication of few wildtype
mtDNA copies in a competitive scenario (Hill, Chen, and Xu, 2014; Wai, Teoli, and
Shoubridge, 2008); 4) reduction of mtDNA copies given to the daughter cells, via
selective (or not) transmission (Cree et al., 2008; Klucnika and Ma, 2019) and at the
population level 5) intercellular selection of a subset of cells (Dujon, Slonimski, and
Weill, 1974; Backer and Birky, 1985). However, vegetative segregation and relaxed
replication, mtDNA replication independently of the cell cycle, are the two most
widely accepted explanations in the field for the emergence and persistence (or ces-
sation) of heteroplasmy.

Since heteroplasmy emerges by de novo mutagenesis, the degree of heteroplasmy
changes in accordance to the mutation accumulation. Specifically, deletion muta-
tions tend to accumulate more in non-dividing tissues. This leads to the age-related
buildup of biochemically deficient cells, where OXPHOS is impaired, which can con-
tribute to diseases associated with aging, such as Alzheimer’s and Parkinson’s dis-
eases. Additionally, it has been reported that single nucleotide variants in mtDNA
progressively accumulate throughout a cell’s and thus individual’s lifespan, with a
higher concentration detected in the D-loop region, which is essential for mtDNA
transcription and replication in cells (Michikawa et al., 1999; Pinto and Moraes,
2015). Put together, either due to deletions or single-nucleotide substitutions, hetero-
plasmy levels change dramatically over time, and clonal expansion plays a pivotal
role in determining the severity of the phenotype.

6.1 Relaxed replication

To be more specific, one parameter directly influencing the degree of heteroplasmy
and severity of phenotype is relaxed replication. Replication of the mitochondrial
genome, unlike the nuclear one, is not linked to the cell cycle. In other words,
mtDNA molecules replicate randomly, resulting in one or multiple copies of the
template molecule at a time (Birky, 1994). This way individual mtDNA molecules
can be clonally expanded independent of segregation (Figure 6). It is worth noting
that relaxed replication impacts the degree of heteroplasmy in both dividing and
non-dividing cells (Stewart and Chinnery, 2021).

In cases where there are two or more distinct types of mtDNA molecules present
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in a cell, it remains rather stochastic which type will undergo replication more fre-
quently than another, which eventually leads to a variation in the level of hetero-
plasmy within the cell, also known as intracellular drift. Importantly, regardless of
mitochondrial types (i.e. a neutral scenario, or not) and assuming the cell’s bio-
energetic demands remain constant, it has been suggested that cells most likely
maintain a relatively stable number of mtDNA molecules (Chinnery and Samuels,
1999). It is worth mentioning though that the mtDNA copy number has its own
implications on the mtDNA heteroplasmy levels, as previous studies in mice have
shown that alterations of mtDNA copy number can improve the pathological man-
ifestations of a heteroplasmic mutation in rapidly proliferating tissues (Filograna et
al., 2019), likely due to enhanced clonal expansion and selective elimination of mu-
tated mtDNA. Intriguingly, the reverse has also been observed with the levels of
heteroplasmy remaining identical, while the total mtDNA levels increase (Filograna
et al., 2019).

Given that mtDNA proliferation is most often a response to the absence of an op-
timal number of mtDNA molecules, cells harboring mtDNA haplotypes that have a
negative impact on mtDNA function will experience elevated rates of mtDNA pro-
liferation. This is proposed to occur in human cells as high numbers of mtDNA
molecules may protect against accumulation of mutant alleles during a cell’s life-
time. This makes sense as the dilution of the mutant alleles by the overall increase of
mtDNA copies inside a cell can delay potential pathologies (Chinnery and Samuels,
1999). In such cases, within a heteroplasmic cell, mutated mtDNA may undergo fa-
vored replication, because they copy faster if the target molecule is smaller, which
would also lead to all replication factors being available sooner to replicate another
mtDNA molecule (Diaz, 2002). Under these non-neutral scenarios, instances of self-
ish replication combined with the relaxed nature of the mitochondrial genomes can
become the major drivers for shifts in the degree of heteroplasmy.

6.2 Vegetative segregation

Changes in allele frequency can further occur when mtDNA molecules are parti-
tioned during cell divisions (Figure 6). Specifically, the uneven distribution of dif-
ferent mtDNA variants across daughter cells has been shown to result in drastically
diverse heteroplasmic states. Notably, unlike relaxed replication, vegetative segre-
gation influences the mtDNA heteroplasmy levels only in mitotic (proliferating) cells
(Pérez-Amado et al., 2021).

Importantly, within a yeast lineage, the number of division events is tightly
linked to the level of heteroplasmy. This happens since the mother cell inevitably
ages through various segregation rounds. Thus, the quality of the mitochondrial
genome it contains and gets transferred to the newly formed daughter cells in-
evitably dictates their mitochondrial fitness (Figure 6). With this in mind, and given
that in higher eukaryotes mtDNA content is exclusively passed from mothers to
progeny, a process known as uniparental (maternal) inheritance, segregation events
take on a particularly significant role in determining and establishing the degree of
heteroplasmy in newly formed cells.

Vegetative segregation arises from a combination of processes such as organelle
genome replication and partitioning. Importantly, the frequency and manner of veg-
etative segregation are influenced not only by the quantities of genomes and or-
ganelles, but also by their spatial distribution within the cell, the variability in repli-
cation instances per molecule, and the variance in both numerical and genotypic
partitioning of organelles and genomes (Birky, 1994).
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A.

B.

heteroplasmy homoplasmy

FIGURE 6: Factors influencing mtDNA heteroplasmy dynamics, adapted from
Stewart and Chinnery, 2021. (A) Depiction of a heteroplasmic cell versus a ho-
moplasmic cell. A cell is characterized heteroplasmic solely by the presence of dis-
tinct types of mtDNA within the single cell, and not by the quality of those mtDNA
molecules. (B) Levels of heteroplasmy in mtDNA can undergo alterations over the
course of an individual’s life. These changes are influenced by vegetative segre-
gation during cell division and relaxed replication in dividing and non-dividing
cells. In non-dividing cells, relaxed replication occurring throughout life may re-
sult in an elevated proportion of mutant mtDNA. If this proportion surpasses a
critical threshold, it can lead to a biochemical deficiency in oxidative phosphoryla-
tion. The genetic bottleneck in the germline accelerates the segregation of mtDNA
variants between generations, leading to big fluctuations in heteroplasmy levels.
Importantly, heteroplasmy can also arise from de novo mutations, somatic while

aging or during germline development (in higher eukaryotes).

It has been previously shown that in yeast, zygotes initially containing more
than one type of mtDNA reproduce vegetatively, and result in homoplasmic diploid
progeny (Dujon, Slonimski, and Weill, 1974). The generation of homoplasmic
daughter cells has been thought to occur stochastically during cell division. Tak-
ing into account the difficulty in pinpointing whether the degree of heteroplasmy
is directly correlated with vegetative segregation, researchers have developed equa-
tions to calculate the number of segregating units and their distribution between
mother and daughter cells. By analyzing mitochondrial allele frequencies in mid-
dle buds, budding off of the middle of a zygote, they found that most zygotes have
few segregating units, with only a fraction entering the bud. This suggested that
mitochondria or their fragments, containing multiple genomes, segregate randomly
during reproduction, supporting the hypothesis of stochastic vegetative segregation
(Birky et al., 1978).
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7 mtDNA quality control

7.1 Units of selection

When thinking about the mechanisms of mtDNA segregation and quality control,
it is necessary to first consider where the control is happening. Purifying selection
for example, defined as the selection of WT against mutant mtDNA, is likely to oc-
cur on phenotypes. However, mtDNA phenotypes can be manifested on different
levels, at the level of a whole organism, a cell or even an individual organelle, i.e.
mitochondrion. In the simple setting of a yeast population for example, if the unit
of selection is the cell, then an individual cell with too many mutant mtDNA copies
most likely will not prosper and therefore will not be represented in subsequent gen-
erations. On the other hand, if quality control is active at the level of mitochondria,
then those organelles with dysfunctional copies would be selectively eliminated, for
example via mitophagy or by preventing their genome from replicating. However,
since yeast mitochondria exist in a continuous tubular network with nucleoids dis-
tributed throughout, it becomes even more complex to decipher how cells eliminate
or prevent replication within individual nucleoids. A recent study, utilizing super-
resolution STED microscopy, revealed that approximately 1.4 mtDNA molecules ex-
ist per nucleoid, suggesting that the smallest heritable/segregation unit consists of
a single molecule of mtDNA (Kukat et al., 2011; Raap et al., 2012).

7.2 Purifying Selection

The first direct real-time experimental observations of purifying selection were done
in mice about a decade ago, by Fan et al., 2008 and Stewart et al., 2008. More recent
studies conducted in Drosophila melanogaster and mice have unveiled that in the fe-
male germline, mutant copies of mtDNA are eliminated through purifying selection
(Fan et al., 2008; Hill, Chen, and Xu, 2014; Stewart et al., 2008). Despite existing
data that almost all metazoans transmit mitochondria and mtDNA to offspring only
through their female lineage, we still know little about the stage and the mecha-
nisms by which deleterious mtDNA molecules get eliminated in the germline. In
part, this is due to limitations in tools for imaging purifying selection, as well as due
to the dynamic spatio-temporal nature of the phenomenon itself. However, we have
gained significant knowledge on the quality control pathways throughout the past
decades. For example, mitochondrial quality has been shown to determine motil-
ity, with well-functioning mitochondria being more efficiently transported, and that
cell division events significantly influence the heteroplasmic state of newly formed
cells (Higuchi-Sanabria et al., 2016; Aretz, Jakubke, and Osman, 2019). Furthermore,
recent findings in Drosophila melanogaster indicate that mitochondrial fragmentation,
caused by fission events, is necessary and sufficient for germline mtDNA selection
(Lieber et al., 2019). Specifically, mitochondrial fission generates small mitochon-
drial fragments containing only one or a few mitochondrial genomes, which effec-
tively segregates mtDNA copies and prevents complementation of mutant mtDNA
by gene products of intact mtDNA copies. Subsequently, the mitochondrial frag-
ments harboring mutated mtDNA are believed to be identified based on a reduc-
tion in membrane potential or ATP content, leading to their removal via mitophagy
(Lieber et al., 2019; Chen, Berquez, and Luciani, 2020).
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It is worth mentioning that the mechanisms for mtDNA maintenance, replica-
tion, degradation as well as selection likely evolved to prevent the gradual accumu-
lation of deleterious mtDNA mutations across generations, thus averting a muta-
tional meltdown, known as Muller’s ratchet (Muller, 1964; Palozzi, Jeedigunta, and
Hurd, 2018). The susceptibility of mtDNA to Muller’s ratchet is due to its asexual
transmission and absence of recombination (Stewart and Larsson, 2014; Hagstrom
et al., 2013). Nevertheless, not all deleterious mtDNA mutations are effectively elim-
inated in the germline by purifying selection (Stewart and Larsson, 2014; Stewart et
al., 2008). Moreover, even for those mutations that are successfully eliminated by
purifying selection, it often takes several generations to fully remove them (Fan et
al., 2008; Hill, Chen, and Xu, 2014; Ma, Xu, and O’Farrell, 2014; Stewart et al., 2008).

7.3 mtDNA maintenance

The mechanism by which cells preserve the integrity of mtDNA intra- and inter-
cellularly and across generations, despite the presence of high mitochondrial mu-
tation rates, has long remained elusive. It is an immense challenge for the cell to
maintain a functional level of mtDNA copy number which supports optimal cel-
lular function, since deviations in mtDNA numbers frequently coincide with mito-
chondrial dysfunction, and diminished oxidative phosphorylation efficiency (Nicol-
son, 2014). In budding yeast, mtDNA replication factors have been demonstrated
to influence mtDNA copy number, including the mtDNA-packaging factor Abf2
(Zelenaya-Troitskaya et al., 1998), as well as the mitochondrial DNA polymerase
Mip1 (Stumpf et al., 2010), as mutations in both have been shown to alter mtDNA
copy numbers (Westermann, 2014). Additionally, mutations in the recently charac-
terised Cim1 were shown to display increased mtDNA levels and improve mito-
chondrial function (Schrott and Osman, 2023).

Interestingly, a direct correlation of mtDNA copy number and cell volume has
been suggested in HeLa and budding yeast cells, as the volume of the cells was
shown to linearly correlate with their mitochondrial content (Rafelski et al., 2012;
Miettinen and Björklund, 2016; Kitami et al., 2012; Posakony, England, and At-
tardi, 1977). Studies in fission yeast have demonstrated a proportional increase in
nucleoids relative to cell volume (Jajoo et al., 2016). Moreover, recently, Seel et al.
showed that mtDNA copy number is dependent on the concentrations of mtDNA-
maintenance factors, such as Abf2 and Mip1 (Seel et al., 2023). By linking mtDNA
maintenance to nuclear protein synthesis, and its correlation with cell growth, they
posit that constant mtDNA levels can be reliably maintained without a tight regula-
tion from the cell cycle. Also recently, scientists showed that in damaged mitochon-
dria the efficiency in protein import is compromised. This can result in diminished
mtDNA replication, thereby hindering the propagation of mtDNA copies (Zhang
et al., 2019). One additional study has suggested a role of the citric acid cycle en-
zyme aconitase (Aco1), coupling mtDNA maintenance with metabolic regulation
(Chen and Butow, 2005b). Specifically, the reallocation of Aco1 from the Krebs cycle
to nucleoids has been suggested to stabilize mtDNA under oxidative stress condi-
tions (Shadel, 2005). Lastly, another factor influencing mtDNA maintenance is se-
lective mtDNA degradation. In mammalian cells, degradation of the mitochondrial
genome has been repeatedly suggested to serve as a protective mechanism against
mutagenesis, reducing the energy cost of repair (Moretton et al., 2017; Bacman et al.,
2013; Chapman, Ng, and Nicholls, 2020).
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7.4 mtDNA Inheritance

Mitochondrial genome inheritance refers to the transmission of mtDNA from one
generation to the next. Proper segregation and adequate transmission of mtDNA
molecules across generations are essential for daughter cell viability and the conti-
nuity of lineages and populations. Taking into account that yeast divides asymmet-
rically and mitochondria are self-replicating and cannot be synthesized de novo, it
becomes clear why the active transfer of mitochondria and mtDNA is of such high
importance (Leite, Costa, and Pereira, 2023). However, in numerous animal species,
the inheritance of mtDNA is influenced by a phenomenon known as mitochon-
drial genetic bottleneck, taking place during germline development (Burgstaller et
al., 2018; Stewart and Chinnery, 2015; Zhang, Burr, and Chinnery, 2018a; Johnston,
2019). Briefly, this genetic bottleneck describes a threshold of transmittable mtDNA
molecules from one generation to the next (Figure 6), which leads to substantial re-
moval of deleterious mutations (Jenuth et al., 1996; Koehler et al., 1991; Tang et al.,
2022). In humans, the genetic bottleneck appears to be more restricted compared to
the bottleneck observed in mice, and other lower eukaryotes (Cree et al., 2008; Wai,
Teoli, and Shoubridge, 2008; Floros et al., 2018). Interestingly, decreasing mtDNA
levels during the crucial stage of germ cell development are thought to expose vari-
ants to selection mechanisms that operate at the cellular, organelle, or mtDNA level.
This can even be a life-saving process as the mutation rate of mtDNA is orders of
magnitude higher compared to nuclear DNA (Haag-Liautard et al., 2008). Therefore,
the reduction of mtDNA copies facilitates the removal of the mutated ones, keeping
the cell under the biochemical threshold for clinical manifestation of a disease.

FIGURE 7: Asymmetric division as part of the mitochondrial quality control,
adapted from Aretz, Jakubke, and Osman, 2019. Mitochondria are tethered to the
plasma membrane via anchoring complexes, which can contribute to the selec-
tive transport of mitochondrial fragments from mother to daughter cells. During
cytokinesis, the mitochondria crossing the bud neck undergo stringent control,
in order to make sure that healthy mtDNA copies are preferentially inherited to
the newly formed buds. Simultaneously, relaxed mtDNA replication within the
transferable mitochondrial fragments can influence the mitochondrial fitness of
the newly formed daughter cell. The colour gradient represents mitochondrial fit-

ness, based on membrane and redox potential.

Currently, two main theories exist as explanations for the rapid mtDNA reduc-
tion occurring during cell division, although the exact mechanism of segregation re-
mains a topic of debate. Either it is attributed to an unequal segregation of mtDNA
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molecules or of mtDNA nucleoids from the mother’s to the daughter’s mitochondria
during cell division, leading to rapid shifts on the heteroplasmy levels from one gen-
eration to the next (Carling, Cree, and Chinnery, 2011). However, it is worth keeping
in mind that a combination of both, unequal partitioning and relaxed replication, can
lead to rapid heteroplasmic alterations. Importantly, since mitochondria are such
dynamic organelles, the process of mtDNA inheritance also highly relies on the mi-
tochondrial fusion and fission machinery, which continuously fragments, shuffles
and fuses mitochondrial tubules across a cell’s lifespan, thereby directly shaping the
distribution of mtDNA content (Figure 7). Apart from experimental data, mathemat-
ical modeling has also suggested that mitochondrial network structure and fission-
fusion dynamics can generate useful variability in the cell’s mtDNA content and
thereby contribute to the mtDNA inheritance process (Glastad and Johnston, 2023;
Tam et al., 2013; Kowald and Kirkwood, 2011). Other in silico studies have identi-
fied cell division as a parameter influencing mtDNA inheritance, since it was shown
to increase mtDNA heteroplasmy variance (Johnston, 2019; Johnston et al., 2015).
Moreover, a recent study in cybrids has established that the process of mtDNA seg-
regation and inheritance is non-random (Figure 7), such that generation of novel
heteroplasmic levels occurs due to transient rearrangement of mtDNA copies inside
the segregation unit before replication and segregation (Raap et al., 2012).

8 mtDNA and Disease

Mitochondrial diseases can stem from either primary mtDNA defects or defects
in nuclear-encoded mitochondrial proteins. Mitochondrial DNA variations occur
through time due to oxidative damage and are attributed to factors such as het-
eroplasmy and inherited mutations. Rare mtDNA mutations and large-scale dele-
tions exhibit heterogeneity and can manifest at any stage of life, affecting various
tissues and causing a diverse range of diseases. Therefore, understanding mtDNA
heteroplasmy is crucial, as the clinical expression of pathogenic mutations depends
on the proportion of mutant genomes within a cell. In eukaryotes, there are de-
velopmental and genetic mechanisms in place to constrain the transmission of het-
eroplasmy (Edwards et al., 2021). Due to this heteroplasmic nature, clinical man-
ifestations of mitochondrial diseases vary widely. Conditions like Leber’s heredi-
tary optic neuropathy (LHON), myoclonus epilepsy with ragged red fibers (MERRF)
and mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes
(MELAS) are associated with specific mtDNA point mutations. Other disorders,
such as the Kearns–Sayre syndrome (KSS), are linked to mtDNA deletions.

Currently, over 150 pathogenic mutations in mtDNA have been documented in
humans, spanning across more than 30 of the 37 mitochondrial genes (Habbane et
al., 2021). Since mtDNA originates solely from the maternal lineage, it is subse-
quently inherited by all offspring from their mother, with only the daughters pass-
ing it on to the next generations. The genetic basis of diseases associated with mito-
chondrial genome abnormalities is often explained due to this maternal transmission
(Zhang, Burr, and Chinnery, 2018a). Specifically, recent studies have suggested that
offspring of men carrying a point mutation face no risk, whereas the risk is elevated
for offspring and siblings of women with an mtDNA mutation. However, failure
to eliminate paternal mitochondria can lead to the development of mitochondrial
diseases (Habbane et al., 2021). Global estimates suggest that around 1 in 5000 indi-
viduals may have manifested mitochondrial disease (Chinnery and Hudson, 2013).
All in all, molecular genetic testing, preferably from affected tissues, and factors
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such as maternal inheritance patterns, help identify mtDNA mutations and aid in
appropriate diagnosis.
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Aim of this study

So far, it is known that mtDNA quantity and quality can change rapidly dur-
ing a cell’s lifespan and across generations. In higher eukaryotes, dramatic shifts in
heteroplasmy, defined as the presence of different mtDNA haplotypes in a cell, are
attributed to unequal partitioning of mtDNA (Wei et al., 2019; Burgstaller et al., 2018;
Otten et al., 2016; Lee et al., 2012; Ashley, Laipis, and Hauswirth, 1989; Olivo et al.,
1983; Hauswirth and Laipis, 1982) or preferential replication during germline devel-
opment (Otten et al., 2016; Cree et al., 2008; Wai, Teoli, and Shoubridge, 2008; Stewart
and Larsson, 2014; Cao et al., 2009). Mathematical simulations in yeast suggest that
cell divisions, mitochondrial structure, and fission-fusion dynamics significantly in-
fluence mtDNA segregation, by directly affecting the heteroplasmy variance (John-
ston, 2019; Johnston et al., 2015; Glastad and Johnston, 2023; Tam et al., 2013; Kowald
and Kirkwood, 2011).

Studies in Drosophila melanogaster and mice reveal that defective mtDNA copies
are selectively eliminated in the female germline through purifying selection (Fan et
al., 2008; Hill, Chen, and Xu, 2014; Stewart et al., 2008). In D. melanogaster, fission has
been also proposed as a key player in the clearance process (Lieber et al., 2019; Chen,
Berquez, and Luciani, 2020). Furthermore, cristae morphology has been indirectly
shown to be involved in mitochondrial health, as defective compartmentalization
leads to mitochondrial dysfunction (Zorkau et al., 2021).

Despite recent advancements in the field, mtDNA segregation and the quality
control across generations remains poorly understood. This work aims to better un-
derstand the temporal dynamics of mtDNA heteroplasmy and quality control in pro-
liferating cell populations at the single-cell level, using S. cerevisiae. By using mtDNA
variants encoding fluorescent proteins, mtDNA quantities in dividing cells will be
estimated. The study will also investigate heteroplasmy levels across populations to
assess the speed of reaching homoplasmy and the effects of asymmetric partitioning
during cell division. These results will be evaluated with mathematical modeling,
which will be further used to identify factors of mtDNA segregation dynamics not
directly revealed by empirical data. For delineating the mtDNA quality control in
S. cerevisiae cells, pedigree analyses will be conducted, starting from heteroplasmic
zygotes with competing mtDNA qualities. Furthermore, live-cell microscopy will
be used to investigate the mtDNA integrity and distribution in the mitochondrial
network of heteroplasmic cells. Lastly, genes involved in fission (DNM1) and cristae
architecture (ATP20, MIC60) will be deleted to evaluate their influence on purifying
selection.

Put together, this study will provide insights into mtDNA dynamics, by explor-
ing the speed at which cells attain mtDNA homoplasmy, while identifying key fac-
tors for successful phenotypic segregation. Additionally, it will investigate the pres-
ence of a selection mechanism under non-neutral mtDNA scenarios, and evaluate
the influence of mitochondrial architecture in the mtDNA purifying selection pro-
cess.
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Publication 1:
Real-time assessment of
mitochondrial DNA heteroplasmy
dynamics at the single-cell level
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Real-time assessment of mitochondrial DNA
heteroplasmy dynamics at the single-cell level
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Abstract

Mitochondrial DNA (mtDNA) is present in multiple copies within
cells and is required for mitochondrial ATP generation. Even within
individual cells, mtDNA copies can differ in their sequence, a state
known as heteroplasmy. The principles underlying dynamic chan-
ges in the degree of heteroplasmy remain incompletely understood,
due to the inability to monitor this phenomenon in real time. Here,
we employ mtDNA-based fluorescent markers, microfluidics, and
automated cell tracking, to follow mtDNA variants in live hetero-
plasmic yeast populations at the single-cell level. This approach, in
combination with direct mtDNA tracking and data-driven mathe-
matical modeling reveals asymmetric partitioning of mtDNA copies
during cell division, as well as limited mitochondrial fusion and
fission frequencies, as critical driving forces for mtDNA variant
segregation. Given that our approach also facilitates assessment of
segregation between intact and mutant mtDNA, we anticipate that
it will be instrumental in elucidating the mechanisms underlying
the purifying selection of mtDNA.
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Introduction

The mitochondrial genome (mtDNA) encodes core subunits of the
respiratory chain, making it essential for mitochondrial ATP
production. Most eukaryotic cells contain multiple copies of
mtDNA. From yeast to human cells, these copies are distributed
throughout the mitochondrial network in a semiregular manner,
with each mtDNA copy located roughly equidistantly from
adjacent copies (Iborra et al, 2004; Jajoo et al, 2016; Osman et al,
2015). mtDNA is packaged into nucleoprotein complexes known as
nucleoids (Chen and Butow, 2005; Spelbrink, 2010), containing
on average 1–3 copies of mtDNA in mammalian and yeast cells

(Kukat et al, 2011; Seel et al, 2023). Mutations in individual
mtDNA copies can result in heteroplasmy, where different mtDNA
variants coexist within a cell (Stewart and Chinnery, 2021). This
scenario can occur with neutral mutations having no impact on
mitochondrial function, but becomes relevant for cellular and
organismal health when mutations affect mitochondrial function
(Park and Larsson, 2011). In this latter case, the ratio of mutant
over intact mtDNA amounts in combination with the nature of the
mutation determines the severity of the mutant phenotype.

Throughout the lifespan of an organism, the degree of
heteroplasmy, representing the proportion of distinct mtDNA
variants within individual cells, can change (Kauppila et al, 2017).
The proposed mechanisms underlying this change include relaxed
replication and vegetative segregation. Relaxed replication, wherein
the amplification of mtDNA is uncoupled from the cell cycle, may
lead to some mtDNA copies undergoing multiple replications while
others remain unreplicated. Uneven distribution of mtDNA copies
between mother and daughter cells, known as vegetative segrega-
tion, can further alter the degree of heteroplasmy in proliferating
cell populations (Birky, 1994; Stewart and Chinnery, 2021).
Additionally, intracellular selection resulting from favoring or
disfavoring specific mtDNA variants for replication or degradation
(Floros et al, 2018; Hill et al, 2014; Jakubke et al, 2021; Lieber et al,
2019; Ma et al, 2014) or selection acting on the level of cellular
fitness (Kotrys et al, 2024) have been proposed to contribute to
alterations in heteroplasmic levels in cell populations. Striking
examples of changes in heteroplasmy are observed during germline
development, where ratios of different mtDNA variants can rapidly
shift from one generation to the next (Ashley et al, 1989; Burgstaller
et al, 2018; Lee et al, 2012; Olivo et al, 1983; Otten et al, 2016; Wei
et al, 2019). This rapid change is proposed to occur due to a
bottleneck effect in oocyte development, either through partition-
ing of a limited number of mtDNA into primordial germ cells or
preferential replication of a subset of mtDNA copies in developing
oocytes (Cao et al, 2009; Cree et al, 2008; Otten et al, 2016; Stewart
and Larsson, 2014; Wai et al, 2008).

The concept of heteroplasmy is widespread among eukaryotic
cells. In the single-celled budding yeast, the degree of heteroplasmy
in individual cells changes during the growth of a population
derived from a single heteroplasmic zygote (Dujon et al, 1974).
Eventually, this results in the complete segregation of mtDNA
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variants (Birky, 1994, 2001; Jakubke et al, 2021), such that most
cells retain only one variant present in the heteroplasmic founder
cell. So far, studying heteroplasmic dynamics has remained
challenging regardless of the organism, because it has not been
possible to infer the quantity of mtDNA variants within living cells
over time. However, theoretical modeling has supported the view
that heteroplasmy variance increases with cell divisions (Johnston,
2019; Johnston et al, 2015). Furthermore, modeling has also
suggested that mitochondrial network structure and fission-fusion
dynamics contribute to the emergence of heteroplasmic variance
(Glastad and Johnston, 2023; Kowald and Kirkwood, 2011; Tam
et al, 2013).

Here, we present an important step forward in understanding
the temporal dynamics of mtDNA heteroplasmy in proliferating
cell populations at single-cell resolution in S. cerevisiae. By
employing two mtDNA variants encoding Atp6 fused to either
red or green fluorescent proteins as surrogate markers for neutral
mtDNA haplotypes in S. cerevisiae, we infer quantities of mtDNA
variants in living cells. Using this approach, we observe a rapid shift
in heteroplasmy levels across populations and find that asymmetric
partitioning of mtDNA copies during cell division, as well as
mitochondrial fusion-fission frequencies, are important determi-
nants for mtDNA variant segregation.

Results

Real-time single-cell tracking of mtDNA heteroplasmy
dynamics in S. cerevisiae

To investigate the dynamics of heteroplasmy, we aimed to develop
a system, which would allow real-time assessment of the
segregation of two different mtDNA genotypes across multiple
generations. For this purpose, we opted for two recently established
yeast strains with opposing mating types, each homoplasmic for a
different mtDNA variant. Specifically, these strains harbor mtDNA
encoding Atp6 tagged C-terminally either with NeonGreen
(mtDNAAtp6-NG) or mKate2 (mtDNAAtp6-mKate2) and hence exhibit
green or red fluorescence within mitochondria, respectively,
depending on the presence and expression of the respective
mtDNA haplotype. According to our rationale, the mating of both
strains and subsequent mitochondrial fusion would result in
heteroplasmic zygotes, carrying ∼50% mtDNAAtp6-NG and ∼50%
mtDNAAtp6-mKate2 (Jakubke et al, 2021; Nunnari et al, 1997; Okamoto
et al, 1998). Upon growth, each heteroplasmic zygote would give
rise to progeny, whose heteroplasmic state would be reflected by
ongoing expression and fluorescence of Atp6-NG and/or Atp6-
mKate2 (Fig. 1A). In the following analyses, the heteroplasmy state
of each cell will be characterized by an “h-value,” calculated
by dividing the amount of mtDNAAtp6-mKate2 by the sum of
mtDNAAtp6-NG and mtDNAAtp6-mKate2, inferred by the respective
fluorescent signals (Fig. 1B). Unless otherwise stated, for all
experiments, cells were pre-grown in glucose-containing rich
medium, because of higher mating efficiency, while imaging was
performed in minimal medium containing glucose, due to lower
background fluorescence.

In order to continuously monitor heteroplasmy changes on a
single-cell level, we used a microfluidic system, that allowed
tracking of progeny derived from single zygotes for up to six

generations. Segmentation and tracking of individual cells as well as
lineage tracing enabled the construction of genealogical trees for
every single population (Fig. 1C,D).

Characterization of haploid mtDNAAtp6-NG and
mtDNAAtp6-mKate2 parental strains

Before generating heteroplasmic zygotes, it was important to
compare growth and mtDNA maintenance between strains
harboring mtDNAAtp6-NG or mtDNAAtp6-mKate2 to determine potential
influences of growth properties on segregational dynamics of both
mtDNA variants in the following heteroplasmic segregation
experiments. In line with previous analyses (Jakubke et al, 2021),
both strains exhibited virtually wildtype-like growth under
fermentable and non-fermentable carbon sources at 30 and 37 °C
in plate growth assays (Appendix Fig. S1A,B). We furthermore
quantified doubling times of mtDNAAtp6-NG or mtDNAAtp6-mKate2

strains in our microfluidic setup by segmenting and counting cells
over a time course of 8 h. In line with our growth assay on plates,
both strains exhibited very similar doubling times (Appendix
Fig. S1C). Similarly, petite levels, indicative of loss or dysfunctional
mtDNA, were equivalent between mtDNAAtp6-NG, mtDNAAtp6-mKate2,
and wildtype strains (Appendix Fig. S1D).

Next, we aimed to assess the validity of using Atp6-NG or
Atp6-mKate2 fluorescence intensities as proxies for mtDNA
presence within single cells. First, we examined mtDNAAtp6-NG or
mtDNAAtp6-mKate2 strains in our microfluidic setup and monitored
fluorescent signals across multiple generations for 8 h. In every
population derived from single haploid cells, we observed
homogeneous fluorescent signal intensities in the mitochondrial
networks across all cells after 8 h (Fig. 2A,B; Movies EV1, EV2).
Next, we assessed Atp6-NG and Atp6-mKate2 fluorescence in cell
populations lacking the mitochondrial HMG-box protein Abf2.
∆abf2 cells are known to gradually lose mtDNA if grown in a
fermentable carbon source (YPD) (Schrott and Osman, 2023; Sia
et al, 2009; Zelenaya-Troitskaya et al, 1998). We cultured ∆abf2
cells in a non-fermentable carbon source (YPG) to prevent
mtDNA loss and monitored Atp6-NG and Atp6-mKate2 fluores-
cence upon transition to a minimal medium. Consistent with the
occasional loss of mtDNA, ∆abf2 populations exhibited indeed a
higher signal variability across cells, which is quantitatively
revealed by a higher coefficient of variation for either
mtDNAAtp6-NG or mtDNAAtp6-mKate2 in ∆abf2, compared to the
respective WT cells (Fig. 2C,D; Appendix Fig. S2; Movies EV3,
EV4). Some cells exhibited fluorescence, indicative of mtDNA
presence, while others appeared to have fully lost mtDNA, as they
were only visible in the DIC channel. We interpret these findings
to reflect that all wildtype cells maintain mtDNA and continue to
express the fluorescent Atp6 variants with relatively little cell-to-
cell variability, while mtDNA maintenance deficits associated with
∆abf2 cells result in heterogeneity of Atp6-NG or Atp6-mKate2
fluorescence signals.

To further support that Atp6-NG or Atp6-mKate2 fluorescence
reflects the expression of the respective mtDNA, we measured the
fluorescent decay rates by inhibiting mitochondrial translation with
Chloramphenicol (CAP). Of note, this experiment was performed
in strains lacking PDR5, a multidrug transporter localized in the
plasma membrane, to prevent CAP export from the cell and allow
efficient translational inhibition (Leonard et al, 1994). PDR5
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deletion did not lead to a growth phenotype (Appendix Fig. S1A,B).
Upon addition of CAP, we observed a decrease in both Atp6-
mKate2 and Atp6-NG intensities, where within 5 h, signal
intensities appeared to reach a bottom plateau, likely representing
background fluorescence of cells and absence of the respective
fluorophore (Fig. 2E; Appendix Fig. S3A–D; Movies EV5–EV8). By
fitting exponential decay curves (Alber et al, 2018), we assessed the
fluorescence decay rates (k) for both fusion proteins, which were
virtually identical (kmKate2 = 0.31, SEM:±0.01), kNG = 0.31,
SEM: ± 0.01) (Fig. 2F). Of note, in the absence of CAP, the wildtype
mtDNAAtp6-NG strain exhibited an increase of fluorescence over
time, while the mtDNAAtp6-mKate2 strain exhibited a slight decrease
over time. We also assessed the reappearance of fluorescent signals
upon removal of CAP after a 6-h treatment. While both fluorescent
signals reappeared rapidly, reflecting the maintenance of mtDNA,
the Atp6-NG signal reemerged slightly faster compared to Atp6-

mKate2 (Figs. 2F and EV1; Movie EV9). We speculate the
difference in fluorescence levels over time between Atp6-NG and
Atp6-mKate2 to be the result of a combination of various factors,
including the switch from rich to minimal medium, which may
affect mtDNA expression, the biophysical properties of the
fluorescent proteins, as well as differences in the maturation time
between NG and mKate2. To account for the difference, in all
following experiments, NG and mKate2 fluorescence is always
normalized to the median fluorescence per timeframe in the
respective channel.

Based on the aforementioned experiments, we conclude that the
presence of mtDNAAtp6-NG or mtDNAAtp6-mKate2 is unlikely to
substantially alter cellular fitness, mtDNA maintenance, or
influence the outcome of segregation dynamics within our
heteroplasmic model. Furthermore, our findings support that
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Figure 1. Schematic of the mtDNA heteroplasmy pipeline.

(A) Strains harboring either mtDNAAtp6-NG or mtDNAAtp6-mKate2 are mated. The growth of a population derived from single zygotes is monitored in a microfluidic chamber,
resulting in diploid cells with different levels of mtDNA heteroplasmy. (B) The heteroplasmy value (h) of each cell is calculated by dividing the fluorescent signal of Atp6-
mKate2 by the sum of Atp6-NG and Atp6-mKate2. Example of heteroplasmy distributions at three indicated timepoints. Cells with h-values lower than 0.5 (cyan area)
contain a higher proportion of mtDNAAtp6-NG, while cells with h-values above 0.5 (magenta area) contain a higher proportion of mtDNAAtp6-mKate2. (C) Representative bright-
field images of a cell population derived from a single zygote, after an 8-h time-lapse video. Cell segmentation and masking was performed with the Cell-ACDC software.
Scale bars: 5 µm. (D) Lineage tree derived from the zygote shown in (C), at the end of the recording. One lineage is annotated as an example, with cell identities matching
the mask IDs in (C).
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Figure 2. Atp6-NG and Atp6-mKate2 are valid proxies for mtDNA variants.

(A, B) Yeast cells harboring Atp6-NG (A) or Atp6-mKate2 (B) mtDNA were imaged for 8 h on a microfluidic chip. Fluorescence images are maximum-intensity projections
of z-stacks, after deconvolution. Scale bars: 5 µm. (C) Wildtype and ∆abf2 cells harboring Atp6-NG or Atp6-mKate2 mtDNA were imaged for 10 h. Cells were first grown in
YPG and supplied with minimal media during the microfluidic imaging. The color representation on the heatmap bar corresponds to the pixel intensity of Atp6.
Fluorescence images are maximum-intensity projections of z-stacks, after deconvolution. Scale bars: 5 µm. (D) The coefficient of variation (CV) of fluorescence among
cells at the last timepoint was calculated for indicated strains. Strains were pre-cultured in YPG and put into minimal media for microfluidic imaging. Each dot represents
the CV of a population derived from single cells (n > 1000 cells analyzed in total per strain). The mean and SD of the CV per strain is shown (N= 3). (E) Line graph
showing the normalized fluorescent intensities of Atp6-NG or Atp6-mKate2 assessed during growth of mtDNAAtp6-NG or mtDNAAtp6-mKate2 strains. Cells were constantly
supplied with minimal medium containing (N= 6) or lacking (N= 3) 1 mg/ml Chloramphenicol (CAP) for mtDNA translation inhibition. Intensities were normalized to the
median fluorescence intensity of the first timepoint per replicate. Data represent mean and shaded areas show the 95% confidence interval per strain. Decay rates for each
fluorophore were calculated by fitting an exponential to the intensity levels of fluorescence upon CAP treatment. (F) Line graph represents the normalized fluorescent
intensities of cells expressing Atp6-NG or Atp6-mKate2, during a 12-hr recording. Cells were first incubated for 6 h in minimal media with 1 mg/ml CAP and upon washing
off the drug, cells were kept in minimal media until the end of each experiment. Data represent the mean and the shadow areas show the 95% confidence interval per
strain (N= 3). Source data are available online for this figure.
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Atp6-NG and Atp6-mKate2 serve as valid proxies for the presence
of the mtDNA by which they are encoded.

Rapid segregation of mtDNA variants

Next, we followed the segregation of mtDNAAtp6-NG and
mtDNAAtp6-mKate2 in populations derived from heteroplasmic

zygotes, generated by mating parental cells harboring either
mtDNA variant (Fig. 1A; Movie EV10). As expected, all newly
formed zygotes displayed a fused mitochondrial network that
exhibited signals in both fluorescent channels, indicative of
carrying both mitochondrial genomes. We proceeded to generate
time-lapse videos for a total duration of 8 h to track the mtDNA
segregation across multiple generations. Remarkably, cell-to-cell
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Figure 3. Rapid shift of mtDNA content in heteroplasmic cell populations.

(A) Representative images of a heteroplasmic population at indicated timepoints. Log-phase yeast cells harboring Atp6-NG (cyan) and Atp6-mKate2 (magenta) mtDNA
were mated for 1.5 h prior to each microfluidic experiment. Individual heteroplasmic zygotes were chosen in a single field-of-view (FOV) and the growing cell populations
were imaged for 8 h on a microfluidic chip. Fluorescence images are maximum-intensity projections of z-stacks, after deconvolution. Images representing the masks are
derived from Cell-ACDC. Cells derived from a haploid cell present in the FOV were not segmented. Scale bars: 5 µm. (B) Joyplot of heteroplasmy levels of cells from a total
of nine populations derived from heteroplasmic zygotes across the 8 h time-lapse recordings. (C) Single Gaussian curve fittings were applied on the three emerging peaks
of the final cell distribution of the data at 8 h (density plot in light yellow, as in B). Three colored curves (cyan, purple, magenta) represent the cell distributions with more
mtDNAAtp6-NG (cyan), more mtDNAAtp6-mKate2 (magenta), or cells harboring both (purple). Homoplasmy thresholds were set based on the intersection points of Gaussian
curves. An h-value of 0.33 was set as the homoplasmy threshold for cells mainly harboring mtDNAAtp6-NG and 0.71 as the threshold for mtDNAAtp6-mKate2 homoplasmy, shown
as gray dashed lines. (D) Density plot showing the heteroplasmy distribution of cells after 24 h. Atp6-NG and Atp6-mKate2 cells were mated for 2 h. Twenty individual
zygotes were micro-dissected, upon growth on YPD plates for 24 h and heteroplasmic states of all cell populations were assessed by microscopy (N= 20 colonies,
n= 7538 cells). Homoplasmy threshold values from the 8 h intersection points are shown in gray dashed lines. Source data are available online for this figure.
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heterogeneity became rapidly evident in all populations, reflecting
different heteroplasmy levels (Fig. 3A; Appendix Fig. S4A). Most
interestingly, patches of cells emerged in all populations that had
transitioned to exhibiting fluorescence only in a single channel
during the time course, indicating that these cells had retained
predominantly or exclusively one of both mtDNA variants.

To quantitatively assess the heteroplasmy levels within each cell
and population, we applied the heteroplasmy formula h =m1/
(m1+m2), (Aryaman et al, 2019; Johnston et al, 2015), where m1
and m2 are the fluorescent intensities of Atp6-NG and Atp6-
mKate2 per cell that were normalized to cell volume as well as
median fluorescence per timeframe. Furthermore, the background
signal present in cell-free areas of images was subtracted from
cellular fluorescence. As a result, an h-value of 0.5 is indicative of an
equal ratio of both mtDNA variants within cells, equidistant to the
homoplasmy extremes, which tend towards 1 or 0 when there is a
shift towards mtDNAAtp6-NG or mtDNAAtp6-mKate2, respectively. By
plotting the quantities of cells with specific h-values over time, we
observed a shift in heteroplasmic states (Fig. 3B). Initially,
the heteroplasmy distribution was narrowly centered around the
average value of 0.5, where most cells exhibited fluorescence for
both Atp6 variants. As time progressed, the middle peak flattened
and the overall heteroplasmy distribution broadened (Fig. 3B).
Focusing on the final timepoint, two peaks at both ends of the
spectrum became apparent, closer to h-values of either 1 or 0
(Fig. 3C; Appendix Fig. S4B), likely representing homoplasmic cells.

Of note, for all segregation experiments, zygotes were chosen
that gave rise to medial buds, which inherit mitochondria from
both parental cells and, therefore, end up being heteroplasmic
(Strausberg and Perlman, 1978). The inheritance of a mixed
content derived from both parental cells is apparent from the green
and red fluorescence within the mitochondria of medial buds
(Appendix Fig. S5A). Second-daughter cells from zygotes often bud
off of lateral positions and predominantly or exclusively inherit
mitochondrial content from the parental cell from which they
originate. Importantly, the segregation pattern did not significantly
change, when we excluded cells derived from second-generation
daughter cells that had appeared on lateral zygote positions and,
therefore, had started out with predominantly only one of both
mtDNA variants (Appendix Fig. S5B).

To estimate the proportions of homo- and heteroplasmic cells,
we fit three Gaussian curves to the observed trimodal heteroplasmy
distribution at the final timepoint. These curves characterize cells
primarily exhibiting homoplasmy for either mtDNAAtp6-NG (on the
left) or mtDNAAtp6-mKate2 (on the right), as well as heteroplasmic cells
(in the middle). While definitively distinguishing between homo-
and heteroplasmy is not feasible, we approximated their quantities
by establishing thresholds at the intersections of individual
Gaussian curves. Cells falling below an h-value of 0.35 or above
0.7 were classified as homoplasmic for mtDNAAtp6-NG or
mtDNAAtp6-mKate2, respectively (Fig. 3C). This approximation is
further supported by the fact that residual non-mated haploid cells
homoplasmic for either mtDNAAtp6-NG or mtDNAAtp6-mKate2 exhibited
h-values comparable to diploid cells classified as homoplasmic
(Appendix Fig. S6). We posit that the homoplasmic peaks not being
centered around 0 and 1 is primarily attributable to autofluores-
cence in the “absent” channel. To confirm that diploid homo-
plasmic cells indeed fall below or above these thresholds, we
assessed heteroplasmic states of 20 independent populations

derived from heteroplasmic zygotes after 24 h, where we expected
virtually full segregation of mtDNA variants. Spatial limitations
within the microfluidic system prevented its use for this approach.
Therefore, we opted for a microdissection of heteroplasmic zygotes
and observed mtDNA segregation in single cells after 24 h of
growth on plates (Fig. EV2). Indeed, the 24 h cell distribution
appeared bimodal, where the middle curve, representing hetero-
plasmic cells, was virtually absent (Fig. 3D). The two pronounced
peaks fell below or above our homoplasmy thresholds, establishing
them as good estimates to quantify homoplasmic cells. Based on
these cutoffs, 97% of cells were characterized as homoplasmic,
revealing, as expected, nearly complete segregation of two mtDNA
variants within a growing yeast population after 24 h. Thus, our
approach allows real-time imaging of mtDNA segregation
dynamics at a single-cell level. Our analysis reveals rapid
segregation, which can be observed already during the first 8 h
and virtually completes within 24 h.

Mathematical modeling of mtDNA segregation dynamics

To better understand how the observed mtDNA segregation occurs,
we developed a mathematical model that simulates the dynamics of
segregation in a growing cell population arising from a single
heteroplasmic cell. In vivo, mtDNA is distributed throughout a
tubular mitochondrial network within cells and partitioning of
mitochondria, including mtDNA, occurs via the transport of
mitochondrial tubules into daughter cells during cell division
(Osman et al, 2015). Hence, mtDNA copies present in the same
segments of the tubular mitochondrial network are more likely to
be segregated together into daughter or mother cells, respectively.
Therefore, a simple random-pick model would not adequately
capture the in vivo situation. To reflect this morphological aspect in
the model, we used arrays, representing the tubular organization of
mitochondria that contained two mtDNA variants either denoted
as 0 or 1. Of note, we do not consider branching of the array. The
length of this array represents the previously determined average of
32 mtDNA copies per diploid cell (Göke et al, 2020), neglecting the
cell-to-cell variability in the copy numbers that may occur due to
cell size differences. Importantly, we simulated zygotes with equal
amounts of 0 and 1 s in an initial ’mixed’ structure sequence of
01010101… (Fig. 4A). We substantiated the model’s robustness
through manipulation of the array, by mildly varying the mtDNA
copy numbers between 26 and 38 (Appendix Fig. S7A), as well
as by substituting the initial structure of the founder cell with a
semi-mixed array (“0011100011…”) or a non-mixed array
(“0000011111…”) (Appendix Fig. S7B,C).

To account for mitochondrial fission and fusion events, we
introduced the nspl parameter, which represented the number of
fragments an array could split into, followed by re-fusion in
random order during growth. Upon completion of this shuffling
process, the array was allowed to split into two parts, which
partitioned to mother and daughter cells. The daughter cell
received the shorter of both parts containing a specific amount of
mtDNA copies, defined by the ndau parameter (Fig. 4A). Depend-
ing on the inherited mtDNA variants, each daughter cell consisted
of either all 0 s, all 1 s, or a mixture of both. Upon division, mtDNA
copies were allowed to replicate until the total number reached 32.
To reflect relaxed mtDNA replication, we randomly chose mtDNA
molecules for replication, allowing multiple rounds of replication
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for the same mtDNA molecule during the span of one cell cycle.
Notably, newly replicated mtDNA copies were always placed next
to the template mtDNA. We neglected the possibility of
spontaneous cell death and mtDNA degradation.

First, we simulated the influence of nspl and ndau parameters on
the segregation rate by modeling the amount of homoplasmic cells
after 7.5 h (Fig. 4B). We observed that higher nspl or ndau
parameters, corresponding to more shuffling or more mtDNA
copies partitioned to daughter cells, predict a relatively low
percentage of homoplasmic cells after 7.5 h. Conversely, lower nspl
and/or ndau values lead to an acceleration of mtDNA segregation.
Our simulations show that distinct ndau-nspl combinations can
result in similar levels of homoplasmic cells after 7.5 h. We next
asked, which of these combinations aligns with our experimental
data. To this end, we applied the previously defined homoplasmy
thresholds (Fig. 3C) to all timepoints within our 8-hr in vivo
experiment and quantified amounts of homoplasmic cells (Fig. 4C,
black curve). We compared the fractions of homoplasmic cells
between the experimental and the simulated data at timepoints 1.5,

3, 4.5, 6, and 7.5 h by applying the least-squares criterion. We found
the best-fitting parameter values to be ndau = 14 and nspl = 4
(Fig. 4C,D). However, we identified various combinations of ndau
and nspl approximating the experimental results. In particular,
there was an inverse relationship between the values for nspl and
ndau that fit the data well, where higher ndau values required lower
nspl ones, and vice versa. Specifically, the combinations of relatively
higher ndau values (ranging from 10-16) and lower nspl values
(within the range of 3–6) came closest to the empirical data
(Fig. 4C, light green lines). In contrast, we observed a poor fit to the
data, when ndau and nspl were simultaneously very low or very
high (Fig. 4D). Thus, these results suggest that fusion and fission
frequencies, representing shuffling events, as well as the number of
mtDNA copies transferred to daughter cells are contributing to the
segregation kinetics of mtDNA variants in a yeast population,
under our neutral experimental setup.

Next, we used our model to examine how increased mtDNA
copy numbers within cells may affect mtDNA variant segregation.
To this end, we simulated segregation in cells with 56 (observed in
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Figure 4. Mathematical modeling of mtDNA segregation dynamics.

(A) Mitochondria are simulated as arrays, where 0 and 1 s represent different mtDNA variants. Each single cell contains one such array with 32 mtDNA copies. The
parameter nsplmimics the fission-fusion dynamics and the ndau parameter describes the number of mtDNA copies transferred to the daughter cell upon division. Each cell
is allowed to give rise to a daughter cell once it reaches 32 mtDNA copies, upon random sequential replication of the inherited 0 and 1 s. In the shown example, where
nspl= 6, the array splits into six fragments and then stochastically fuses back together. For simplicity, only 20 copies are shown. (B) Heatmap showing the percentage of
homoplasmic cells at timepoint t= 7.5 h, for different ndau and nspl pairs. The arrow indicates the proportion (50%) of cells being virtually homoplasmic in the empirical
data, based on the pre-established homoplasmy cutoffs. Each simulation with any given combination of the two parameters has been run ten times. (C) Curves display the
proportion of homoplasmic cells in experimental (black line) or simulated data derived from different ndau and nspl combinations (colored lines) for timepoint t= 0, 1.5, 3,
4.5, 6, 7.5 h. The dashed line represents 50% homoplasmy. (D) Heatmap showing the least-squares distance of simulations with a given pair of ndau and nspl parameters
from the experimental data, upon application of the homoplasmy thresholds. Each simulation with any given combination of the two parameters has been run ten
times. Source data are available online for this figure.
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cells with increased mtDNA copy number lacking the gene MRX6
(Göke et al, 2020)) or 90 mtDNA copies (as an extreme example)
(Fig. EV4A,B) and compared segregation kinetics to the kinetics
from the best-fitting simulations for cells with 32 mtDNA copy
numbers, where ndau and nspl equaled 14 and 4, respectively
(Fig. EV4C–E). We found that the segregation speed is very similar
if the nspl value stays the same (nspl=4) and the same percentage of
total copies of mtDNA are passed on to the daughter cell (e.g.,
∼44% would mean 14 copies in a cell with 32 copies, but ∼25 or
∼39 copies in a cell with 56 or 90 copies, respectively) (Fig. EV4C).
However, it is also possible that increased mtDNA copy number
affects the ndau and/or nspl parameters. Similar to our simulations
for mtDNA copy number equal to 32 (Fig. 4D), our simulations
suggest that also in scenarios with increased mtDNA copy number,
a higher percentage of mtDNA copies transmitted to daughter cells
and increased fusion-fission frequencies could result in slower
segregation of mtDNA variants. On the contrary, a lower
percentage of transmitted copies and decreased fission-fusion
frequencies would result in faster segregation (Fig. EV4D,E).

Altogether, these results suggest that fusion and fission
frequencies, representing shuffling events, as well as the number
of mtDNA copies transferred to daughter cells are contributing to
the segregation kinetics of mtDNA variants in a yeast population,
under our neutral experimental setup.

Partitioning of a small subset of mtDNA copies to
daughter cells promotes mtDNA homoplasmy

Our mathematical model suggests that multiple different combina-
tions of nspl and ndau parameters could explain the observed
segregation of mtDNA variants. With respect to the ndau
parameter, the values range from seven to fifteen, representing
about a fifth or half of available mtDNA copies passed on to the
daughter cell, respectively. Therefore, we asked which of the
possible model predictions reflects the in vivo situation. First, we
examined our experimental heteroplasmy dataset to evaluate if
equal or unequal amounts of mtDNA copies are partitioned to
mother and daughter cells during cell division. If unequal amounts
of mtDNA copies are transferred per division to the progeny, we
would expect a lower correlation between heteroplasmy values
between mothers (M) and daughter cells (D) compared to a
correlation of h-values between mothers to themselves at a later
timepoint (MD). In a scenario where mtDNA copies are equally
split between mother and daughter, the M-D and M-MD h-value
correlations are expected to be similar. Hence, we compared
heteroplasmy levels of mother cells (M) at timepoint tM to those of
their daughters (D) at tD or granddaughters (GD) at tGD, as well as
to those of their aging selves MD and MGD at tD or tGD, respectively
(Fig. 5A). The two timepoints, tD and tGD, were chosen based on
the same growth stage, where cells had small buds (1/5 bud-to-
mother volume ratio). In line with an unequal partitioning of
mtDNA copies, we observed a high correlation between M and MD

in contrast to a statistically significant lower correlation coefficient
between M and D (Fig. 5B). Comparison of mothers to their
granddaughters further supported this hypothesis, as the M-GD
correlation further decreased compared to the M-D correlation. In
contrast, aged mothers (MGD) still displayed a stronger similarity to
their original heteroplasmic state (M). These results underscore
that cell division, most likely through the transmission of a limited

number of mtDNA copies, is a major driver for the progressive
divergence of heteroplasmic states in a proliferating yeast
population.

Subsequently, we aimed to directly determine the number of
mtDNA copies passed from mother to daughter per cell division.
Therefore, we employed the mtLacO-LacI system, which allows the
detection of single mtDNA copies by fluorescence live-cell
microscopy (Osman et al, 2015). First, we quantified the number
of fluorescent foci, representing mtDNA copies, migrating across
the bud neck from a mother to its bud in 5-minute windows. Cells
were in different cell cycle stages, however only mother-bud pairs
whose mitochondrial network appeared interconnected or where
mitochondrial fragments traveled from mother to daughter
were considered. We observed that, on average, 1.18 mtDNA foci
were transmitted to daughter cells within these 5 min (Fig. 5C,D;
see Methods; Appendix Fig. S8A,B; Movie EV11). Next, we
examined the duration for which the exchange of mitochondrial
content occurred between mother-daughter pairs, by live-cell
microscopy using the nuclear-encoded matrix-targeted mKate2
(see Methods). We did not observe mitochondrial content
exchange, neither through continuous mitochondrial tubules
spanning the mother-bud neck, nor through transport of
mitochondrial fragments, after an average time period of ∆t = 47.5
min (Fig. 5E; Appendix Fig. S8C; Movie EV12). This observation
aligns well with a previous study that similarly observed that
daughter cells gain mitochondrial volume at the expense of the
mother during the first half of the cell cycle (Rafelski et al, 2012).
Taken together, we estimate that, on average, 11.2 nucleoids
migrate from mother to daughter in a single-cell division (Fig. 5F).

To further examine mtDNA transmission to daughter cells, we
performed live-cell microscopy of diploid cells containing the
mtLacO-LacI system over the duration of an entire cell cycle and
assessed dynamic changes of mtDNA content in virgin mother and
emerging daughter cells. In line with our observation that the
exchange of mitochondrial content occurs between mother and
daughter cells for about 45 min, we observed a reduction of mtDNA
foci from about 35 to below 30 in the mother cells during this time
period, whereas the number of foci increased to 15 in daughter
cells. After 45 min, the number of foci remained constant in the
mother cell, while the foci number further increased to about 30 in
the daughter cell (Fig. EV4). These results suggest that mtDNA
copy number is replenished in mother cells, while mtDNA copies
are being passed on to daughters, and that after 45 min mtDNA
replication continues in daughter cells. Of note, we did not observe
that the starting foci number of 35 was reestablished in the mother
cell or the daughter cell. We assume that this observation is due to
continued imaging causing phototoxicity or bleaching.

Besides asymmetric apportioning of mtDNA copies to daughter
cells, our mathematical model also predicts a critical role for
mitochondrial fusion and fission cycles in determining the rate of
mtDNA variant segregation by shuffling mtDNA copies in the
mitochondrial network. To experimentally test this prediction, we
performed mtDNA variant segregation experiments in cells
lacking the gene DNM1, which is essential for mitochondrial
fission. Specifically, we mated ∆dnm1 cells containing
mtDNAAtp6-NG or mtDNAAtp6-mKate2, pre-grown in YPG medium to
prevent mtDNA loss, and microscopically evaluated the percentage
of heteroplasmic cells in colonies formed from individual zygotes
after 18 h of growth on YPD plates. In line with our model, the
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absence of mitochondrial fission resulted, on average, in a lower
amount of heteroplasmic cells compared to mating between
mtDNAAtp6-NG or mtDNAAtp6-mKate2 WT cells, indicating faster
segregation kinetics in the absence of mitochondrial fission
(Fig. 5G). This conclusion is further supported by the observation
that we detected exclusively homoplasmic cells in 57% of colonies
derived from heteroplasmic ∆dnm1 cells compared to 14% in
WT cells (Appendix Fig. S9B).

We additionally experimentally tested the effect of increased
mtDNA copy number on mtDNA segregation dynamics. To this
end, we performed segregation experiments in ∆mrx6 cells, that
have previously been shown to have a twofold increase of mtDNA
(Göke et al, 2020). We assessed the number of heteroplasmic cells
in populations after growth for 18 h derived from ∆mrx6 zygotes
containing mtDNAAtp6-NG and mtDNAAtp6-mKate2. Interestingly,
mtDNA variant segregation was delayed in ∆mrx6 cells and a
higher percentage of cells remained heteroplasmic after 18 h of
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growth (Fig. 5G), with none of the populations having entirely
segregated (Appendix Fig. S9B). In conjunction with predictions
from our model (Fig. EV3), the experimentally determined delayed
segregation in ∆mrx6 cells suggests that these cells have higher
fission-fusion frequencies and/or transmit a higher percentage of
mtDNA copies to daughter cells.

Thus, our experimental data suggest that unequal amounts of
mtDNA copies are partitioned to daughter cells during the cell
cycle, which appears to be a major driving force for mtDNA
segregation. Additionally, we find that fission deficiency leads to
faster mtDNA variant segregation, while increased mtDNA copy
number results in slower homoplasmy establishment.

Finally, we asked if we could apply our experimental setup to
observe purifying selection of intact over mutant mtDNA.
Currently, no yeast strains are available that harbor a mutant
mtDNA encoding a fluorescent protein. Therefore, we conducted
experiments in which cells containing intact intron-containing
mtDNAAtp6-NG were mated with cells containing “dark” intronless
mtDNAil-∆cob, lacking the open reading frame encoding Cytochrome
b, which is essential for respiratory growth. Notably, deletion of
COB was generated in mtDNA lacking introns (Gruschke et al,
2011). Therefore, we conducted control experiments where cells
containing mtDNAAtp6-NG were mated with cells harboring intact
intron-containing (mtDNAic) or intact intronless mtDNA
(mtDNAil), both lacking genes encoding fluorescent proteins.
Upon growth for 24 h, we assessed the percentage of “dark” cells,
lacking mtDNAAtp6-NG, in populations arising from heteroplasmic
zygotes (Fig. EV5). Our data show that in matings between cells
harboring mtDNAAtp6-NG and cells harboring mtDNAic, no pre-
ference for either mtDNA variant was present as equal segregation
into ’dark’ and fluorescent cells was observed (Fig. 5H). Matings
between cells harboring mtDNAAtp6-NG and cells harboring mtDNAil

revealed a slight preference for the intron-containing mtDNA as
less “dark” cells were detected. Most strikingly, the number of
“dark” cells was significantly lower after the growth of zygotes

containing mtDNAAtp6-NG and mtDNAil-∆cob, indicating selection
against the mutant mtDNA. This result confirms our previous
finding that yeast cells favor generation of progeny with functional
mtDNA copies (Jakubke et al, 2021), and that our experimental
pipeline can be used to study the purifying selection of mtDNA.

Discussion

In this study, we unveil the dynamics of mtDNA heteroplasmy in a
living cell population with unprecedented temporal resolution. Our
findings demonstrate that proliferating heteroplasmic yeast popu-
lations exhibit rapid transitions towards homoplasmic states.
Through the analysis of heteroplasmic variance in cell lineages,
alongside mathematical modeling and direct mtDNA copy track-
ing, we demonstrate that asymmetric partitioning of mtDNA copy
numbers and mitochondrial fission are important determinants for
mtDNA segregation. Our finding, with smaller daughter cells
receiving a lower copy number than their mothers, also aligns with
our previous finding that mtDNA copy number correlates strongly
with cell volume (Seel et al, 2023).

Understanding the principles and dynamics that underlie the
segregation of mtDNA variants has been hampered by the inability
to track their presence and quantities within living cells across
multiple cell divisions. We overcome this hurdle and infer the
presence of heteroplasmy levels within individual cells over time, by
employing two mtDNA variants encoding Atp6 tagged with
different fluorescent proteins. Our results demonstrate the efficacy
of this approach in assessing mtDNA quantities, despite the fact
that proteins indirectly represent mtDNA. First, we observed a
rapid decrease in fluorescent signals upon translational inhibition
with Chloramphenicol and a subsequent resurgence of signal upon
drug removal. Second, deletion of the mitochondrial HMG-box
protein Abf2, causing gradual loss of mtDNA (Schrott and Osman,
2023; Sia et al, 2009; Zelenaya-Troitskaya et al, 1998), results in

Figure 5. Partitioning of a limited number of mtDNA molecules to the next generation facilitates rapid heteroplasmy changes.

(A) Schematic of cell relationship pairs. Correlations were calculated between mother cells and their progeny within a lineage (M-D-GD) or between themselves at later
timepoints (M-MD-MGD). All cells were taken at the same growth stage, specifically 20% bud-to-mother volume ratio. (B) The box plot depicts Spearman’s correlation
coefficient for the aforementioned relationship pairs, among all cell populations (N= 9). Each cell population was derived from an individual zygote. The Spearman’s
correlation coefficient for each population is shown as a gray dot. The box extends from the lower to upper quartile values of the data, with a line at the median. Whiskers
indicate the minimum and maximum values. P < 0.05: *, P < 0.005: **, P < 0.0005: ***, paired t-test. (C) Representative time-lapse of a spot being transferred to the bud.
Yeast cells expressing 3xNG-LacI (cyan) and matrix-su9-mKate2 (magenta) labeling nucleoids and the matrix, respectively, were imaged for 5 min in 10 s intervals. The
white arrowhead indicates a 3xNG-LacI focus crossing the bud neck. Amounts of foci crossing the bud neck during 5-min windows were counted. Fluorescent images are
maximum-intensity projections of z-stacks, after deconvolution. Scale bar: 5 µm. (D) Percentile proportions of mtDNA foci crossing the mother-bud neck in 5 min (N= 93
mother-bud pairs). Budding cells were at different cell cycle stages. Each spot was counted as one mtDNA copy. (E) The bar plot shows the time duration during which
mitochondrial networks remain connected between mothers and daughters. Mitochondrial network connectivity was examined in log-phase cells expressing matrix-
targeted mKate2 (n= 33). Only cells with no visible bud at the beginning of the imaging were considered for analysis (see also Appendix Fig. S8C). (F) The calculation
formula for the number of nucleoids passing per cell division, based on data derived from (C) and (E). (G) Heteroplasmy distribution in ∆mrx6 and ∆dnm1 deletion strains.
Cells with increased copy number (∆mrx6) or deficient for mitochondrial fission (∆dnm1) were generated in strains containing mtDNAAtp6-NG or mtDNAAtp6-mKate2. Cells
containing mtDNAAtp6-NG or mtDNAAtp6-mKate2 and the respective deletion were mated. After zygote formation and dissection, diploid colonies were grown for 18 h on a YPD
plate. Each colony was imaged to assess the fraction of heteroplasmic cells (also see Appendix Fig. S9A for all data points). Of note, ∆dnm1 cells were cultivated in YPG
media before mating and dissection on YPD plates, to prevent mtDNA loss. For each genotype shown, the small dots represent the percentage of heteroplasmic cells in
individual colonies (n > 50 cells/colony). Each bigger dot depicts the mean of each biological replicate (N= 5), and the line is the mean of all replicates for the
corresponding mating. Statistical significance was determined by paired t-test. (H) 24 h heteroplasmy assessment in matings between cells containing mutated mtDNA
(∆cob) or intact mtDNA. Log-phase yeast cells harboring mtDNAAtp6-NG were mated with cells containing intact intron-containing mtDNA, intact intronless mtDNA, or
intronless ∆cob mtDNA, all not expressing any fluorophore. After zygote formation and dissection, diploid colonies were grown for 24 h on a YPD plate. Each colony was
imaged to assess the fraction of cells not expressing Atp6-NG. For each genotype shown, the small dots represent the percentage of heteroplasmic cells in individual
colonies (n > 100 cells/colony). Each bigger dot depicts the mean of each biological replicate (N= 5), and the line is the mean of all replicates for the corresponding
mating. Error bars indicate SD. Statistical significance was determined by paired t-test. Source data are available online for this figure.

The EMBO Journal Rodaria Roussou et al

10 The EMBO Journal © The Author(s)



heterogeneity of fluorescent signals within populations, whereas
fluorescent signals in wild-type populations show little cell-to-cell
variance. Hence, our fluorescent readout detects changes in
mtDNA abundance or its expression within the duration of our
experiments. These findings strongly affirm the notion that rapid
changes in fluorescent intensities within proliferating cell popula-
tions, derived from heteroplasmic zygotes, closely align with shifts
in the level of heteroplasmy. Nevertheless, it is very probable that
residual “fossil” Atp6 protein amounts persist within cells, even if
the mtDNA genomes encoding these proteins are not present in
cells anymore, which likely leads to an underestimation of the speed
of mtDNA variant loss.

Examination of mtDNA segregation dynamics has so far largely
been limited to in silico approaches (Aryaman et al, 2019; Glastad
and Johnston, 2023; Johnston, 2019; Johnston et al, 2015; Kowald
and Kirkwood, 2011; Tam et al, 2013). As our experimental setup
allows assessment of this process in vivo, comparison of empirical
data with mathematical modeling becomes possible. To this end,
we performed simulations, which consider important aspects
imposed on mtDNA segregation by mitochondrial morphology
and dynamics as well as the relaxed replication of mtDNA. Our
model identifies shuffling and unequal partitioning as important
factors influencing the speed of mtDNA variant segregation.
Decreased shuffling of mtDNA increases the speed of segregation,
likely because mtDNA copies stay close to their template mtDNA
after replication and to other molecules copied from the same
template. Thus, it is more probable that larger numbers of mtDNA
copies of the same type are passed on to the daughter cell, which
also implies that the nucleoids staying in the mother cell are more
homogeneous. Indeed, our experiments confirm the prediction
that lack of mitochondrial fission accelerates mtDNA variant
segregation. This finding is also in line with previous mathematical
modeling (Tam et al, 2013) and the reported limited mobility of
mtDNA (Jakubke et al, 2021; Nunnari et al, 1997), which likely
prevents shuffling of different mtDNA variants within the
mitochondrial network in the absence of mitochondrial fusion
and fission.

Shuffling and unequal partitioning are both predicted to
influence mtDNA segregation. Direct assessment of mtDNA
partitioning to progeny cells reveals that under our experimental
conditions, about a third of available mtDNA copies are partitioned
to the daughter cell in wild-type cells. Our model suggests that for
such an ndau value, a relatively low nspl parameter (nspl = 5) is
required to match the observed speed of mtDNA variant
segregation. We would like to emphasize that the absolute value
of the nspl parameter predicted by our model should be regarded
with care. Our model does not consider parameters such as the
branching of mitochondrial tubules, the spatial organization of
mitochondrial tubules in the cell, or a link between mtDNA
replication and mitochondrial fission (Lewis et al, 2016; Murley
et al, 2013). Such parameters likely affect shuffling of mtDNA
variants (Glastad and Johnston, 2023), and thereby the outcome of
mtDNA segregation. Nevertheless, we regard it as an interesting
possibility that the number of mtDNA molecules partitioned to the
daughter cell, as well as fusion-fission cycles, can be modulated by
the cell, perhaps in response to stress conditions or altered
mitochondrial physiology to either promote or reduce the speed of
mtDNA segregation.

Interestingly, we find that mtDNA variant segregation is slowed
down in ∆mrx6 cells that exhibit an increased mtDNA copy
number. In light of our simulations, this result suggests that ∆mrx6
cells do either pass on a higher percentage of mtDNA copies to
daughter cells or that the fusion-fission frequency is increased.
Given the link between mtDNA replication and mitochondrial
fission (Lewis et al, 2016; Murley et al, 2013), it is an interesting
possibility that increased mtDNA copy number and, consequently,
more replication events, may cause an elevated fission frequency. It
will be interesting to determine the cause for decreased mtDNA
segregation speed in cells with elevated mtDNA content in future
experiments.

In addition to assessing the segregation dynamics of two neutral
mtDNA variants that fully support mitochondrial function, we
employed our experimental setup to investigate the competition
between intact and mutant mtDNA. Our findings corroborate our
previous observations that S. cerevisiae cells preferentially generate
progeny with intact mtDNA (Jakubke et al, 2021). Therefore, we
anticipate that our approach will be instrumental in examining
mtDNA quality control and purifying selection in future studies.

Methods

Yeast strain construction

All yeast strains employed in this study were generated in the W303
background. Detailed genotypes are listed in Appendix Table S1.
Construction of single deletion mutants followed the procedure
described in (Janke et al, 2004). Primers and plasmid information
are listed in Appendix Tables S2 and S3, respectively. For the
deletion of ABF2, transformed cells were plated and kept on non-
fermentable (YPG) carbon source, to avoid loss of mtDNA prior to
the microfluidic experiment.

Yeast growth conditions

Prior to all experiments, cells were freshly streaked from −80 °C on
YPD plates, left to grow at 30 °C overnight, and then inoculated in
fermentable (YPD) liquid culture. The next day, cells were diluted
to 0.1 OD600 and further incubated to reach the log phase. Of note,
the ∆abf2 cells, for either variant, were maintained on YPG, to
prevent spontaneous mtDNA loss.

Growth assay and petite analysis

For the growth tests, log-phase cells were serially diluted and 3 µl of
each dilution were spotted onto fermentable (YPD) and non-
fermentable (YPG) plates. Plates were incubated at 30 and 37 °C,
and were imaged after 24 and 48 h of growth. Appendix Fig. S1A
shows the data after 48 h of growth. For the petite analyses to assess
the loss of mtDNA in cells, 200 cells growing in log-phase were
plated on YPG plates containing 0.1% glucose. Plates were imaged
and colonies were counted after 3 days at 30 °C and classified into
grande (big) or petite (small) colonies. Cells unable to properly
respire show a petite phenotype.
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Live cell microscopy

Time-lapse data was acquired using the microfluidics CellAsic
ONIX system (Millipore) attached to a Nikon Eclipse Ti inverted
microscope, equipped with a CFI Apochromat TIRF 100XC oil
objective with a numerical aperture of 1.49 and a working distance
of 0.12 mm (Nikon MRD01991). A TwinCam LS dual-camera
splitter, coupled with two Photometrics Prime 95B 25-mm
cameras, facilitated simultaneous imaging of red and green
fluorophores. Every experiment was performed under the same
settings for both fluorophores, with 40 ms exposure time, and 40%
LED power. NeonGreen was excited at 506 nm wavelength, while
mKate2 at 588 nm. Z-stacks were captured with increments of
0.3 µm over a total of 6 µm. Information on filters and dichroics can
be made available upon request.

Both haploid and diploid cells were visualized for 8 up to 12 h,
depending on the experiment, and images were acquired at 30 °C in
15 min intervals throughout the duration of the time-lapse using a
temperature-controlled chamber around the microscope. Cells were
continuously replenished with a fresh minimal medium at a flow
rate of 15 kPa. For all microfluidic experiments, the CellAsic ONIX
plates (Millipore) for haploid yeast cells were used. To obtain the
diploid cells used for diploid live cell imaging, log-phase haploid
cells harboring Atp6-NG were mated with haploid Atp6-mKate2
cells, in a 1:1 ratio on a YPD plate. After 2 h at 30 °C, once zygotes
were formed, cells were resuspended in minimal medium, and
single zygotes were picked in individual field of views to be
monitored overnight using the CellAsic ONIX system.

Image processing and data acquisition

Cell segmentation and tracking was performed frame by frame
based on the DIC channel using the Cell-ACDC software and the
implemented YeastMate cell segmentation algorithm (Bunk et al,
2022; Padovani et al, 2022). Cell cycle annotations, mask
correction, and lineage tracking errors, as well as cell volume
calculation, were also performed through the Cell-ACDC software.
All cell masks and traces were also manually verified. Fluorescent
signals were quantified from the mean projection of the z-stack per
timepoint from non-deconvolved video recordings. Fluorescent
intensities per cell were first corrected by subtraction of back-
ground signal, measured in cell-free areas, and normalized to cell
volume. Subsequently, for comparability between the different cell
populations and to account for photobleaching, the cell signal
intensity for the respective fluorophore was additionally normalized
to the median intensity of all segmented cells of the given timepoint
and technical replicate. Microscopy images in all figures were
deconvolved with the Huygens software (Scientific Volume
Imaging).

24-h heteroplasmy assessment

For assessing the proportion of homoplasmic Atp6-mKate2 and
Atp6-NG cells after 24 h, the respective strains were grown to log
phase and mated in a 1:1 ratio for 90 min on YPD plates. Once
zygotes were formed, they were micro-dissected and placed in
separate areas on a YPD plate, where they grew into single colonies
overnight (Fig. EV2). The next morning, each distinct colony was
picked and diluted into 200 µl and imaged on an Ibidi glass slide,

previously coated with the immobilizing agent Concanavalin A
(Jakubke et al, 2021). To get an estimate of heteroplasmy within the
population, a minimum of 200 cells were imaged and evaluated
from each individual colony. First, the h-value of all segmented
cells was calculated, using the heteroplasmy equation (Johnston
et al, 2015), and subsequently, after binning the data, cells were
characterized as homoplasmic for Atp6-NG, Atp6-mKate2 or
heteroplasmic if they fell within the middle range of heteroplasmy,
defined by the intersection points of the single Gaussian curves
(Fig. 3C).

For assessing the level of homoplasmy in cells competing
between intact and mutant mtDNA, we mated WT strains
harboring mtDNAAtp6-NG with cells containing intronless
mtDNA∆cob (Gruschke et al, 2011). As a control, we also mated
cells harboring mtDNAAtp6-NG with WT “dark” mtDNAic, or WT
“dark” mtDNAil. To assess the percentage of homoplasmic cells, we
manually determined a threshold for ’signal’ or ’no signal’ by
thresholding the fluorescent intensity of Atp6-NG based on the
distribution of cells across each replicate as follows. Across all
experiments, two distributions, exhibiting or virtually lacking
fluorescent signals, were observed. The lowest value at the valley
between the two peaks was set as the threshold for signal per
replicate.

For assessing the heteroplasmy levels of cells with increased
copy number (∆mrx6) or fission-deficient ones (∆dnm1), the zygote
dissection pipeline was performed as described above, only that
colonies were imaged after 18 h of growth on YPD plates. The
rationale for earlier imaging was to capture differences in the
percentage of remaining heteroplasmic cells more clearly compared
to later imaging, where mtDNA variant segregation would have
been virtually complete even in matings with a decreased rate of
segregation.

mtDNA copy partitioning during cell division

To estimate the number of mtDNA copies crossing the mother-bud
neck, we used a diploid strain developed in the lab, containing
mtDNA with integrated LacO repeats and expressing the nuclear-
encoded matrix-targeted 3xNG-LacI protein as well as a matrix-
targeted mKate2 to monitor the mitochondrial network (3xNG-
LacI-PGK1-su9-mKate2) (Osman et al, 2015). Log-phase cells, pre-
grown in YPD, were visualized in 10-second intervals for 5 min in
total, since longer exposure (with such frequent intervals) induces
significant photobleaching.

By focusing exclusively on the neck region where the two cells
are joined, we quantified the migration of mtDNA fluorescent foci
from the maternal to the daughter side. Notably, we only analyzed
cells where the mitochondrial networks between mother and bud
were connected. Given that cells were at different stages of the cell
cycle, we calculated the average amount of foci transmitted in
5 min, regardless of bud size. We cannot rule out that if two
mtDNA foci are in close proximity, they might be counted as a
single molecule. Of note, all aforementioned analysis was done
using all z-slices and 3D modeling of each cell, and no maximum
projection of z-stacks, to avoid loss or misinterpretation of the
number of foci per cell pair.

To precisely determine the duration of content exchange
between mothers and daughters, we employed the same strain
but under different imaging conditions. Log-phase cells were
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visualized for 120 min, in 5-min intervals, for successful monitoring
of complete division cycles and mitochondrial network association
between mothers and daughters. We defined the initiation of
budding, when cells were in the very early S phase, as timepoint
zero. We tracked the exchange process until the daughter’s
mitochondrial network had completely separated from that of the
mother. At this point, just before the ultimate separation of
networks, most daughter cells had developed into buds with an
average cell volume equivalent to 55% of the mother’s size, most
likely corresponding to mid- to late G2 phase. In cases where
mothers had large buds, we observed no network connectivity,
indicating that these buds had already entered the late G2 phase in
preparation for cytokinesis, which is consistent with existing
literature (Koren et al, 2010). By analyzing 33 cells from timepoint
zero to the last timepoint, we calculated an average mitochondrial
content exchange period of 47.5 min, which was subsequently used
to calculate an estimate of nucleoids transmitted per division.

mtDNA foci assessment during the cell cycle

In order to assess the number of mtDNA foci during a complete cell
cycle, we used the same diploid strain (3xNG-LacI-PGK1-su9-
mKate2) used for mtDNA foci assessment during mother-bud
partitioning. Cells were harvested at log phase and imaged for 2 h at
7 min intervals. mKate2 and NeonGreen were simultaneously
captured using the dual-camera system (50 ms exposure time, 30
and 100% light intensity, respectively). Of note, all aforementioned
analyses were done using all z-slices and 3D modeling of each cell,
and no maximum projection of z-stacks, to avoid loss or
misinterpretation of the number of foci per cell pair. Foci were
counted with custom-built Fiji Macros using the “3D Maxima
finder” command. For the analysis, only virgin mothers, that is,
cells that had just budded off from their mother, were considered.
Timepoint zero was determined based on the point of bud
emergence from the virgin mothers, per time-lapse video.

Mathematical model

In the model, we represent mitochondria as lists of 0 and 1 s,
representing two different mtDNA genotypes. Mitochondria are
modeled as one-dimensional objects without branches. When a
mtDNA molecule is duplicated, the copy is placed right next to the
original one. For the mtDNA copy number of diploid yeast cells, we
apply actual measurements derived from (Göke et al, 2020), and set
the average amount of mtDNA copies to 32 in each simulated cell.
We additionally assume that one nucleoid contains one mtDNA
copy and all mtDNA copies have identical replication rates.
Importantly, the model neglects the possibility of a preferential
replication of only a fixed subset of copies at any timepoint.

In order to accurately reflect the heteroplasmic state of founder
cells, we define two different mtDNA variants in each zygote,
mtDNA type 0 and mtDNA type 1. Hence, a cell can have two
different states, homoplasmic for either 0 or 1, or a combination of
both when heteroplasmic. In each simulation, founder cells were
consistently characterized by virtually absolute heteroplasmy,
featuring a distribution of mtDNA haplotypes according to the
average of all nine biological replicates and a mitochondrion
structure composed of alternating 0 and 1 sequences (that is
0101010101… in the case of 50% mtDNA haplotype 1). Given our

experimental observations, where spontaneous mtDNA depletion is
absent, we also postulate the absence of mtDNA depletion in each
cell in silico. Furthermore, to simulate yeast lineages as close to the
real data as possible, we allow each cell to divide only upon
reaching the predefined mtDNA copy number. This way, when a
daughter cell is created, it is allowed to first grow and replicate its
content, before proceeding to division.

To account for the fission and fusion events in mitochondria, we
establish the nspl parameter, defining the number of fragments
every mitochondrial sequence splits into. This fragmentation leads
to a reshuffling of the mtDNA copies within each mitochondrion,
mimicking the fission-fusion dynamics. Upon this shuffling
process, all fragments refuse and each cell is allowed to divide, by
splitting into two parts. We also define a second variable ndau for
the number of copies a mother cell gives to the daughter per
division. We set the maximum ndau value to always be half of the
total number of copies in the given founder cell. For example, in the
simulations with increased copy number, where n = 56 or n = 90
copies/cell, each daughter cell could inherit a maximum of 28 or 45
copies, respectively. The ndau parameter, along with the nspl, are
the only model parameters to be fitted to the data. Specifically, we
first fit a sigmoid curve to the experimental heteroplasmy values at
six timepoints (t = 1.5, 3, 4.5, 6, 7.5 h) and then identified the best-
fitting pairs (ndau, nspl), using least-squares fitting.

Data analysis

Data analysis and statistics were performed in Python and the in
silico mathematical modeling was constructed using R. A
dependent two-sided t-test (scipy.stats.ttest_rel) was chosen for
related lineage data (Fig. 5B). An independent two-sided t-test
(scipy.stats.ttest_ind) was chosen for all data derived from
independent samples (Fig. 5G,H). All scripts are provided in a
GitHub repository under https://github.com/statgenlmu/
yeast_mito_segregation.

Data availability

This study includes no data deposited in external repositories. Scripts
and code for data analysis are deposited in the GitHub repository
under https://github.com/statgenlmu/yeast_mito_segregation.

The source data of this paper are collected in the following
database record: biostudies:S-SCDT-10_1038-S44318-024-00183-5.

Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44318-024-00183-5.
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Expanded View Figures
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Figure EV1. mtDNAAtp6-NG and mtDNAAtp6-mKate2 strains with temporary exposure to chloramphenicol.

(A, B) Yeast cells harboring mtDNAAtp6-NG (A) or mtDNAAtp6-mKate2 (B) were imaged for 11 h (N= 3/strain). Chloramphenicol (1 mg/ml) was added after the first cell
duplication, i.e., after 1.5 h of imaging, and was removed from the microfluidic chamber after 6 h of incubation. Fluorescence images are maximum-intensity projections of
z-stacks, after deconvolution. Scale bars: 5 µm. (C) Line graph showing the fluorescent intensities of cells expressing Atp6-NG (cyan) or Atp6-mKate2 (magenta) upon
washing off the Chloramphenicol (see Fig. 2F) after incubation with 1 mg/ml CAP for 6 h for sufficient mitochondrial translation inhibition. Curve fitting on the fluorescent
intensity lines upon washing off the drug provides the maturation timings of the two Atp6 variants. Data represent the mean of all replicates per strain, and the shaded
areas represent the 95% confidence interval. Fluorescent intensities were normalized to the cells at the first timepoint, for either of the fluorescent channels.
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Figure EV2. 24-h heteroplasmy assessment from 20 independent populations.

(A) Schematic of the 24-h heteroplasmy assessment experiment. Cells harboring mtDNAAtp6-NG were mated with cells containing mtDNAAtp6-mKate2 on a YPD plate. After a
2-h incubation, upon zygote formation, individual zygotes were micro-dissected and placed in different areas of a fresh YPD plate. Cells were kept for 24 h at 30 °C until
colonies were formed. Cells from each colony, originating from a single zygote, were imaged to assess population homoplasmy levels, by calculating the proportion of cells
exhibiting Atp6-NG and/or Atp6-mKate2 signal. (B) Representative image of a small field of view from one population, after 24 h. In total, 20 individual populations were
screened, each originating from a diploid heteroplasmic zygote. Cells harboring mtDNAAtp6-NG are shown in cyan, while cells having kept the mtDNAAtp6-mKate2 are depicted in
magenta. Fluorescence images are maximum-intensity projections of z-stacks, after deconvolution. Scale bars: 5 µm. (C) Heteroplasmy distributions from all 20
independent diploid populations after 24 h of growth on the YPD plate (N= 20 zygotes/n > 200 cells/colony). Each dot represents a single cell. Heteroplasmy values
below 0.33 or above 0.71, the homoplasmy thresholds, represent cells harboring mainly mtDNAAtp6-NG or mtDNAAtp6-mKate2, respectively. As apparent from the graph, some
cells for each population still exhibit a heteroplasmic state, which is evident from a h-value between 0.33 and 0.71.

Rodaria Roussou et al The EMBO Journal

© The Author(s) The EMBO Journal 17



Total:
n=90 copies

Percentage
ofhom

oplasm
ic
cells

0%

20%

40%

60%

80%

100%

251
45

1

C
op
ie
s
tra
ns
fe
rre
d

to
th
e
da
ug
ht
er
ce
ll
(n
da
u)

Total:
n=56 copies

251
0%

20%

40%

60%

80%

100%

28

1

C
op
ie
s
tra
ns
fe
rre
d

to
th
e
da
ug
ht
er
ce
ll
(n
da
u)

Percentage
ofhom

oplasm
ic
cells

0 1 2 3 4 5 6 7
Time (in hrs)

0

10

20

30

40

50

60

70

80

H
om
op
la
sm
ic
ce
lls
(%
)

0 1 2 3 4 5 6 7
Time (in hrs)

0

10

20

30

40

50

60

70

80

H
om
op
la
sm
ic
ce
lls
(%
)

0 1 2 3 4 5 6 7
Time (in hrs)

0

10

20

30

40

50

60

70

80

H
om
op
la
sm
ic
ce
lls
(%
)

A. B.

C. D.

E.

Figure EV3. Simulations of homoplasmy establishment in cell populations with increased mtDNA copy number.

(A) Heatmap showing the percentage of homoplasmic cells at timepoint t= 7.5 h, for different ndau and nspl pairs, for n= 56 mtDNA copies. The maximum value of ndau
is defined by the half (n= 28) of the total mtDNA copies in the founder cell (n= 56). The arrow indicates the proportion (50%) of cells being virtually homoplasmic in the
empirical data, based on the pre-established homoplasmy cutoffs. Each simulation with any given combination of the two parameters has been run ten times. (B) Heatmap
showing the percentage of homoplasmic cells at timepoint t= 7.5 h, for different ndau and nspl pairs, for n= 90 mtDNA copies. The maximum value of ndau is defined by
half (n= 45) of the total mtDNA copies in the founder cell (n= 90). The arrow indicates the proportion (50%) of cells being virtually homoplasmic in the empirical data,
based on the pre-established homoplasmy cutoffs. Each simulation with any given combination of the two parameters has been run ten times. (C) Percentage of
homoplasmic cells in simulated cell populations with n= 32 copies, relative to populations with n= 56 copies or n= 90 copies/cell. The number of copies transferred to
the daughter cell (ndau) has been kept proportional to the total copy number in each of the simulations, that is 44\% of the total copies gets transferred to the daughter
cell. The parameter nspl has been kept identical. (D) Percentage of homoplasmic cells in simulated cell populations with n= 32 copies, relative to populations with n= 56
copies or n= 90 copies/cell, with varying nspl values. The ndau parameter is proportional to the total copy number (44%), while the nspl parameter varies from low to
high values per simulation. A comparison of these curves demonstrates the effect of lower or higher fission-fusion frequencies on the speed of segregation. The
combination of ndau= 14 and nspl= 4 in cells with n= 32 copies is used as a point of reference, across all plots. (E) Percentage of homoplasmic cells in simulated cell
populations with n= 32 copies, relative to populations with n= 56 copies or n= 90 copies/cell, with identical nspl values, and different levels of ndau. Comparison of these
curves demonstrates the effect of lower or higher numbers of mtDNA copies being transferred to the daughter cells on the speed of segregation. The combination of
ndau= 14 and nspl= 4 in cells with n= 32 copies is used as a point of reference, across all plots.
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Figure EV4. Number of mtDNA foci in mother-daughter pairs during a complete cell cycle.

(A) Diploid cells expressing mitochondrially targeted 3xNG-LacI and mKate2 were harvested at the log phase and imaged for 2 h. The number of mtDNA foci were counted
in virgin mothers (M) and their emerging daughters (D) (n= 59 M-D pairs). The dashed line represents the average period of time (t= 47.5 min) that mitochondrial
content was exchanged between mothers and daughters, as shown in Fig. 5D. (B) Example time-lapse images of a virgin mother and its emerging bud. All cells express
mitochondrially targeted 3xNG-LacI, used for visualizing the LacO-mtDNA foci, and mitochondrially targeted mKate2 to visualize the mitochondrial network. Mother-
daughter pairs were cropped manually prior to segmentation and analysis.
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Figure EV5. 24-hr heteroplasmy assessment in colonies with competing mtDNA qualities.

(A) Schematic of the 24 h heteroplasmy assessment experiment of matings between cells harboring intact or mutant mtDNA. Cells harboring intron-containing
mtDNAAtp6-NG were mated with cells containing intronless mtDNAil-∆cob on a YPD plate. After a 2 h incubation, upon zygote formation, individual zygotes were micro-
dissected and placed in different areas of a fresh YPD plate. Cells were kept for 24 h at 30 °C until colonies had formed. Cells from each colony, originating from a single
zygote, were imaged to assess the percentage of cells with fluorescent (mtDNAAtp6-NG) or ‘dark’ (mtDNAil-∆cob) mitochondria. (B) Representative image of a small field-of-
view from one population, after 24 h. Diploid cells harboring mtDNAAtp6-NG are exhibiting fluorescence, while ‘dark’ cells (indicated by a white outline) do not contain
mtDNAAtp6-NG. Fluorescence images are maximum-intensity projections of z-stacks, after deconvolution. Scale bars: 5 µm.
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Appendix Figure S1
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Growth and petite frequency of mtDNAAtp6-NG and
mtDNAAtp6-mKate2 strains. (A, B) Drop dilution growth analyses
of strains harboring mtDNAAtp6-NG (A) or mtDNAAtp6-mKate2 (B). Serial
dilutions of the indicated strains were spotted on rich medium containing
glucose or glycerol as carbon sources and incubated at 30°C or 37°C. (C)
Growth curves of Atp6-NG and Atp6-mKate2 strains were assessed from
timelapse microscopy data of 8-hr recordings (N=6/strain). Cell amounts
were derived by segmentation of brightfield images in 15 min intervals. Cell
amounts are depicted on the y axis in log scale. (D) Petite frequency of
indicated strains (n=3). The �atp20 strains, known to have elevated petite
levels, were used as controls.
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Appendix Figure S2
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Expression of Atp6-NG and Atp6-mKate2 in �abf2 cells over time.
(A, B) Representative images from �abf2 cells expressing (A) Atp6-NG or
(B) Atp6-mKate2 (N=3/strain). Cells were imaged for 12 hrs, and three
di↵erent timepoints are shown (t = 0, 6 and 12 hrs). Cells were first grown in
YPG and maintained in minimal media during the microfluidic imaging, to
assess mtDNA loss. Fluorescence images are maximum intensity projections
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of z-stacks, after deconvolution. Scale bars: 5 µm. (C) Coe�cient of variation
(CV) of fluorescence calculated at the final timepoint of imaging for strains,
harboring mtDNAAtp6-NG or mtDNAAtp6-mKate2 (N=6/strain). Strains were
pre-grown in glucose-containing media (YPD).
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mtDNAAtp6-NG and mtDNAAtp6-mKate2 strains with and without
treatment with Chloramphenicol (CAP). (A, B, C, D) Representative
images of �pdr5 cells harboring mtDNAAtp6-NG (A, B) or mtDNAAtp6-mKate2

(C, D). Cells were imaged for 8 hrs and fresh minimal media was provided
throughout each experiment with (B, D) or without (A, C) addition of CAP
(1 mg/ml) after the first 2 hrs of recording (N=3/strain). Fluorescence images
are maximum intensity projections of z-stacks, after deconvolution. Scale
bars: 5 µm.
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Heteroplasmy distribution amongst individual colonies. (A) The
same representative images of Figure 3A, at timepoints 0h, 4h and 8 hrs,
without histogram adjustment. Fluorescence images are maximum intensity
projections of z-stacks, after deconvolution. Scale bars: 5 µm. (B) Het-
eroplasmy distribution from the last timepoint of each individual diploid
population (N=9). An h-value of 0.5 represents a virtually absolute hetero-
plasmic state. Cells with h-values lower than 0.5 contain a higher proportion
of mtDNAAtp6-NG, while cells with h-values above 0.5 contain a higher propor-
tion of mtDNAAtp6-mKate2. Segregation can be observed across all independent
populations, with cells distributed across two homoplasmic peaks. Notably,
in three cases (Exp1Pos1, Exp3Pos1, Exp3Pos2) segregation is more subtle
and the homoplasmic peaks less pronounced.
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Appendix Figure S5
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Heteroplasmy levels in medial and lateral buds. (A) Heteroplasmy
values for medial and lateral buds from zygotes, assessed upon mating within
the first 2hrs of growth in the microfluidic chamber. Each dot represents one
single cell. Heteroplasmy (h) values below 0.33 or above 0.71, which are the
homoplasmy thresholds, represent cells harboring mainly mtDNAAtp6-NG or
mtDNAAtp6-mKate2, respectively. (B) Joyplot of heteroplasmy levels of cells
over time, from a total of nine populations, excluding all lateral buds and
their progeny. All populations were derived from heteroplasmic zygotes across
8-hr timelapse recordings. The dashed line represents the virtually absolute
heteroplasmy value of h=0.5.
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Appendix Figure S6
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h-values of non-mated haploid cells present in timelapse videos
of heteroplasmic diploid cells. (A) During recording of mtDNA het-
eroplasmy segregation in diploid populations over time, individual haploids
cells that did not mate were also present in the same field of view. Diploid
cells, classified as homoplasmic for either Atp6-NG or Atp6-mKate2, or still
remaining heteroplasmic, were randomly selected from the final timepoint of
the microfluidic videos, and their heteroplasmy values were compared to non-
mated haploid homoplasmic cells. Application of the heteroplasmy equation
places these haploid cells to the extremes of the heteroplasmy values, below
0.33 or above 0.71, comparable to diploid cells characterized as homoplasmic
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based on the same homoplasmy thresholds. Each dot represents one single
cell. Dashed lines indicate the homoplasmy thresholds, at h=0.33 and 0.71,
respectively.
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Appendix Figure S7
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Robustness of the mtDNA segregation model. (A) Simulations for
founder cell structure: mixed (0101010101..), and mildly varying the total
number of mtDNA copies per cell. Heatmap shows the least-squares distance
of simulations with a given pair of ndau and nspl parameters from the
empirical data. Specifically, data represent two outcomes upon modeling
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mtDNA segregation where the number of mtDNA molecules per cell prior
to division is N=26 or N=38, respectively. nspl represents the number of
sub-fragments the mother cell will break into , shu✏e, and re-fuse prior to
division, and ndau represents the number of mtDNA copies transferred to the
daughter cell upon division. Higher values of the color gradient (blue) indicate
larger distances, that is lower likelihood fitting to the data. Each simulation
of any combination of parameters has been run 10 times, and the average
least-squares distance was taken. (B)Simulations for founder cell structure:
semi, and mildly varying the total number of mtDNA copies per cell. Heatmap
shows the least-squares distance of simulations with a given pair of ndau and
nspl parameters from the empirical data, with a di↵erent initial structure
for the founder cell (semi: 1110001100011..). Specifically, data represent
the outcomes of modeling mtDNA segregation with the number of mtDNA
molecules per cell: N=26, N=32 or N=38, respectively. Robustness of the
model was tested based on the similarity of the best hits upon varying the
total number of copies per cell prior to division, as well as by altering structure
of the founder cell. Each simulation of any combination of parameters has
been run 10 times, and the average least-squares distance was taken. (C)
Simulations for founder cell structure: non-mixed, and mildly varying the
total number of mtDNA copies per cell. Heatmap shows the least-squares
distance of simulations with a given pair of ndau and nspl parameters from
the empirical data, with a di↵erent initial structure for the founder cell (non-
mixed: 0000011111..). Specifically, data represent the outcomes of modeling
mtDNA segregation with the number of mtDNA molecules per cell: N=26,
N=32 or N=38, respectively. Robustness of the model was tested based on
the similarity of the best hits upon varying the total number of copies per
cell prior to division, as well as by altering the structure of the founder cell.
Each simulation of any combination of parameters has been run 10 times,
and the average least-squares distance was taken.
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Appendix Figure S8
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Inherited mtDNA foci and mitochondrial network connectivity of
mother-bud pairs. (A) Representative images of one mother-bud pair in
early S phase. Using the mtLacO-LacI system, each nucleoid is visible as
a fluorescent foci, migrating across the bud-neck in the 5-minute window.
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Nucleoids (cyan) are assumed to contain only one mtDNA copy. Mitochondrial
network is shown in magenta. Log-phase cells from di↵erent cell cycle stages
were examined (n=93 mother-bud pairs). Fluorescence images are maximum
intensity projections of z-stacks, after deconvolution. Scale bars: 5 µm.
(B) Enlarged images of the merge of S7A. Nucleoids represented in cyan,
mitochondrial network in magenta. White arrows indicate one focus crossing
the mother-bud neck. Scale bars: 5 µm. (C) Example timelapse images of
a mother-bud pair with total mitochondrial network connectivity duration
�t = 60 minutes. Cells expressing the construct su9-matrix-mKate2 were
used to visualize the mitochondrial network (yellow). Only cells in late G1 or
early S phase were considered for the calculation, that is no visible bud by
the start of imaging (n=33 cells).
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Appendix Figure S9
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18-hr heteroplasmy assessment in �mrx6 and �dnm1 deletion
strains. (A) Heteroplasmy levels in matings of �mrx6 and �dnm1

deletion strains. Cells with increased copy number (�mrx6 ) or fission-
deficient (�dnm1 ) cells were generated in strains containing mtDNAAtp6-NG

or mtDNAAtp6-mKate2. After zygote formation and microdissection, diploid
colonies were grown for 18 hrs on a YPD plate. Cells from each colony were
imaged to assess the fraction of heteroplasmic cells (see also: Fig. S8). Of
note, �dnm1 cells were cultivated in YPG media, to prevent any mtDNA
loss, before mating and dissection on YPD plates. For each genotype shown,
the small dots represent the mean percentage of heteroplasmic cells in an indi-
vidual colony (N>50 cells/colony). Each bigger dot depicts the mean of each
biological replicate (N=5). The line represents the mean of all replicates for
the corresponding mating. Statistical significance was determined by paired
t-test. (B) Barplot of all populations derived from individual heteroplasmic
zygotes, where no heteroplasmic cells were detected across all replicates, after
18 hrs. Mating of �dnm1 cells resulted in a high percentage of populations,
where only homoplasmic cells were detected. In contrast, for matings of
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�mrx6 cells, heteroplasmic cells were detected in all populations.
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Appendix Table S1: Yeast Strains

Name Genotype Origin

yCO844 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 MAT a (MR6)

Rak et al., 2006

yCO845 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3- �atp6 MAT a (MR10)

Rak et al., 2006

yCO084 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 ATP6-NeonGreen MAT alpha

Jakubke et al., 2021

yRR043 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 ATP6-mKate2 MAT a

Jakubke et al., 2021

yFT019 leu2-3,112 can1-100 ura3-1 his3-11,15 Leu2-Pcup1-3xNG-
LacI-PGK1-Su9-mKate2-Leu2 MAT a/alpha

this study

yRR195 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 ATP6-NeonGreen �pdr5 ::Hyg MAT alpha

this study

yRR194 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 ATP6-mKate2 �pdr5 ::Hyg MAT a

this study

yRR202 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 ATP6-NeonGreen �abf2 ::Hyg MAT alpha

this study

yRR203 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 ATP6-mKate2 �abf2 ::Hyg MAT a

this study

yRR187 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 ATP6-NeonGreen �dnm1 ::Hyg MAT alpha

this study

yRR186 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 ATP6-mKate2 �dnm1 ::Hyg MAT a

this study

yRR20 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 ATP6-NeonGreen �mrx6 ::Nat MAT alpha

this study

yRR206 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 ATP6-mKate2 �mrx6 ::Nat MAT a

this study

yCO354 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 cob::ARG8M intronless mtDNA MAT alpha

Gruschke et al., 2011

yCO391 ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1
arg8::HIS3 intronless mtDNA MAT a

Gruschke et al., 2011
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Appendix Table S2: Oligonucleotides

Name Sequence Purpose

CO2836 TTAAGTTTTCGTATCCGCTCGTTCGAAAGACTTT
AGACAAAAATGCGTACGCTGCAGGTCGAC

PDR5 fwd (S1)

CO2837 CATCTTGGTAAGTTTCTTTTCTTAACCAAATTCA
AAATTCTATTAATCGATGAATTCGAGCTCG

PDR5 rev (S2)

CO1158 GTAAACAGATTAACAAAGAAGCCAATCAATTACA
ACAACAAATAACGTACGCTGCAGGTCGAC

ABF2 fwd (S1)

CO1159 ACGGAAAGAATAAAGGCATAAAAAACATTGTGAG
AGTACCGCGGTATCGATGAATTCGAGCTCG

ABF2 rev (S2)

CO356 CATTAAGTAGCTACCAGCGAATCTAAATACGACG
GATAAAGAATGCGTACGCTGCAGGTCGAC

DNM1 fwd (S1)

CO357 ACGCAATGTTGAAGTAAGATCAAAAATGAGATGA
ATTATGCAATTAATCGATGAATTCGAGCTCG

DNM1 rev (S2)

CO870 TATGTCACATAATAGAGCAGTGGATAAGTACTCA
ATGCAAAATCAATCGATGAATTCGAGCTCG

MRX6 fwd (S1)

CO914 AGATCATTGCAGAAGTAGTGAGATTTAGTCGTA
CGTTACGTCATGCGTACGCTGCAGGTCGAC

MRX6 rev (S2)

Appendix Table S3: Plasmids

Name Insert Selection marker Origin

pCO059 pFA6a-NatNT2 Nourseothricin Janke et al., 2004
pCO021 pfa6a-kanMX6 G418 Janke et al., 2004
pCO074 pfa6a-hphNT1 Hygromycin Janke et al., 2004
pCO494 pKT127-

NeonGreen (Janke
primers)

G418 Osman et al., 2015

pCO533 pKT127-mKate2
(Janke primers)

G418 Jakubke et al., 2021
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G E N E T I C S

Cristae-dependent quality control of the  
mitochondrial genome
Christopher Jakubke1,2†, Rodaria Roussou1,2†, Andreas Maiser1, Christina Schug3, Felix Thoma1,2, 
David Bunk1, David Hörl1, Heinrich Leonhardt1, Peter Walter4,5, Till Klecker3, Christof Osman1*

Mitochondrial genomes (mtDNA) encode essential subunits of the mitochondrial respiratory chain. Mutations in 
mtDNA can cause a shortage in cellular energy supply, which can lead to numerous mitochondrial diseases. How 
cells secure mtDNA integrity over generations has remained unanswered. Here, we show that the single-celled 
yeast Saccharomyces cerevisiae can intracellularly distinguish between functional and defective mtDNA and pro-
mote generation of daughter cells with increasingly healthy mtDNA content. Purifying selection for functional 
mtDNA occurs in a continuous mitochondrial network and does not require mitochondrial fission but necessitates 
stable mitochondrial subdomains that depend on intact cristae morphology. Our findings support a model in which 
cristae-dependent proximity between mtDNA and the proteins it encodes creates a spatial “sphere of influ-
ence,” which links a lack of functional fitness to clearance of defective mtDNA.

INTRODUCTION
Mitochondria contain their own genome, known as mitochondrial 
DNA (mtDNA), which in most organisms encodes core subunits of 
the respiratory chain and the adenosine triphosphate (ATP) synthase 
as well as transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs) 
required for mitochondrial protein translation. Multiple copies of 
mtDNA are distributed throughout the mitochondrial network. 
Mutations in mtDNA can have detrimental consequences for mito-
chondrial function and can lead to a multitude of mitochondrial 
diseases, which have a prevalence of �20 cases per 100,000 individ-
uals (1). How cells maintain the integrity of mtDNA over generations, 
despite high mitochondrial mutation rates, has remained unclear. 
Studies in Drosophila melanogaster and mice have revealed that 
mutant copies of mtDNA are removed in the female germline in a 
process known as purifying selection (2–4). Mitochondrial fission 
has been proposed to contribute to this process in D. melanogaster 
(5, 6). Generation of small mitochondrial fragments containing 
only one or a few mitochondrial genomes is believed to separate 
mtDNA copies from one another to prevent complementation of 
mutant mtDNA by gene products of intact mtDNA. Subsequently, 
mitochondrial fragments containing mutated mtDNA are proposed 
to be detected on the basis of a decreased membrane potential or 
ATP content and removed by mitophagy. In addition, it has been 
found that compromised protein import efficiency into damaged 
mitochondria leads to a decrease in mtDNA replication and hence 
disfavors propagation of mutated mtDNA copies (3, 7). Despite this 
progress, many questions remain about the cellular mechanisms that 
facilitate selection against mutant mtDNA. By exploiting the possi-
bility to genetically manipulate mtDNA in Saccharomyces cerevisiae, 
we establish budding yeast as a model system to study mtDNA 
quality control.

RESULTS
A pedigree analysis reveals mtDNA quality control  
in S. cerevisiae
First, we asked whether the single-celled S. cerevisiae intracellularly 
distinguishes between intact and mutant mtDNA and supports gen-
eration of young progeny with a healthy mtDNA content. We de-
vised an approach to genetically follow segregation of wild-type (WT) 
and mutant mtDNA copies from heteroplasmic single yeast cells. 
Two yeast strains of opposing mating types were used for this ap-
proach. The first strain is of mating type a and harbors WT mtDNA 
and a deletion of the nuclear-encoded ARG8 gene that encodes the 
mitochondrially localized Arg8 protein and is required for synthesis 
of arginine. Therefore, this strain is able to grow on medium con-
taining nonfermentable carbon sources but not on medium lacking 
arginine. The second strain is of mating type alpha and harbors a 
deletion of the nuclear-encoded ARG8, but contains mtDNA in which 
the COB gene is replaced by the ARG8 gene (Dcob::ARG8) (8). This 
latter strain can thus grow in the absence of arginine but not on non-
fermentable carbon sources due to the deletion of the mtDNA- 
encoded COB gene. The open reading frames (ORFs) of COB and 
ARG8 are 1158 and 1294 base pairs (bp) in size, respectively. Re-
placement of the COB gene, therefore, results in a minor increase of 
the overall size of the mtDNA of less than 0.2%, which is unlikely to 
confer a replicative disadvantage on the Dcob::ARG8 mtDNA due to 
larger size. Both strains contained comparable amounts of mtDNA 
as determined by quantitative real-time polymerase chain reaction 
(PCR; fig. S1A).

Both yeast strains were mated to obtain heteroplasmic diploid 
zygotes containing WT and Dcob::ARG8 mtDNA. Microdissection 
was used to transfer single zygotes to a cell-free area on an agar plate 
containing rich medium and glucose as a fermentable carbon source, 
which supports growth of cells containing WT, Dcob::ARG8, or both 
mtDNA species. Once the first daughter cell had budded from the 
zygote, it was moved to a new location on the agar plate. Growth of 
this former daughter cell was again monitored, until the second- 
generation daughter cell had budded, which was again transferred 
to a new position. This procedure was repeated for up to five gener-
ations, and isolated cells were incubated to allow growth of colonies 
(Fig. 1, A and B). The mtDNA genotype in such colonies was inferred by 
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Fig. 1. S. cerevisiae cells distinguish between WT and mutant mtDNA. (A) Schematic illustration of the pedigree analysis. Two Darg8 yeast strains harboring WT or 
Dcob::ARG8 mtDNA were mated. Zygotes were isolated, and daughter cells from up to five consecutive generations were separated and placed on free spots on the agar 
plate by microdissection. (B) Growth pattern of the pedigree analysis after microdissection. Colonies were initially grown on rich medium containing glucose. The mtDNA 
genotype was inferred from the ability of colonies to grow on synthetic arginine lacking medium (Dcob::ARG8 mtDNA) or on medium containing the nonfermentable 
carbon source glycerol (WT mtDNA). Asterisks indicate cell material that was carried over by replica plating and failed to produce obvious colonies upon further incu-
bation. For further illustrative explanation and confirmation of the pedigree analysis, refer to fig. S1 (B to D). (C) Pedigree analysis of WT cells. Striped bars indicate per-
centage of heteroplasmic cells containing WT and Dcob::ARG8 mtDNA. Gray or red bars indicate percentage of homoplasmic cells containing WT or Dcob::ARG8 mtDNA, 
respectively. (D) Inheritance of either intact or mutated mtDNA. Mating events between two cells either with WT-LacO (GFP, P1) or Dcob::ARG8-TetO (mRuby3, P2) 
mtDNA. Both cells expressed a nuclear-encoded, matrix-targeted TagBFP. The percentage of either GFP or mRuby3 spots in the daughter cells relative to total number of the 
respective mtDNA variant have been plotted. Big circles represent the mean values from individual experiments. **P<0.01, t test. (E) Mitochondrial morphology during 
mating. Mating events between two cells containing either WT or Dcob::ARG8 mtDNA. Cells expressed either matrix-targeted mKate2 or mNeonGreen (NG). Mating 
events were monitored by live-cell microscopy. Time point before mixing of the matrix contents has been defined as T0. (F and G) Pedigree analysis of Ddnm1 or Datg32 
cells. Scale bars, 10 mm (D and E).
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their ability to grow on medium containing a nonfermentable carbon 
source or medium lacking arginine, indicative of the presence of WT 
or Dcob::ARG8 mtDNA, respectively (Fig. 1B and fig. S1B). The presence 
or absence of mtDNA was further corroborated by PCR analysis of 
selected lineages (fig. S1C). Of note, this growth-based assay cannot 
distinguish whether mtDNA variants are entirely absent or present in 
insufficient amounts to support growth on the respective selective 
medium. Previous analyses in S. cerevisiae have revealed rapid segregation 
of mtDNA variants containing neutral genetic markers within less than 
10 and often within one generation (9). We similarly observe rapid seg-
regation; notably, however, we detected a strong bias for the WT mtDNA 
copy. More than 60% of the colonies derived from the first-generation 
daughter contained exclusively the WT mtDNA, while only about 
�15% of the colonies contained exclusively the Dcob::ARG8 mtDNA 
and ~25% remained in a heteroplasmic state (Fig. 1C). A further segre-
gation toward WT mtDNA was observed in following generations. More 
than 80% of colonies derived from daughters of the fifth generation con-
tained only the WT mtDNA (Fig. 1C). Only 3% of the colonies of the 
fifth generation were heteroplasmic, indicating virtually complete seg-
regation of both mtDNA types. Very similar results were obtained in 
pedigree analyses, where the mating types of the WT and the Dcob::ARG8 
mtDNA containing strains had been switched, indicating that selec-
tion for WT mtDNA over Dcob::ARG8 mtDNA is independent of the 
mating type (fig. S2A). Furthermore, we did not observe selection 
against mtDNA variants with an ARG8 gene inserted into a non-
coding region of mtDNA, indicating that the ARG8 gene does not 
impart a strong selective disadvantage on the mtDNA (fig. S2B).

We developed a microscopic approach to visualize selection of WT 
over Dcob mtDNA during budding of daughter cells from zygotes. 
To this end, we used our previously generated strain that harbors tan-
dem LacO repeats in a noncoding region of mtDNA upstream of COX2 
and expresses a nuclear-encoded LacI-3×GFP (green fluorescent pro-
tein) fusion protein harboring an N-terminal mitochondrial targeting 
sequence (10). In a separate strain, we replaced the mtDNA-encoded 
COB gene with tandem TetO repeats and introduced a gene encoding 
a mitochondrially targeted Tet-repressor fused to three repeats of the 
fluorescent protein mRuby3 into the nuclear genome. This strain con-
tained very similar mtDNA levels compared to a reference strain, 
indicating that the TetO-TetR system does not lead to major defects 
in mtDNA maintenance (fig. S3A). In the strains used for this anal-
ysis, LacI-3×GFP and TetR-3×mRuby3 bind to the LacO and TetO 
repeats, respectively. To visualize mitochondria, both strains express 
the mitochondrially targeted blue fluorescent protein TagBFP. Both 
strains were mated, and zygotes were analyzed by fluorescence mi-
croscopy. We detected mutant mtDNA in the daughter cell. Quan-
titative image analysis, however, revealed that relative amounts of WT 
LacO-mtDNA were more abundant in the daughter cell than the 
Dcob TetO-mtDNA (Fig. 1D and fig. S3B). While we cannot entirely 
rule out that the LacO-LacI or the TetO-TetR systems affect the mtDNA 
selection process or lead to biased results in this imaging approach, 
these data support the conclusion that S. cerevisiae cells can distin-
guish between WT and mutant mtDNA and promote generation of 
progeny with predominantly healthy mtDNA content.

Selection against mutant mtDNA occurs in a continuous 
mitochondrial network
Like in higher eukaryotes, mitochondria form a continuous tubular 
network in S. cerevisiae that is constantly rearranged by fusion and 
fission events. A simple explanation for rapid segregation of WT 

and mutant mtDNA could be that dysfunctional mitochondria do 
not fuse with healthy mitochondria to form a continuous network 
upon mating. In such a scenario, mutant and WT copies of mtDNA 
would not mix but be kept in separated mitochondrial compart-
ments, which could facilitate efficient segregation. To examine 
this possibility, we used live-cell microscopy to monitor mitochon-
drial fusion during mating of two yeast strains expressing either 
mNeonGreen (NG) or mKate2 targeted to the mitochondrial ma-
trix. We first examined mating events between two cells, both contain-
ing WT mtDNA. In line with previous observations, we observed 
fusion of mitochondria in newly formed zygotes (11–13). Fusion was 
characterized by quick and mostly complete equilibration of 
mKate2 and NG within 2 min throughout virtually all parts of the 
mitochondrial network in zygotes (fig. S4A). Similarly, we observed 
rapid fusion of mitochondrial networks in mating events between 
cells containing either WT or Dcob::ARG8 mtDNA (Fig. 1E, fig. S4B, 
and movie S1). Detection of both fluorescent proteins through-
out the mitochondrial network was the result of fusion rather than 
ongoing translation, because unfused fragments could be distin-
guished during the mitochondrial fusion process in zygotes 
(arrowheads in Fig. 1E). Despite content mixing of mitochondria, 
our pedigree analysis reveals that yeast zygotes can still distinguish 
between mutant and WT mtDNA to produce daughter cells that 
predominantly contain WT mtDNA.

Mitochondrial fission or Atg32-mediated mitophagy is not 
required for selection against mutant mtDNA
We asked whether mitochondrial fission could facilitate selection 
against mutant mtDNA, as has been proposed for D. melanogaster 
(5, 6). We did not observe increased mitochondrial fragmentation 
after mating between cells containing WT mtDNA or mating be-
tween cells containing either WT or Dcob::ARG8 mtDNA. Thus, 
excessive mitochondrial fragmentation does not occur during selec-
tion against mutant mtDNA in yeast zygotes (Fig. 1E; fig. S4, A and 
B; and movie S1).

To further assess the role of mitochondrial fission in selection 
against mutant mtDNA, we performed pedigree analyses of crosses 
between cells lacking the fission protein Dnm1 and harboring ei-
ther WT or mutant Dcob::ARG8 mtDNA. Notably, the absence of 
mitochondrial fission did not compromise rapid selection for WT 
mtDNA in a colony produced by the first daughter cell of hetero-
plasmic yeast zygotes (Fig. 1F). Furthermore, live-cell microscopy 
of mating events between two Ddnm1 strains harboring either WT 
or mutant mtDNA and expressing matrix-targeted mKate2 or NG, 
respectively, revealed that mitochondria from both parental cells 
rapidly fused in zygotes (fig. S4C and movie S2). We also tested the 
importance of the mitophagy receptor Atg32 (14, 15) for selection 
against mutant mtDNA. Datg32 cells behaved similar to WT cells 
in pedigree analyses and exhibited complete mitochondrial fusion 
during the mating process (Fig. 1G, fig. S4D, and movie S3). Thus, 
neither mitochondrial fission nor Atg32-mediated mitophagy is es-
sential for selection against mutant mtDNA during mating events 
of S. cerevisiae cells. Notably, selection for WT mtDNA in genera-
tions 2 to 5 appeared less prominent in pedigree analyses of Ddnm1 
or Datg32 cells compared to matings between WT cells. This ob-
servation could indicate that selection toward WT mtDNA in daugh-
ter cells of zygotes is independent of fission and mitophagy, whereas 
further selection in dividing diploids may be supported by these 
processes.
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The mtDNA-encoded protein Atp6 exhibits severely limited 
diffusion rates
The fact that selection occurs in a continuous network that shares 
WT and mutant mtDNA presents a conundrum. How can cells dis-
tinguish between WT and mutant mtDNA if mitochondrial content 
equilibrates in a continuous network? We hypothesized that selec-
tion can only occur when subdomains are maintained within the 
mitochondrial network, whose functionality is determined by nearby 
copies of mtDNA. In such a scenario, it is important that mtDNA- 
encoded respiratory chain subunits do not exhibit rapid diffusion, 
because this would allow complementation of dysfunctional sub-
domains by gene products from WT mtDNA. To examine diffusion 
of an mtDNA-encoded protein, we modified mtDNA and fused an 

NG-tag to the C terminus of the mtDNA-encoded ATP6 gene (fig. 
S5A). Yeast strains exclusively expressed the NG-tagged variant of 
Atp6 and did neither show growth defects on medium containing 
fermentable or nonfermentable carbon sources at 30° or 37°C nor 
exhibit increased formation of so-called petite cells that are respiratory 
deficient or display altered mtDNA or Atp6 protein levels (Fig. 2A 
and fig. S5, B to D). These observations indicate full functionality of 
the NG-tagged Atp6.

Fluorescence microscopy of diploid cells harboring the ATP6-NG 
mtDNA and expressing a nuclear-encoded matrix-targeted mScarlet 
revealed that, in contrast to the uniformly distributed mScarlet signal, 
Atp6-NG exhibited a patchy distribution in the mitochondrial net-
work (fig. S5E). This distribution has also been observed previously 
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using nuclear-encoded GFP-tagged variants of ATP synthase subunits, 
and it has been proposed that these patches report on mitochondrial 
cristae, in which the ATP synthase is enriched (16). We used struc-
tured illumination microscopy of 4′,6-diamidino-2-phenylindole 
(DAPI)–stained cells to query the relationship between Atp6-NG 
and mtDNA. Atp6-NG foci were spatially linked to mtDNA and were 
detected in the immediate surroundings of DAPI spots rather than 
directly colocalizing with them (Fig. 2B). This finding demonstrates 
that the ATP synthase localizes close to mtDNA but is largely ex-
cluded from areas occupied by mtDNA itself. This observation is in 
line with recent super-resolution data in HeLa cells that showed a 
lack of cristae in close proximity to mtDNA (17).

To further test whether Atp6-NG remains close to the copy of 
mtDNA by which it is encoded, we examined diffusion of Atp6-NG 
in living cells during a mating experiment. Cells harboring mtDNA en-
coding Atp6-NG were mated with cells expressing a nuclear-encoded 
matrix-targeted mKate2 and harboring nonmodified mtDNA.  
Equilibration of both fluorescent signals throughout the mitochondrial 
network of zygotes was studied over time by live-cell microscopy 
(Fig. 2C). In line with our previous observation, soluble mKate2 rapidly 
equilibrated throughout the mitochondrial network upon fusion of 
parental mitochondria. Notably, the Atp6-NG signal remained lo-
calized to mitochondria from the cell of its origin (Fig. 2D, fig. S6A, 
and movie S4). Only very small Atp6-NG amounts were present 
in the mitochondrial network of the mating partner �80 min after 
mitochondrial fusion, when a daughter bud had already emerged at 
midpoint between both parental cells and had been invaded by mito-
chondria. To quantify equilibration of Atp6-NG in late zygotes harboring 
a large medial bud, we first segmented the mitochondrial network 
based on the mitochondrial mKate2 signal and assigned mitochon-
drial parts to either the parental Atp6-NG (P1), the parental mKate2 
(P2), or the daughter cell. The Atp6-NG signal was then determined 
along the mitochondrial network parts that had been assigned to P1, 
P2, and daughter cell. The Atp6-NG signal was further normalized 
to the length of the subnetwork localized to the respective cells. This 
analysis revealed that on average only approximately 20% of the 
Atp6-NG was detected in the mitochondrial network of the other 
parental cell (Fig. 3B). In contrast, no difference in the mKate2 signal 
in both parental cells was apparent in this analysis, indicating complete 
mitochondrial fusion and full equilibration of this soluble matrix 
protein (fig. S7A). We cannot distinguish between preexisting and 
newly synthesized Atp6-NG in this assay but conclude that proteins 
from neither group efficiently populate the mitochondrial network 
of the parental cell that did not contain the Atp6-NG mtDNA.

To examine diffusion of another protein component of the oxidative 
phosphorylation (OXPHOS) complexes, we created a strain expressing 
an NG-tagged version of the nuclear-encoded protein Cox4, which 
is a subunit of complex IV. Cells expressing Cox4-NG cells were 
mated with cells expressing matrix-targeted mKate2. Of note, upon 
mating of these cells, continued cytosolic synthesis of Cox4-NG will 
lead to import of Cox4 into all parts of the mitochondrial network at 
later time points. Despite this complication and similar to our 
results obtained with Atp6-NG, Cox4-NG exhibited strongly re-
duced diffusion throughout the mitochondrial network of zygotes 
compared to the soluble matrix–targeted mKate2 and remained 
largely restricted to the cell of its origin during the duration of the 
microscopy experiment (fig. S6B).

Next, we asked whether limited diffusion of Atp6-NG or Cox4-
NG was general to transmembrane (TM) proteins of mitochondrial 

membranes. We mated cells expressing matrix-targeted mKate2 with 
cells either expressing NG fused to the TM-domain of the outer 
membrane protein Fis1 or a functional Pam16-NG fusion protein 
(Fig. 2, E and F, and fig. S6, C and D). Pam16 is a subunit of the 
translocase of the inner mitochondrial membrane, which localizes 
predominantly to the inner boundary membrane (18). Time-lapse 
microscopy of such mating events revealed that diffusion of Fis1-
TM-NG and Pam16-NG was slightly delayed compared to the soluble 
matrix protein mKate2, but both proteins equilibrated much faster 
than Atp6-NG throughout mitochondrial networks and no differ-
ence in signal intensity in both parental cells could be observed 
�10 min after fusion of mitochondria in zygotes (fig. S6, E and F, 
and movies S5 and S6). In summary, mtDNA-encoded Atp6-NG and 
nuclear-encoded Cox4-NG, which are both subunits of respiratory 
chain complexes consisting of nuclear- and mtDNA-encoded sub-
units, are severely limited in equilibration throughout mitochondrial 
tubules compared to proteins of the inner boundary or the outer 
mitochondrial membranes.

Components important for cristae morphology affect 
diffusion rates of Atp6-NG
We hypothesized that components involved in maintenance of cristae 
morphology could be important for hindering diffusion of OXPHOS 
subunits and particularly mtDNA-encoded proteins within the 
mitochondrial network. Mic60 and Mic10 are components of the 
mitochondrial contact site (MICOS) complex, which stabilizes cristae 
junctions (19–21). Lack of Mic60 leads to cristae that are detached 
from the inner mitochondrial membrane but maintain their sheet-like 
morphology in the matrix. Atp20 and Atp21 are crucial for dimeriza-
tion of the ATP synthase, which, in turn, stabilizes strongly bent 
cristae rims (22). Lack of the dimeric ATP synthase has been described 
to lead to an onion-like morphology of mitochondria, where un-
controlled proliferation of cristae membranes leads to a multilayered 
appearance (23). To examine the role of cristae in limiting equili-
bration of OXPHOS proteins, we quantified Atp6-NG mobility in our 
mating assay in Datp20, Datp21, Datp20Datp21, Dmic10, or Dmic60 
strains. Both parental cells contained the respective deletion in these 
crosses. In all mating events, the nuclear-encoded mKate2 equili-
brated across the mitochondrial network (fig. S7A). We could 
observe a slightly less complete equilibration of mKate2 in zygotes 
lacking the dimeric ATP synthase, which is likely explained by septae 
that may create separate matrix compartments (24) and thereby 
may decrease efficiency of matrix content exchange. Dmic10 and 
Dmic60 cells exhibited increased diffusion of Atp6-NG between 
mitochondrial networks of parental cells compared to WT cells in 
our mating assay, which was characterized by a greater amount of 
Atp6-NG detected in the mating partner harboring the WT mtDNA 
(�35% compared to �25% in WT cells; Fig. 3, A and B). Cells lacking 
Atp20, Atp21, or both proteins showed a strongly increased diffu-
sion of Atp6-NG across the mitochondrial network in zygotes. In 
many cases, the source cell that contained ATP6-NG-mtDNA was 
hardly discernible from the mKate2 source cell in the zygotes. On 
average, �45% of Atp6-NG was detected in the mating partner 
harboring the WT mtDNA in the absence of Atp20, Atp21, or both 
proteins (Fig. 3, A and B). In contrast to limited diffusion within the 
mitochondrial network formed by parental cells, Atp6-NG was 
readily detected in the budding daughter cells. In daughters 
from zygotes, the Atp6-NG signal was at �70% compared to the 
ATP6-NG signal from the ATP6-NG parental cell in all mutants, 
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the same zygote is plotted; each point represents one zygote; **P< 0.01, t test. (C) Mating events between WT, Datp20, or Datp21 cells. Mating cells harbored either Atp6-
NG mtDNA and nuclear-encoded Su9-TagBFP (P1) or Atp6-mKate2 (P2) mtDNA (D, daughter cell). (D) Mating events between WT, Datp21, and Dmic60 cells. Parental cell 
P1 contained WT mtDNA and expressed matrix-targeted mKate2, whereas parental cell P2 contained mtDNA with integrated LacO repeats (D, daughter cell). mtDNA-LacO 
spots in P1, P2, and D cells were counted and plotted as percentage of total number of spots in the zygote. Each data point in the plot represents one zygote. (E) Electron 
microscopic analysis of mitochondrial ultrastructure in WT and Datp20Datp21 cells. (F) Quantification of electron microscopy data shown in (E). Scale bars, 10 mm (A, C, 
and D) and 250 nm (E).
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with the exception of Dmic60 cells, where Atp6-NG levels only 
amounted to �60% (fig. S7B). The reason why less Atp6-NG is found 
in the daughter cells of matings between Dmic60 cells is currently 
unclear. In summary, we observe increased diffusion of Atp6-NG in 
mutants lacking intact cristae morphology across existing mito-
chondrial networks of yeast zygotes. Because Dmic10 or Dmic60 
mutants still have the dimeric form of the ATP synthase (25, 26), our 
results strongly suggest that Atp6-NG mobility is increased due to 
compromised cristae morphology rather than conversion of the ATP 
synthase into the monomeric form in cells lacking Atp20 or Atp21.

We developed an additional assay to test the generation of mtDNA 
autonomous domains and the role of cristae therein. Cells express-
ing mtDNA-encoded Atp6-NG and nuclear-encoded matrix-targeted 
TagBFP were mated with cells expressing mtDNA-encoded Atp6-
mKate2, and the patterns produced by the differently tagged Atp6 
proteins were examined in zygotes. The Atp6-mKate2 strain grew 
normally on medium containing fermentable or nonfermentable 
carbon sources, and no increase in petite formation was observed, 
indicating that the mKate2-tagged variant of Atp6 was functional 
(fig. S7C). In line with our previous observations, the Atp6 proteins 
remained localized to their respective origin cells in zygotes in crosses 
between WT cells (Fig. 3C). Notably, we often observed an alternating, 
mostly nonoverlapping pattern of green and red signals along the 
TagBFP-stained mitochondrial network in the daughter cell pro-
duced by the zygote (Fig. 3C, zoom, and fig. S7D). Thus, Atp6-NG 
and Atp6-mKate2 occupy separate domains in the mitochondrial 
network and exhibit limited mixing. This result indicates that mtDNA 
copies encoding Atp6-NG or Atp6-mKate2 maintain semi-autonomous 
mitochondrial subdomains. The alternating pattern in the daughter 
cell further suggests a complex procedure in which mitochondrial 
domains from both parental cells are sorted into the daughter cell. 
In mating events between Datp20 and Datp21 cells expressing either 
Atp6-NG or Atp6-mKate2, both fluorescently tagged Atp6 variants 
showed a stronger colocalization in daughter cells and separate do-
mains were hardly discernible (Fig. 3C and fig. S7D). These obser-
vations show that cristae are required for maintenance of inner 
membrane domains and prevent extensive mixing between gene 
products of different mtDNA copies.

mtDNA diffusion is limited in WT, Datp21 and Dmic60 cells
Cristae could support mtDNA-mediated formation of mitochondrial 
subdomains via at least two mutually nonexclusive mechanisms: (i) 
Cristae could limit mobility of mtDNA within the mitochondrial 
matrix by forming physical barriers and thereby promote local syn-
thesis of mtDNA-encoded proteins. (ii) Cristae could corral mtDNA- 
encoded proteins by preventing their diffusion through cristae junctions 
into the inner boundary membrane. To determine the importance 
of cristae in restricting mtDNA mobility, we used our recently de-
veloped mtDNA LacO-LacI-GFP system (10) to specifically mark 
mtDNA in one of the parental cells in a mating experiment (P2 cell). 
The other parental strain used in the mating assay contained WT 
mtDNA lacking the LacO repeats and expressed the matrix-targeted 
mKate2 protein (P1 cell). In mating events between two WT cells, 
two Datp21, or Dmic60 cells, LacO-marked mtDNA was evident in the 
daughter cells produced by zygotes, indicating efficient transport of 
mtDNA into daughter cells. Of note, we observed a slight increase of the 
percentage of LacO mtDNA spots in the daughter cell in matings be-
tween Datp21 cells compared to matings between WT or Dmic60 
cells (Fig. 3D). The underlying reason for this observation remains 

to be determined. LacO-marked mtDNA did not accumulate in the P1 
parental cell even at late zygotic stages in any of the matings (Fig. 3D). 
Thus, mobility of mtDNA remains limited in the mitochondrial net-
work of parental cells in matings between Datp21 or Dmic60 cells that 
contain strongly compromised cristae architecture. We conclude that 
WT-like cristae architecture plays a crucial role in limiting equili-
bration of the Atp6-NG protein, rather than diffusion of mtDNA.

To find a potential explanation for the rapid equilibration of Atp6- 
NG in the absence of dimer-specific ATP synthase subunits, we 
carefully examined WT, Datp20, Datp21, and Datp20Datp21 cells by 
electron microscopy and also performed serial sectioning to obtain 
three-dimensional (3D) information about the mitochondrial ultra-
structure. Mitochondria of WT cells showed cristae with the typical 
perpendicular orientation to the mitochondrial tubular axis. In mu-
tant cells lacking dimeric ATP synthase, however, inner membrane 
structure was markedly altered and virtually no WT-like cristae were 
apparent. Instead, mitochondria exhibited onion- and balloon-like 
inner membrane profiles, as previously described. In accordance with 
previous work, we frequently observed strongly elongated cristae-like 
structures that traversed the whole mitochondrion (Fig. 3, E and F, 
and fig. S8) (22, 23,27).

These observations provide a possible explanation for the inability 
of cells lacking dimeric ATP synthase to constrain diffusion of Atp6- 
NG. While respiratory chain complexes get trapped in cristae in WT 
cells, they are free to diffuse along the altered cristae membranes in 
Datp20, Datp21, and Datp20Datp21 mutants.

Cristae morphology is required for mtDNA quality control
Having determined that mtDNA-encoded subunits exhibit a severely 
reduced mobility in the inner mitochondrial membrane that is de-
pendent on normal cristae biogenesis, we asked whether mutants 
defective in cristae biogenesis would have problems to distinguish 
between WT and mutant mtDNA. We applied our pedigree analysis 
to follow inheritance of WT over Dcob::ARG8 mtDNA from hetero-
plasmic zygotes in the absences of ATP20, ATP21, MIC10, or MIC60. 
Deletion of these genes did not lead to greatly altered mtDNA levels 
in strains containing WT or Dcob::ARG8 mtDNA (fig. S9A). In par-
ticular, mtDNA levels of the mating partners of each pedigree mating 
pair did not differ significantly to one another. Notably, clearance of 
the mutant mtDNA was significantly delayed in the absence of any of 
these proteins. While 60% of lineages for the WT were already ho-
moplasmic for WT mtDNA in the first generation, this value dropped 
to 40% in cristae mutants. Moreover, while only �20% of cells of the 
first generation in WT cells still maintained a heteroplasmic state, 
�40% of such cells were detected in the first generation of matings 
between cristae mutants. After five generations, a significantly smaller 
proportion of the lineages were homoplasmic for WT mtDNA in 
the cristae mutants (Fig. 4, A to F). Thus, the ability to choose WT 
over mutant mtDNA is severely compromised in mutants with de-
fective cristae architecture. In line with these pedigree results and in 
accordance with previous work, Datp20, Datp21, Datp20Datp21, Dmic10, 
or Dmic60 strains harboring exclusively WT mtDNA exhibit in-
creased formation of petites, revealing a reduced ability to maintain 
a healthy mtDNA population in cells (fig. S9B) (23).

DISCUSSION
Our data reveal that the unicellular S. cerevisiae is able to promote 
generation of progeny with a healthy mtDNA population from 
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heteroplasmic zygotes that contain WT and mutant mtDNA. So far, 
our demonstration of the purifying selection in yeast is limited to a 
model mutant mtDNA variant that entirely lacks the COB gene. It 
will be interesting to examine in future studies how yeast cells deal 
with deletions of other mtDNA-encoded genes or milder point mu-
tations. Unexpectedly, we show that the purifying selection occurs 
in a continuous mitochondrial network and does not require mito-
chondrial fission. This finding raised the question how cells can de-
tect mutant mtDNA copies among WT copies in a mitochondrial 
network, where soluble matrix proteins rapidly equilibrate and poten-
tially even out physiological differences and thus conceal mutant copies.

A possible solution for this problem is provided by our finding 
that diffusion of OXPHOS components, namely, the mtDNA-encoded 
protein Atp6-NG and the nuclear-encoded Cox4-NG, is severely 

limited in WT cells compared to proteins localized to the inner bound-
ary membrane, the outer membrane, or the matrix. Of particular 
interest in this respect is the observation that the mtDNA-encoded 
Atp6-NG forms subdomains that remain in the vicinity of the mtDNA 
by which it is encoded. These findings are in line with analyses in 
HeLa cells that have similarly demonstrated reduced mobility of 
OXPHOS proteins along the longitudinal axis of mitochondrial tu-
bules (28, 29). A previously proposed plausible explanation for the 
restricted mobility is that OXPHOS proteins, likely aided through 
their assembly into complexes and supercomplexes (30), get trapped 
within cristae membranes and are prevented from diffusion past 
cristae junctions into the inner boundary membrane (18,  31). In 
strong support of this hypothesis, we find that the mtDNA-encoded 
Atp6-NG exhibits increased equilibration across the mitochondrial 
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network in mutants with defective cristae architecture, while move-
ment of the mtDNA from which it originates remains restricted. Notably, 
our pedigree analysis revealed that mutants with defective cristae 
biogenesis are incapable of distinguishing effectively between WT 
and mutant mtDNA to support progeny with functional mtDNA.

Together, our findings are in line with a previously proposed 
model in which each mtDNA copy has a “sphere of influence” and 
remains spatially linked to its gene products (32, 33). Our data sup-
port the hypothesis that such a sphere of influence is dependent on 
normal cristae architecture (Fig. 4G). According to this model, muta-
tions in mtDNA would lead to mitochondrial subdomains with 
physiological defects that could flag such areas and facilitate purging 
of the linked mtDNA copy. In line with this idea, it has recently been 
shown that individual cristae within the same mitochondrial tubule 
can maintain independent membrane potentials (34). Defective 
cristae biogenesis would lead to defective subdomain formation and 
a weakened link between mtDNA and its gene products, which, in 
turn, would blur physiological differences caused by mtDNA muta-
tions (Fig. 4G). As a consequence, detection and purging of mutated 
mtDNA would be hindered.

For such a system to work, not only the proteins but also their 
mRNAs need to remain close to the mtDNA copy from which they 
originate. In matings between two WT cells containing either regu-
lar or ATP6-NG mtDNA, we observe very low levels of Atp6-NG 
protein in parts of the mitochondrial network that does not contain 
the ATP6-NG mtDNA, even more than 80 min after mitochondria 
of both parental cells have fused (fig. S6A). This result indicates that 
little synthesis of Atp6-NG occurs in these parts of the network 
within the time frame of this analysis. It is, however, possible that 
biogenesis of OXPHOS complexes is generally low in the mitochon-
drial network of parental cells because of little OXPHOS turnover. 
In this case, we would see little synthesis of Atp6-NG even if its 
mRNA would be present. Not much is known from the literature 
about the mobility of mitochondrial mRNAs. It was recently pro-
posed that mitochondrial transcription and translation may occur 
in a coupled manner in S. cerevisiae (35). Taking into account that 
insertion of mtDNA-encoded proteins into the mitochondrial in-
ner membrane occurs cotranslationally (36, 37) and, at least in part, 
at cristae membranes (38), all steps of mitochondrial gene expression 
from transcription to insertion of proteins into cristae membranes 
could be spatially linked. Nevertheless, characterization of mRNA 
mobility in mitochondria awaits further studies.

We demonstrate that yeast cells can distinguish between mutant 
and WT mtDNA and propose that cristae-dependent subdomains 
are an important prerequisite for efficient purging of mutant mtDNA. It 
remains an outstanding and exciting question how cells mechanis-
tically detect and remove mutant mtDNA. Plausible physiological 
parameters that may serve as signals on dysfunctional mitochon-
dria are a reduced membrane potential (39), decreased ATP levels 
(5), or altered redox states (40). What processes may remove mu-
tant mtDNA from cells? Our microscopic analyses suggest that mu-
tant mtDNA transfer to daughter cells of heteroplasmic zygotes 
may be reduced, but not entirely prevented (Fig. 1D). Preferential 
transport of fit mitochondria into daughter cells has been demon-
strated in yeast previously (40). In combination with our pedigree 
analysis, where a large percentage of first-generation colonies ap-
pears homoplasmic (Fig. 1C), we suggest that further rounds of se-
lection against mutant mtDNA likely occur in the daughter cells 
that eventually entirely purge mutant mtDNA. While we find that 

mitochondrial fission or Atg32-mediated mitophagy is not absolutely 
essential for selection against mutant mtDNA, especially during 
production of the first daughter cell of heteroplasmic zygotes, these 
processes may contribute to efficient clearance during further growth 
and cell divisions. Furthermore, WT mtDNA could also be prefer-
entially replicated as suggested for D. melanogaster (3, 7) or mutant 
mtDNA could be selectively degraded within mitochondria by nu-
cleases. It was demonstrated in yeast that the mtDNA polymerase 
Mip1 degrades mtDNA through its exonuclease domain upon pro-
longed starvation (41). It remains to be determined whether such a 
mechanism could also be involved in clearance of mutant mtDNA.  
Together, selection against mutant mtDNA could entail a combina-
tion of mechanisms that may include selective transport of mito-
chondria containing healthy mtDNA to daughter cells, mitophagic 
removal of mitochondrial fragments containing mutant mtDNA, 
selective replication of healthy mtDNA, or selective degradation of 
mutant mtDNA by nucleases. The discovery of a purifying selection 
in S. cerevisiae combined with the tools we developed in this study 
will be of great value in elucidating molecular mechanisms respon-
sible for clearance of mutant mtDNA.

MATERIALS AND METHODS
Yeast strains and plasmids
All yeast strains are derived from W303 background. Strain infor-
mation can be found in table S1. Deletions of genes and C-terminal 
tagging of nuclear-encoded genes were performed in haploid strains 
using homologous recombination as described previously (42). For 
the experiment presented in fig. S3A, the mating type of strain 
yCO354 had to be switched from Mat alpha to Mat a. Mating type 
switching was performed by transient (90 min) galactose-induced 
expression of the HO endonuclease from the plasmid pJH132 (43). 
Subsequently, a Mat a strain that had lost the plasmid pJH132 was 
isolated. Primer and plasmid information can be found in tables S2 
and S3, respectively.

Pedigree analysis
Approximately 1.85 × 107 cells from early post-log phase [optical 
density at 600 nm (OD600) ~ 1.5] growing cultures of strains with 
opposing mating types were combined in a 1.5-ml reaction tube, 
vortexed, centrifuged at 3000 rpm for 3 min, and resuspended in 50 ml 
of rich medium containing glucose [yeast extract peptone dextrose 
(YPD)]. Subsequently, the cell suspension was spotted onto a YPD 
plate and incubated for 2 to 3 hours to allow mating of strains. A 
small amount of cells was scraped off the plate and was resuspended 
in 200 ml of YPD medium. From this mated cell suspension, 30 ml 
was spread as a line on a YPD plate. Individual zygotes were identi-
fied on the basis of their characteristic shape and transferred to free 
areas on the agar plate. Cell growth was monitored, and daughter 
cells were separated from zygotes or mother cells and transferred to 
free areas on the agar plate. This procedure was repeated for five 
generations (Fig. 1, A and B). After incubation for 2 days at 30°C, 
the grown colonies were replica-plated onto plates containing syn-
thetic defined medium lacking arginine (SD-Arg) and plates con-
taining rich medium and glycerol as a carbon source [yeast extract 
peptone glycerol (YPG)]. Those plates were again incubated for 24 to 
48 hours, and growth was scored. Of note, colonies were scored as 
“growing” for SD-Arg or YPG even when only parts of the replicated 
colony displayed growth. Growth rates were not considered in this 
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experiment. The presence or absence of growth was verified by re-
streaking of cell material from selected colonies onto YPG or SD-Arg 
plates (fig. S1B). In addition, a mating- type test was performed to 
confirm that the initially picked cells were zygotes. Lineages were only 
considered when the starting zygotes were able to grow on YPG and 
SD-Arg plates, indicating a heteroplasmic state. Of note, we sporad-
ically observed that mtDNA species were lost in one generation but 
reappeared at a later generation (e.g., replicate 2 in Fig. 1B). We at-
tribute this observation to cases in which all copies of one particular 
mtDNA species are passed on to the daughter cell. In such a scenario, 
a mother cell lacking this mtDNA species is produced, whereas this 
species will be present in the daughter cell (fig. S1D).

Live-cell microscopy
For all live-cell microscopy experiments, yeast cells were imaged in 
ibidi 8-well m-Slides (ibidi GmbH, Gräfelfing). For immobilization 
of yeast cells during microscopy, wells were coated with concanav-
alin A, a lectin that can bind the cell wall of yeast cells. In brief, wells 
were filled with 200 ml of concanavalin A (0.5 mg/ml) and incubated 
for 30 min. Concanavalin A was removed, and wells were dried for 
30 min at room temperature. For single-frame images and videos of 
mating events, 1000 ml from two cultures with strains of opposing 
mating types was combined in a reaction tube, vortexed thoroughly, 
and centrifuged for 3 min at 5000 rpm. The pellet was resuspended 
in 50 ml of YPD medium and spotted onto a YPD plate to allow cells 
to mate. Plates were incubated for 3 hours for single-frame images 
and for 1.5 hours for videos. The premated cells were scraped off 
and resuspended in 400 ml of sterile-filtered 1× phosphate-buffered 
saline (PBS) buffer, and 200 ml was transferred into a concanavalin 
A–coated well of ibidi 8-well m-Slide. The slides were centrifuged 
for 2 min at 2000 rpm to promote adherence of the cells to the bot-
tom of the well. Wells were washed twice with 400 ml of filtered 
synthetic complete (SC) medium to remove floating cells and eventu-
ally resuspended in SC medium for imaging. Microscopy was per-
formed at 30°C on a Nikon Ti2-Eclipse microscope equipped with a 
CFI Apochromat TIRF 100×/1.49 numerical aperture (NA) oil ob-
jective and a TwinCam LS dual-camera splitter attached to two 
Photometrics Prime 95B 25-mm cameras. The dual-camera setup 
enabled simultaneous imaging of red and green fluorophores. Spec-
ifications of filters and dichroics can be made available upon request. 
For time-lapse microscopy, cells were imaged every 2 or 7 min for 
indicated total periods of time. For quantification of the imaging pre-
sented in Fig. 1D, zygotes were only considered when patchy struc-
tures were apparent for GFP and mRuby3 signals. Cells harboring 
the TetO repeats often showed a diffuse red staining of mitochondria, 
which is likely explained by recombination of the TetO repeats.

Image processing and analysis
All images, except those obtained by structured illumination micros-
copy, were postprocessed by deconvolution with the Huygens soft-
ware (Scientific Volume Imaging). Fluorescent channels acquired 
simultaneously on two different cameras were aligned using a cus-
tom-built Python script. Alignment parameters were obtained from 
simultaneous imaging in bright-field mode. For quantification of 
Atp6-NG levels presented in Fig. 3A, mitochondria were first seg-
mented in 3D based on the matrix-mKate2 signal using the mito-
graph software (44). Binary masks for parental and daughter cells 
were manually created in Fiji by drawing outlines on the bright-
field image. Masks were used in a next step to assign coordinates of 

the mitochondrial network to the respective cells. Then, Atp6-NG 
intensities were determined and summed up along the mitochon-
drial network of parental or daughter cells using custom-built Python 
scripts. To account for differences in the mitochondrial amount in 
different cells, the Atp6-NG signal was normalized to the mito-
chondrial network length present in the respective cell.

Quantification of colocalization of Atp6-NG and Atp6-mKate2, 
presented in fig. S7D, was performed as follows. The mitochondrial 
network was first segmented in 3D based on the matrix-TagBFP 
signal using the mitograph software. Manually created binary masks 
were used to assign parts of the mitochondrial network to parental 
or daughter cells. Fluorescent intensities of Atp6-NG and Atp6-
mKate2 were then determined for pixels along the mitochondrial 
network. Next, Manders and Pearson correlation coefficients were 
determined between both signals. For determination of the Manders 
correlation coefficient, signals along the mitochondrial network were 
thresholded beforehand with Yen et al.’s method (45).

Genetic manipulation of mtDNA
Strains harboring mtDNA in which the COB gene was replaced with 
an arginine marker and a nonrecombinable TetO array were gener-
ated as follows. First, a synthesized TetO array, in which 21 TetO 
repeats are separated by spacers of varying length and sequence, 
was inserted after the stop codon of the ARG8 gene in the plasmid 
pCOB-ST5 (8). This cloning step resulted in the plasmid pCO307, 
which thus contains an insert in which sequences homologous to 
the up- and downstream regions of the COB gene flank the ORF of 
ARG8 followed by the TetO array. pCO307 was introduced into the 
kar1-1 strain aDFS160 r0 by biolistic transformation with the PDS-
1000/He particle delivery system (Bio-Rad Laboratories), and trans-
formants were selected by their ability to rescue the cox2-62 mutation 
of the strain NB40-3C (46). pCO307 was then cytoducted into a 
Darg8 W303 WT strain, which resulted in the deletion of the COB 
gene by ARG8-TetO through homologous recombination. Cells 
containing the Dcob::ARG8-TetO-mtDNA were selected on the ba-
sis of their arginine prototrophy. Last, a construct (pCO407) con-
sisting of the Cup1 promoter driving expression of an ORF in which 
the Su9 mitochondrial targeting sequence was fused to the TetR 
gene, which, in turn, was followed by three copies of the red fluores-
cent protein mRuby3, was chromosomally integrated into the HO 
locus (strain yCO460).

Strains harboring mtDNA in which the ATP6 is tagged with ei-
ther NG or mKate2 were generated as follows. First, synthesized gene 
fragments encoding NG and mKate2 compatible with the mitochon-
drial genetic code (Twist Bioscience, San Francisco) were fused to 
the C terminus of the coding region of ATP6, which was amplified 
from genomic DNA. ATP6-NG or ATP6-mKate2 was flanked with 
an 806-bp region homologous to the upstream region of ATP6 and 
a 60-bp region homologous to the downstream region of ATP6. The 
entire fragments were then cloned into the Xho I site of the plasmid 
pPT24 (47), which resulted in either plasmid pCO444 or pCJ013 for 
ATP6-NG and ATP6-mKate2, respectively. pCO444 and pCJ013 were 
introduced into the kar1-1 strain aDFS160 r0 by biolistic transfor-
mation, and transformants were selected by their ability to rescue 
the cox2 mutation of NB40-3C (46). pCO444 and pCJ013 were then 
cytoducted into the strain MR10 (48). Colonies in which ATP6-NG 
(yCJ043) or ATP6-mKate2 (yCJ120) had successfully integrated into 
the ATP6 locus were identified by their ability to grow on a non- 
fermentable carbon source. A strain containing ATP6-NG-mtDNA 
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and mating type alpha was obtained by mating yCJ043 with a r0 W303 
WT strain followed by sporulation and tetrad dissection (yCJ084).

Primer sequences used for cloning and plasmid maps can be made 
available upon request.

DAPI staining and structured illumination microscopy
Coverslips (no. 1.5) were coated with 50 ml of concanavalin A (0.5 mg/ml) 
and air-dried for 1 hour. Residual concanavalin A was removed, and 
coverslips were dried for 45 min before fixation. OD600 = 0.5 of log 
phase yeast cells were harvested at 5000 rpm for 3 min and washed 
using 1× PBS + 0.02% Tween 20. Cells were resuspended in 20 ml of 
1× PBS + 0.02% Tween 20. Subsequently, all cells were placed on the 
concanavalin A–coated coverslips and incubated for 45 min to let 
cells settle on the coverslip. Then, cells were washed for 2 min with 
filtered SC medium. Cells were fixed using a 4% formaldehyde 
solution + DAPI (1 mg/ml) in filtered SC medium for 30 min. Cells 
were washed once more for 2 min using filtered SC medium. Twenty 
microliters of MOVIOL 4-88 (Roth) was added to the coverslips, 
and microscope slides were put onto the coverslips. Fixed immobi-
lized cells were used for super-resolution imaging by structured il-
lumination microscopy. The acquisition was performed on a 3D SIM 
DeltaVision OMX V3 microscope (General Electric) equipped with 
a 10× 1.4 NA oil immersion objective UPlanSApo (Olympus), 405-, 
488-, and 593-nm diode lasers, and Cascade II electron-multiplying 
charge-coupled device (CCD) cameras (Photometrics). After acqui-
sition with an appropriate refractive index oil, raw data were first 
reconstructed and corrected for color shifts using the provided software 
softWoRx 6.0 Beta 19 (unreleased). In a second step, a custom-made 
macro in Fiji (49) finalized the channel alignment and established 
composite TIFF (tag image file format) stacks, which were used for 
image analysis.

Electron microscopy
For electron microscopy, all strains were pregrown in YPG medium 
to select for functional mtDNA. Subsequently, cells were grown to 
log phase in YPD or rich medium containing galactose medium, as 
indicated. Sample preparation for electron microscopy was essentially 
performed as previously described (50) with two minor changes: 
The fixation with glutaraldehyde was performed for 1 hour, and all 
centrifugation steps were carried out at 1610g for 5 min. Ultrathin 
sectioning was performed using a Leica Ultracut UCT (Leica Micro-
systems, Wetzlar, Germany) ultramicrotome and an ultra 35° dia-
mond knife (Diatome, Nidau, Switzerland). Ultrathin 50- to 70-nm 
sections were placed on Pioloform-coated copper slot grids (Plano, 
Wetzlar, Germany) and poststained for 15 min with uranyl acetate 
and 3 min with lead citrate, as previously described (50). Electron 
microscopy was performed using a JEOL JEM-1400 Plus transmission 
electron microscope (JEOL, Tokyo, Japan) operated at 80 kV. Images 
were taken with a JEOL Ruby CCD camera (3296 × 2472 pixels) and 
the TEM Center software Ver.1.7.12.1984 (JEOL, Tokyo, Japan).

Miscellaneous
Western blot analyses were performed with isolated mitochondria. 
Fifty micrograms of isolated mitochondria was preheated on 95°C 
for 5 min in 1× SDS loading buffer and separated on a 12% SDS gel. 
After transfer to polyvinylidene difluoride membranes, membranes 
were incubated with the following primary antibodies in 5% milk 
and tris-buffered saline: mouse anti-NG (1:1000; Chromotek GmbH), 
rabbit anti-aconitase1 (1:1000), and rabbit anti-Atp6 (1:1000). 

Quantitative real-time PCR experiments to determine mtDNA levels 
were performed as described previously (51). For the petite analysis, 
cells were grown overnight at 30°C, then freshly diluted to an OD600 = 0.2, 
and grown for another 3 hours. A total of 200 cells were plated onto 
YPG plates containing 0.1% glucose. Plates were incubated for 3 days 
at 30°C. Only cells proficient in respiratory growth are able to con-
tinue growth after all glucose has been consumed.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi8886
View/request a protocol for this paper from Bio-protocol.
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Figure S1

(A) Quantitative PCR analysis of mtDNA levels of WT or �cob::ARG8 strains, which

were used in the pedigree analysis (Fig. 1C). No di↵erence in mtDNA levels between both

strains are apparent. The average value is derived from three biological replicates. The

value for each biological replicate was derived from three technical replicates; Error bars

indicate SD. n. s. - non significant, t-test.

(B) Carry-over cell material does not support growth upon restreaking. Replica plat-

ing during the pedigree analysis results in carry-over of cell material. While such cell

material is easily distinguished from growing cells by direct visual inspection of plates, it

is di�cult to discern on photos. For this experiment, cell material was restreaked on selec-

tive plate to demonstrate the di↵erence between carry-over cell material and cell growth.

Asterisks indicate carry-over cell material.

(C) PCR analysis corroborates results from the growth-based pedigree assay. Genomic

DNA was extracted directly from YPD grown colonies without further incubation from

three pedigree lineages and remaining cell material was replica plated onto YPG or SC-

ARG (lacking arginine) plates. Presence of the COB gene (present in WT mtDNA, which

supports growth on YPG) or the ARG8 gene (present in �cob::ARG8 mtDNA, which

supports growth on SC-Arg) was tested by PCR using specific oligos for the respective

genes. PCR results correlate perfectly with the growth based analysis.

(D) Schematic illustration of the pedigree analysis, explaining the skipping of genera-

tions on a respective medium. YPG - rich medium containing the non-fermentable carbon

source glycerol, SC-Arg - synthetic defined medium lacking arginine.



Figure S2

(A) Pedigree analysis of WT cells. The experiment is virtually identical to the experi-

ment presented in Fig. 1C with the di↵erence that the starting strains for the pedigree

analysis had switched mating types. Specifically, in this experiment the strain contain-

ing WT mtDNA had mating type alpha, whereas the strain containing �cob::ARG8 had

mating type a. Striped bars indicate percentage of heteroplasmic cells containing WT

and �cob::ARG8 mtDNA. Grey or red bars indicate percentage of homoplasmic cells

containing WT or �cob::ARG8 mtDNA, respectively.

(B) Pedigree analysis of cells containing ARG8 inserted neutrally into mtDNA upstream

of the COX2 gene. We cannot distinguish between cells that are heteroplasmic for both

mtDNA species and cells where ARG8 had recombined into WT mtDNA. The shown

result, however, indicates that ARG8 does not confer a strong disadvantage on mtDNA,

which could lead to its removal.



Figure S3

(A) Quantitative PCR analysis of mtDNA levels of WT or �cob::ARG8-TetO-TetR-

3xmRuby3 strains, which were used for the microscopy experiments presented in Fig.

1D. A slight increase in the mtDNA levels of the �cob::ARG8-TetO-TetR-3xmRuby3 is

apparent. The average value is derived from three biological replicates. The value for

each biological replicate was derived from three technical replicates; Error bars indicate

SD. n. s. - non significant, t-test.

(B) Additional microscopic images of the inheritance of either LacO-marked intact or

TetO-marked �cob::ARG8-TetO mtDNA. Images complement data shown in Fig. 1D.

Scale bar: D 10 µm.



Figure S4

(A and B) Time-lapse microscopy of mating events between WT cells expressing either

matrix-targeted NG or matrix-targeted mKate2. Mating events are shown, where either

both cells contained WT mtDNA (A) or one cell contained WT mtDNA and the other

contained �cob::ARG8 mtDNA (B). Selected time-frames for (B) are shown in Fig. 1E.

(C and D) Similar to (A), except that cells with deletions of the nuclear-encoded �dnm1

(C) or �atg32 (D) were used.

Scale bars: A-D 10 µm.



Figure S5

(A) Schematic illustration of the NG-tagged ATP6 within mtDNA.

(B) Quantitative PCR analysis of mtDNA levels of WT or strains expressing the Atp6-

NG protein. The average value is derived from three biological replicates. The value for

each biological replicate was derived from three technical replicates; Error bars indicate

SD. n. s. - non significant, t-test.

(C) Petite frequency of the Atp6-NG strain in comparison to WT and the �atp21 strains.

(D) Westernblot analysis of strains harbouring either WT or ATP6-NG mtDNA. Aconi-

tase (Aco1) was used as a loading control.

(E) Widefield fluorescence microscopy images of diploid cells harbouring ATP6 -NG mtDNA

and expressing nuclear-encoded matrix-targeted mScarlet.

Scale bar: E 10 µm.



Figure S6

(A) Time-lapse microscopy of mating events between WT cells harbouring ATP6 -NG

mtDNA and WT cells harbouring WT mtDNA and expressing nuclear-encoded matrix-

targeted Kate2.

(B) Time-lapse microscopy of mating events between cells expressing NG-tagged Cox4

and cells expressing nuclear-encoded matrix-targeted mKate2.

(C) Growth analysis of strains expressing NG fused to Pam16 or the transmembrane

domain of Fis1 in comparison to WT. Strains were used in the time-lapse experiment

presented in Fig. 2, E and F and Fig. S4D and E.

(D) Westernblot analysis of strains harbouring the NG-tagged version of Pam16. Aconi-

tase was used as a loading control. Note that no signal for free NG is detectable indicating

that NG is not cleaved o↵.

(E) Time-lapse microscopy of mating events between WT cells expressing NG fused to the

transmembrane domain of Fis1 and WT cells expressing nuclear-encoded matrix-targeted

mKate2.

(F) Time-lapse microscopy of mating events between cells expressing NG-tagged Pam16

and cells expressing nuclear-encoded matrix-targeted mKate2.

Scale bars: A and D-E 10 µm.



Figure S7

(A) Quantification of the equilibration of soluble Su9-mKate2 protein in mating experi-

ments shown in Fig. 3A and B; ** P<0.01, t-test.

(B) Quantification of the Atp6-NG in the daughter cells of zygotes from mating ex-

periments shown in Fig. 3A and B; * P<0.05, t-test.

(C) Spot test of strains expressing Atp6-NG or Atp6-mKate2 compared to the WT and

a strain harbouring �atp6 mtDNA.

(D) Quantification of the co-localization of Atp6-NG and Atp6-mKate2 in daughter cells

derived from matings between WT, �atp20 or �atp20 cells, in which parental cells con-

tained either ATP6-NG or ATP6-mKate2 mtDNA. The Pearson (PCC) and Manders

(MCC) correlation coe�cients between Atp6-NG and Atp6-mKate2 signals along the

mitochondrial network of daughter cells were determined for multiple cells in three inde-

pendent experiments; * P<0.05, ** P<0.01, t-test.



Figure S8

(A) Electron micrographs of mitochondria from WT, �atp20, �atp21, and �atp20

�atp21 cells grown in rich medium containing glucose.

(B) Quantification of cristae shape from cells grown in rich medium containing glucose.

For each strain, mitochondria from 50 cells were scored for mitochondrial ultrastructure

and grouped into the indicated categories. Shown is the mean ± standard deviation from

three independent experiments. Examples of mitochondria with altered cristae shape are

depicted on the right.

(C) Electron micrographs of mitochondria from �atp20 �atp21 cells grown in rich

medium containing galactose. Shown are two representative cells. For each cell, the

same mitochondrion was imaged in consecutive 70 nm ultrathin sections.

Scale bars: A and C 500 nm; B 200 nm.



Figure S9

(A) Quantitative PCR analysis of mtDNA levels of WT, �atp20, �atp21, �atp20�atp21,

�mic10, or �mic60 strains containing WT or �cob mtDNA. Strains were used for the

pedigree analysis presented in Figure 4A-F. The average value is derived from three bio-

logical replicates. The value for each biological replicate was derived from three technical

replicates; Error bars indicate SD. n. s. - non significant, t-test.

(B) Petite frequency of the indicated deletion strains.



Movie S1

Mitochondrial morphology during mating events of WT cells. Mating events

between two cells containing either WT or �cob::ARG8 mtDNA. Cells expressed either

matrix-targeted mKate2 (WT mtDNA, cyan) or NG (�cob::ARG8 mtDNA, magenta).

Mating events were monitored by live-cell microscopy. Brightfield, single fluorescent chan-

nels and a merge from both fluorescent channels are shown.

Movie S2

Mitochondrial morphology during mating events of �dnm1 cells. Mating events

between two �dnm1 cells containing either WT or �cob::ARG8 mtDNA. Cells expressed

either matrix-targeted mKate2 (WT mtDNA, cyan) or NG (�cob::ARG8 mtDNA, ma-

genta). Mating events were monitored by live-cell microscopy. Brightfield, single fluores-

cent channels and a merge from both fluorescent channels are shown. Images were taken

in 7 min intervals.

Movie S3

Mitochondrial morphology during mating events of �atg32 cells. Mating events

between two �atg32 cells containing either WT or �cob::ARG8 mtDNA. Cells expressed

either matrix-targeted mKate2 (WT mtDNA, cyan) or NG (�cob::ARG8 mtDNA, ma-

genta). Mating events were monitored by live-cell microscopy. Brightfield, single fluores-

cent channels and a merge from both fluorescent channels are shown. Images were taken



in 7 min intervals.

Movie S4

Di�usion of mitochondrial-encoded Atp6-NG throughout the mitochondrial

network of zygotes. Cells expressing matrix-targeted mKate2 (cyan) were mated with

cells expressing mtDNA-encoded Atp6-NG (magenta) and were monitored by live cell

imaging. Brightfield, single fluorescent channels and a merge from both fluorescent chan-

nels are shown. Images were taken in 7 min intervals.

Movie S5

Di�usion of Fis-NG throughout the mitochondrial network of zygotes. Cells ex-

pressing matrix-targeted mKate2 (cyan) were mated with cells expressing nuclear-encoded

Fis1-NG (magenta) and were monitored by live cell imaging. Brightfield, single fluores-

cent channels and a merge from both fluorescent channels are shown. Images were taken

in 7 min intervals.

Movie S6

Di�usion of Pam16-NG throughout the mitochondrial network of zygotes.

Cells expressing matrix-targeted mKate2 (cyan) were mated with cells expressing nuclear-

encoded Pam16-NG (magenta) and were monitored by live cell imaging. Brightfield, single



fluorescent channels and a merge from both fluorescent channels are shown. Images were

taken in 7 min intervals.

Table S1

Yeast strains used in this study.

Table S2

Primers used in this study.

Table S3

Plasmids used in this study.
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Table 1 - Yeast Strains used in this study 
  

Name / 
Alias

Short 
description

Mating 
type

Genotype Source

yCO380 WT
 Mat a leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO 

1

yCO381 WT
 Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO 

1

yCO391 ∆arg8 Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA 

2

yCO354 ∆arg8::HIS3 
∆cob::ARG8M 

Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA 

2

yCJ048 Neutral ARG8 Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 ∆arg8::hphNT1 
ARG8::mtDNA 

This 
study

yCO392 ∆arg8 Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA 

This 
study

yCO969 ∆arg8::HIS3 
∆cob::ARG8M 

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA 

This 
study

yCO460 ∆cob::ARG8-
TetO-
TetR-3xRuby

Mat a leu2-3,112 trp1-1 can1-100 ura3-1 
his3-11,15 ∆arg8::hphNT pvt100u-
mtTagBFP HO-Su9-TetR-3xmRuby3--
KanMX4-HO ∆cob::ARG8-TetO 

This 
study

yCJ033 LacO-
LacI-3xGFP

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO HO-Su9-
TagBFP-Pcup-Su9-3xGFP-
LacI::kanMX4 

This 
study

yCJ009 HO::Su9-
mKate2

Mat a leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO HO::Su9-
mKate2::kanMX6 

This 
study



yCJ010 HO::Su9-NG Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO HO::Su9-
NG::kanMX6 

This 
study

yCJ078 ∆arg8::HIS3 
∆cob::ARG8M 
HO::Su9-NG


Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
HO::Su9-NG-kanMX6 intronless 
mtDNA 

This 
study

yCJ081 ∆arg8::HIS3 

HO::Su9-
mKate2

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA HO::Su9-mKate2::kanMX6 

This 
study

yCJ002 ∆dnm1 
∆arg8::HIS3 
∆cob::ARG8M 

Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA ∆dnm1::hphNT1  

This 
study

yCJ004 ∆dnm1 ∆arg8 Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA ∆dnm1::hphNT1 

This 
study

yCJ085 ∆dnm1 
∆arg8::HIS3 
∆cob::ARG8M 
HO::Su9-NG 

Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA ∆dnm1::hphNT1 
HO::Su9-NG-kanMX6 

This 
study

yCJ086 ∆dnm1 ∆arg8 
HO::Su9-
mKate2

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA ∆dnm1::hphNT1 HO::Su9-
mKate2-kanMX6 

This 
study

yCJ074 ∆atg32 
∆arg8::HIS3 
∆cob::ARG8M

Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA ∆atg32::hphNT1 

This 
study

yCJ075 ∆atg32 ∆arg8 Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA ∆atg32::hphNT1 

This 
study

yCJ076 ∆atg32 
∆arg8::HIS3 
∆cob::ARG8M 
HO::Su9-NG 

Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA ∆atg32::hphNT1 
HO::Su9-NG-kanMX6 

This 
study



yCJ077 ∆atg32 ∆arg8 
HO::Su9-
mKate2

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA ∆atg32::hphNT1 HO::Su9-
mKate2-kanMX6 

This 
study

yCO114 rho0 Mat alpha leu2 ura3-52 ade2-101 arg8::URA3 
kar1-1 rho0 

3

yCO115 rho+ ∆cox2  Mat a lys2 leu2-3,112 ura3-52 his3HinDIII 
arg8::hisG rho+ cox2-62 

3

yCJ025 MR6 WT Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 

4

yCJ026 MR10 ∆atp6 Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ∆atp6 

4

yCJ043 ATP6-NG Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-NG 

This 
study

yCJ126 HO::Su9-
mScarlet 
ATP6-NG

Mat a/
alpha

ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-NG 
HO::Su9-mScarlet-URA3 

This 
study

yCJ045 HO::Su9-
mKate2

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO HO::Su9-
mKate2-kanMX6 

This 
study

yCJ019 COX4-
NeonGreen

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO Cox4-NeonGreen 

This 
study

yCJ072 Fis1-NG Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA FIS1-NG::kanMX6

This 
study

yCJ114 Pam16-NG Mata leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO PAM16-
NG::kanMX

This 
study

yCJ051 ∆atp21 ATP6-
NG

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-NG 
∆atp21::hphNT1 

This 
study

yCJ052 ∆atp21 
HO::Su9-
mKate2

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO Mito 
∆atp21::hphNT1 HO::Su9-mKate2-
kanMX6 

This 
study



yCJ053 ∆atp20 ATP6-
NG

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-NG 
∆atp20::hphNT1 

This 
study

yCJ054 ∆atp20 
HO::Su9-
mKate2

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO Mito 
∆atp20::hphNT2 HO::Su9-mKate2-
kanMX6 

This 
study

yCJ057 ∆atp20∆atp21 
ATP6-NG

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-NG 
∆atp21::hphNT1 ∆atp20::hphNT2 

This 
study

yCJ058 ∆atp20∆atp21 
HO::Su9-
mKate2

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO Mito 
∆atp21::hphNT1 ∆atp20::hphNT2 
HO::Su9-mKate2-kanMX6 

This 
study

yCO754 ∆mic10 ATP6-
NG

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-NG 
∆mic10::hphNT1

This 
study

yCO755 ∆mic10 
HO::Su9-
mKate2

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO Mito 
∆mic10::hphNT1 HO::Su9-mKate2-
kanMX6 

This 
study

yCJ066 ∆mic60 ATP6-
NG

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-NG 
∆mic60::hphNT1

This 
study

yCJ067 ∆mic60 
HO::Su9-
mKate2

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO Mito 
∆mic60::hphNT1 HO::Su9-mKate2-
kanMX6 

This 
study

yCJ120 ATP6-mKate2 Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-
mKate2 

This 
study

yCJ084 ATP6-NG Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 ATP6-NG 

This 
study

yCJ123 ATP6-NG 
pvt100u-
TagBFP

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 ATP6-NG pvt100u-TagBFP 

This 
study



yCJ124 ATP6-mKate2 
pvt100u-
TagBFP

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-
mKate2 pvt100u-TagBFP 

This 
study

yCJ127 ATP6-NG 
∆atp20 
pvt100u-
TagBFP

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 ATP6-NG ∆atp20::NatNT2 
pvt100u-TagBFP 

This 
study

yCJ128 ATP6-mKate2

∆atp20 
pvt100u-
TagBFP

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-
mKate2 ∆atp20::NatNT2 pvt100u-
TagBFP 

This 
study

yCJ130 ATP6-NG

∆atp21 
pvt100u-
TagBFP

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 ATP6-NG ∆atp21::hphNTI 
pvt100u-TagBFP 

This 
study

yCJ132 ATP6-mKate2

∆atp21 
pvt100u-
TagBFP

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 ATP6-
mKate2 ∆atp21::hphNTI pvt100u-
TagBFP 

This 
study

yCJ103 WT LacO-LacI Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO Su9-3xGFP-
LacI::kanMX6

This 
study

yCJ104 WT matrix-
mKate2

Mat a leu2-3,112 trp1-1 can1-100 ura3-1 
ade2-1 his3-11,15 HO-Su9-mKate2

This 
study

yCJ105 LacO-LacI 
∆atp21

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO Su9-3xGFP-
LacI::kanMX6 ∆atp21::NatNT2

This 
study

yCJ106 matrix-mKate2 
∆atp21

Mat a leu2-3,112 trp1-1 can1-100 ura3-1 
ade2-1 his3-11,15 HO-Su9-mKate2 
∆atp21::NatNT2

This 
study

yCJ134 LacO-LacI 
∆mic60

Mat alpha leu2-3,112 can1-100 ura3-1 
his3-11,15 mt-LacO Su9-3xGFP-
LacI::kanMX6 ∆mic60::hphNT1

This 
study

yCJ135 matrix-mKate2 
∆mic60

Mat a leu2-3,112 trp1-1 can1-100 ura3-1 
ade2-1 his3-11,15 HO-Su9-mKate2 
∆mic60::hphNT1

This 
study

yCJ020 ∆atp20 
∆arg8::HIS3 
∆cob::ARG8M 

Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA ∆atp20::hphNT1 

This 
study



1 Osman et al. 2015 
2 Gruschke et al. 2011 

3Steele et al. 1996 
4 Rak et al. 2007 

yCJ022 ∆atp20 ∆arg8 Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA ∆atp20::hphNT1 

This 
study

yCJ046 ∆atp20∆atp21 
∆arg8::HIS3 
∆cob::ARG8M 

Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA ∆atp21::hphNT1 
∆atp20:: kanMX6 

This 
study

yCJ047 ∆atp20∆atp21 
∆arg8

Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA ∆atp21::hphNT1 
∆atp20::kanMX6 

This 
study

yCJ005 ∆atp21 
∆arg8::HIS3 
∆cob::ARG8M 

Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA ∆atp21::hphNT1 

This 
study

yCJ007 ∆atp21 ∆arg8 Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA ∆atp21::hphNT1 

This 
study

yCO756 ∆mic10 
∆arg8::HIS3 
∆cob::ARG8M 

Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA ∆mic10::hphNT1 

This 
study

yCO757 ∆mic10 ∆arg8 Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA ∆mic10::hphNT1 

This 
study

yCJ070 ∆mic60 
∆arg8::HIS3 
∆cob::ARG8M 

Mat alpha ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 cob::ARG8M 
intronless mtDNA ∆mic60::hphNT1 

This 
study

yCJ071 ∆mic60 ∆arg8 Mat a ade2-1 his3-11,15 trp1-1 leu2-3,112 
ura3-1 CAN1 arg8::HIS3 intronless 
mtDNA ∆mic60::hphNT1 

This 
study



Tabel 2 - Primers used in this study 

Name / Alias Sequence

CO356 
∆dnm1 S1

CATTAAGTAGCTACCAGCGAATCTAAATACGACGGATAAAGAATG 
CGTACGCTGCAGGTCGAC

CO357 
∆dnm1 S2

CGCAATGTTGAAGTAAGATCAAAAATGAGATGAATTATGCAATTA 
ATCGATGAATTCGAGCTCG

CO573 
∆atg32 S1

TCACAAAAGCAAAAAAAATCTGCCAGGAACAGTAAA 
CATATGCGTACGCTGCAGGTCGAC 

CO574 
∆atg32 S2

GTGAGTAGGAACGTGTATGTTTGTGTATATTGGAA 
AAAGGTTAATCGATGAATTCGAGCTCG 

CO888 
∆mic10 S1

TGCTACGAGAGGGAATAAACACGGAAAAAGACAAAATATACCAT
GCGTACGCTGCAGGTCGAC

CO889 
∆mic10 S2

TATTTTTTTTTTTGAATATATATAAAGCATCGTCGCTTAAGACTAAT 
CGATGAATTCGAGCTCG

CO986 
∆atp20 S1

ACCTGCCGATAAATCATATTTCAGAACGCTAATCAATTCATC 
ATGCGTACGCTGCAGGTCGAC

CO987 
∆atp20 S2

ACGAATATACAAGGGTTTTGCGAATAGATAGAATTAAAAAGCT 
TAATCGATGAATTCGAGCTCG

CO1104 
∆atp21 S1

CGGAACATAACGTATATAGGAACTAGCTGAGTGAGTTAAAG 
GATGCGTACGCTGCAGGTCGAC 

CO1105 
∆atp21 S2

TAATGTGCATTTTTAGTATCCTATTTATGTTGAAGCTTCTATTTA 
ATCGATGAATTCGAGCTCG 

CO1114 
qPCR Cox1 

fv

CTACAGATACAGCATTTCCAAGA

CO1115 
qPCR Cox1 

rv

GTGCCTGAATAGATGATAATGGT

CO1116 
qPCR Act1 fv

CACCCTGTTCTTTTGACTGA

CO1117 
qPCR Act1 

rv

CGTAGAAGGCTGGAACGTTG

CO1196 
∆mic60 S1

GGCATAAGAACGCATTGAAAAGTCTAAAAAACTAATATTCGT 
ATGCGTACGCTGCAGGTCGAC 



CO1197 
∆mic60 S2

AGGTGTAATGACGTACATCTCTTTTCTCTTTGTATTATTCTTTC 
AATCGATGAATTCGAGCTCG 

CO1268 
tagging of 

Fis1 fw

GTAATTATCTACTTTTTACAACAAATATAAAACAATGGTCTCAA 
AAGGGGAGG 

CO1269 
tagging of 

Fis1 rv

CCAAGCTTCTTATATAATTCATCCATTCCCATGACA 

CO1270 
backbone for 
Fis1-NG fw

GGATGAATTATATAAGAAGCTTGGTCATGGTACTGA 

CO1271 
backbone for 
Fis1-NG rv

GCAAGCTAAACAGATCTTACCTTCTCTTGTTTCTTAAGAAGAAAC 

CO1677 
tagging of 
Pam16 fw

CGAATTCAACAAATTCATCTGGTGCAGATAATAGTGCAAGC 
AGCAATCAGCGTACGCTGCAGGTCGAC 

CO1678 
tagging of 
Pam16 rv

GCTGCATGCTTTCGATAACACTTGTGACGTAATGATGGAGGCTT 
CCTTGAATCGATGAATTCGAGCTCG 

CO562 
Amplification 
of COB for

AATCAAATGTGTATTTAAGTTTAGTG

CO562 
Amplification 
of COB rev

TTATTTATTAACTCTACCGATATAGAAT

CO891 
Amplification 
of ARG8 for

TCAAGACCTGAAGATTTATGTATCACAAGAGG

CO601 
Amplification 
of ARG8 rev

TTAAGCATATACAGCTTCGATAGC

CO982 S3 
tagging of 

Cox4

TACAAACTAAACCCTGTTGGTGTTCCAAATGATGACCACCATCA
CGGTGACGGTGCTGGTTTA

CO982 S2 
tagging of 

Cox4

AAAAAGTAAAAGAGAAACAGAAGGGCAACTTGAATGATAAGATT
AATCGATGAATTCGAGCTCG



Table 3 - Plasmids used in this study 

1 Janke et al. 2004 
2 Gruschke et al. 2011 

Name / 
Alias

Needed for Source

pCO021 Janke deletion cassette G418 resistance 1

pCO059 Janke deletion cassette NAT resistance 1

pCO074 Janke deletion cassette hygromycin resistance 1

pCO151 pvt100u-TagBFP This study

pCO282 pCOB-ST5 2

pCO441 HO-PPGK1-Su9-mKate2-kanMX6-HO This study

pCO442 HO-PPGK1-Su9-NG-kanMX6-HO This study

pCO307 pCOB/ST5 Arg8+Term+synth-TetO This study

pCO408 HO-PCUP-Su9-3xGFP-LacI—PPGK-Su9-TagBFP-KanMX This study

pCO407 HO-PCUP-Su9-TetR-3xRuby3--PPGK1-Su9-TagBFP-
KanMX4-HO

This study

pCO444 Plasmid for biolistic transformation and generation of 
ATP6-mtNeonGreen

This study

pCO494 C-Terminal tagging of proteins with NeonGreen This study

pCJ013 Plasmid for biolistic transformation and generation of 
ATP6-mtNeonGreen

This study
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9 Summary

The mechanisms of mitochondrial DNA quality control and purifying selection have
been extensively studied in the past years, yet they continue to be incompletely un-
derstood. Whether and how cells are able to discern functional against mutated
genomes in situations where both variants are fully mixed in a heteroplasmic soup
within mitochondria of the same cell remains obscure. Heteroplasmy, the cellular
state where different mtDNA haplotypes coexist, still lacks a thorough and com-
plete understanding, as various processes have been proposed to contribute to this
phenomenon.

What is well-known, however, is that mitochondrial genomes encode for vital
components of the respiratory chain. Unlike nuclear DNA, mtDNA exists in mul-
tiple copies within cells. Heterogeneity among the mtDNA copies within a single
cell, termed heteroplasmy, is not a rare phenomenon. Although not all heteroplas-
mic cells harbor mutated mtDNA copies, but just different haplotypes, the degree of
heteroplasmy can frequently alter due to the inefficient mtDNA repair mechanisms
occuring over time (Nissanka and Moraes, 2020). Mutations in mtDNA can lead to
insufficiency in cellular energy production, resulting in various mitochondrial dis-
eases. Consequently, gaining insights into the mitochondrial genome dynamics and
the mechanisms governing the transition from heteroplasmy to homoplasmy is cru-
cial. Moreover, given the impact of mutant mtDNA molecules on cellular health, un-
derstanding how mtDNA integrity is maintained across generations and how dys-
functional copies are eliminated during cell division events are paramount areas for
investigation.

During the first chapter of my thesis, I addressed fundamental questions such
as whether we can monitor heteroplasmy in yeast cells, and how rapidly this phe-
nomenon dissipates. Heteroplasmy essentially creates a battlefield where coexisting
mtDNA haplotypes compete for transmission to the next generation. The approach
we followed was to first establish a pipeline that allowed for real-time single-cell
tracking of mtDNA variant segregation in dividing yeast populations. We utilized
mtDNA-based fluorescent markers, microfluidics, and automated cell tracking to
follow neutral mtDNA variants in heteroplasmic populations. Briefly, this method
revealed rapid segregation of mtDNA genomes and, in combination with direct
mtDNA copy tracking, we identified asymmetric partitioning of mtDNA copies dur-
ing division as a key factor for mtDNA haplotype segregation. Additionally, upon
building a mathematical model based on empirical real-time segregation data we
found that the kinetics of mtDNA heteroplasmy segregation are further impacted by
mitochondrial fission and fusion frequencies. This finding was further supported by
dissection- and microscopy-based analysis of fission-deficient cells, where the estab-
lishment of homoplasmy occurred faster than in wildtype ones. By investigating the
influence of mtDNA copy number on the speed of segregation, we also found that
in cells with increased number of mtDNA molecules the rate of mtDNA segregation
slows significantly down.
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During the second chapter of my work, we asked whether cells can distinguish
between wildtype and mutant mtDNAs, and how the latter ones are successfully
purged across generations. By applying the so-called pedigree analysis on mated
cells carrying different intact and mutant mtDNA, we observed that Saccharomyces
cerevisiae possesses the ability to internally differentiate between functional and de-
fective mtDNA molecules. Additionally, we observed that daughter cells are pro-
duced with increasingly healthy mtDNA content, with the first generation daughter
derived from heteroplasmic zygotes already exhibiting major preference towards the
functional haplotypes. Interestingly, during the process of purifying selection, that
occurs in a continuous mitochondrial network, we found that neither mitochondrial
fission nor mitophagy are required using the pedigree pipeline. Nevertheless, our
data indicates that these two processes could contribute to the clearance mechanism
during subsequent cell divisions. Instead, a stable cristae morphology appeared as
prerequisite for proper clearance. Based on our data, we propose that intact spa-
tial organization retains mutated mtDNA copies and its encoded products in close
proximity within sub-compartments, which can later be recognized and successfully
eliminated.

In due course, using the microfluidic and pedigree pipelines, that allow assess-
ment of segregation between intact and mutant mtDNA, it would be a fascinating di-
rection to investigate the heteroplasmy dynamics under non-neutral scenarios, and
we anticipate our approaches to be instrumental in deciphering the mechanisms
underlying the purifying selection of mtDNA. With the combination of single-cell
microscopy, microfluidics, live-cell tracking and microdissection, we are able to ex-
pand our understanding on mtDNA segregation and quality control, and actively
contribute to the progress of mitochondrial research.
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10 Chapter 1: Assessment of mtDNA heteroplasmy
dynamics in S. cerevisiae

Monitoring the dynamics of mitochondrial genome segregation within single cells in
a continuously evolving population presents inherent challenges. Until now, accu-
rately inferring the quantity of mtDNA variants within living cells over time has not
been experimentally possible. Therefore, dynamics of mtDNA molecules have been
majorly studied using dry-lab computations (Glastad and Johnston, 2023; Johnston,
2019; Johnston et al., 2015; Tam et al., 2013). On the experimental level, it is rather dif-
ficult to gain information on single cells in a live-cell microscopy setup, as tagging
and thus tracking of individual mtDNA copies has been proven very challenging.
Additionally, there are multiple technical hurdles related to live cell imaging. For
example, cells often grow out of the field of view or can be washed away while fresh
media is flushed into microfluidic chambers during imaging (Bheda et al., 2020).
Additionally, within a couple of rounds of divisions, cells become very dense and
start to overlap, leading to potential errors in lineage tracking and inference of the
inheritance pattern. Lastly, repeated fluorescence excitation in small intervals can in-
duce phototoxicity, affecting cellular fitness. Our primary goal was to overcome all
these obstacles, with minimum interference on the physiological processes driving
the mtDNA heteroplasmy dynamics.

10.1 Dynamics of mtDNA segregation over time at the single-cell level

With this work, we established a cutting-edge pipeline based on microscopy and
microfluidics, allowing real-time tracking of mtDNA heteroplasmy dynamics at the
single-cell level. We utilized two neutral mtDNA-encoded Atp6 variants, tagged
C-terminally either with NeonGreen or mKate2, as surrogate markers for distinct
mtDNA haplotypes, which made tracing of individual cell trajectories and construc-
tion of multiple lineage trees possible. The specific pipeline was developed on grow-
ing yeast populations spanning up to 6 generations. Taking into account the afore-
mentioned live-cell microfluidic limitations, the method could be also applied for
genealogical trees with larger than 6-generation lineages.

Specifically, we overcame the hurdle of tagging mtDNA directly by creating two
variants where the mtDNA-encoded Atp6 gene was tagged C-terminally with differ-
ent fluorophores. By using two different tags, NeonGreen or mKate2, we established
two rather identical strains expressing Atp6-NG or Atp6-mKate2, that were used as
proxies for the respective mtDNA. Upon mating of both strains, our experiments re-
vealed a rapid divergence from the heteroplasmic state within individual cells, with
diploid populations achieving 50% absolute homoplasmy within 8 hours. In order
to confirm the homoplasmy thresholds derived from the microfluidic distributions
after 8 hours, we also developed an auxiliary method, which I refer to as 24-HASC
(24h- Heteroplasmy Assessment in Single Colonies). We used 24-HASC to rapidly
estimate the heteroplasmy levels of multiple colonies after overnight growth upon
microdissection. We found an almost perfect split between the homoplasmic pro-
portions of the two Atp6 variants, among a total of 20 individual colonies analyzed.
The 24-HASC approach is a simple straightforward experiment that can also be ap-
plied for examining heteroplasmic proportions in matings with competitive mtDNA
haplotypes. Indeed, in cell populations from zygotes harboring wildtype and �cob
mtDNA, we observed a clear preference for wildtype mtDNA homoplasmy. As a
side note, for the final assessment of mtDNA heteroplasmy distributions acquired
from the microfluidic data, we did not exclude buds budding off of lateral zygote
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positions (’lateral buds’), as we could not distinguish them when applying the 24-
HASC. Lateral buds are often second daughter cells from zygotes and predomi-
nantly or even exclusively inherit mitochondrial content from the parental cell from
which they originate. Notably, when we compared the heteroplasmy dynamics with
and without lateral buds, no major differences were observed.

Using the aforementioned pipelines, the main objective of our work was to de-
cipher the factors driving the rapid heteroplasmic shifts. Possible contributors to
heteroplasmy alterations include relaxed replication, and unequal partitioning dur-
ing cell divisions, as well as intracellular selection favoring a specific mtDNA hap-
lotype in mother mitochondria even prior to inheritance. Modeling has shown that,
even when mutated and wildtype mtDNA copies coexist and undergo non-selective
replication, fluctuations and alterations in heteroplasmy levels can arise over time
(Johnston, 2019; Chinnery and Samuels, 1999). Specifically, the non-selective repli-
cation can further delay the establishment of homoplasmy of a specific allele. Addi-
tionally, a physical bottleneck controlling the number of inherited mtDNA molecules
and fission-fusion cycles, that reorganize the mitochondrial contents, are also factors
that influence the segregation dynamics (Zhang, Burr, and Chinnery, 2018a; Twig et
al., 2008; Radzvilavicius and Johnston, 2022). All the aforementioned processes col-
lectively lead to heteroplasmy alterations and impact the homoplasmy fixation rate
in all individual cells of a dividing yeast population.

To shed light on these phenomena, we built a simplified mathematical model
that simulates mtDNA heteroplasmy segregation dynamics. Given the current lim-
itations in what is known about mtDNA heteroplasmy regulation, we do not pos-
sess adequate data to develop an intricate model without relying on few unverified
assumptions or unknown parameters, such as the frequency of fission events, the
mtDNA replication frequency and speed, or whether new synthesis occurs while
cell division and mtDNA exchange takes place. Consequently, the aim of the model
was not to encapsulate the entire complexity of the mtDNA variant segregation,
but rather to demonstrate that with a minimal set of assumptions and integrating
known parameters involved in the process, similar dynamics like those observed
experimentally could occur. We selected biologically reasonable values for all model
parameters. Briefly, we defined two different mtDNA haplotypes by 0 or 1 in an ar-
ray, representing the tubular organization of mitochondria. The length of this array
was set to the previously determined average of 32 mtDNA copies per diploid cell
(Göke et al., 2020). The founder cell of each simulated population had a randomized
sequence of equal amounts of 0s and 1s. Additionally, all newly replicated mtDNA
copies were always placed next to the template mtDNA. Of note, we excluded the
possibility of cell death and mtDNA degradation. Additionally, we hypothesized
that cells were allowed to divide only upon replication was complete, once the cell
had reached the predefined mtDNA copy number (e.g. 32 copies), neglecting any
cell-to-cell variabilities.

We limited our varying parameters to two, the fission-fusion frequency repre-
sented by nspl, and the number of inherited mtDNA molecules represented by ndau.
We note that even though our model is reduced to two varying parameters, it is
able to support the temporal heteroplasmy alterations observed in vivo, and reca-
pitulates the homoplasmy fixation levels of the microfluidic data. We checked our
model’s robustness by alternative founder cell sequences, by changing the order be-
tween the two haplotypes from ’mix’, to ’semi’, or ’non-mixed’, as well as by slightly
varying the initial mtDNA copy number. We find that, in our model, the structure
of the founder cell can influence the final speed of homoplasmy establishment, but
not in a statistically significant manner. Similarly, small variations of the mtDNA
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copy number of founder cells can lead to faster or slower segregation patterns, yet it
does not result in a markedly distinct outcome. However, we find that a higher per-
centage of mtDNA copies transmitted to daughter cells and increased fusion-fission
frequencies result in slower segregation of mtDNA variants. Interestingly, when nspl
is about as high as the number of mtDNA molecules in a wildtype cell, the process of
segregation corresponds to random independent sampling of nucleoids passed on
to the daughter cell (Dujon, Slonimski, and Weill, 1974), and allele frequency alter-
ations from mother to daughter cell resemble drift that majorly depends on uneven
mitochondrial turnover (Campbell et al., 2023), as already known from population
genetics.

Lastly, we anticipate that the transition from heteroplasmy to homoplasmy
would occur even faster if the mtDNA haplotypes had distinct qualities, supporting
the idea that segregation is less neutral in such scenarios. The current pipeline could
be used to investigate the selection process in mutants that contain fluorescently-
labeled proteins, by replacing mtDNA-encoded genes, that are expected to result
in OXPHOS dysfunction, such as deletion of the Cytochrome b (COB) gene or the
subunit 6 of the ATP synthase (ATP6). However, to date, this experiment remains
pending, as generation of fluorescently labeled mutant mtDNA has proven to be
rather challenging. On the upside, using the 24-HASC approach, our results indeed
indicate that diploid cells favor the inheritance of functional mtDNA copies over the
mutated ones, since more than 60% of the colonies appeared homoplasmic for the
wildtype construct. Additionally, in strains lacking genes essential for proper segre-
gation of mtDNA content between mother and daughter cells, or genes required for
the correct positioning of mitochondria (Obara et al., 2022; Chen, Ping, and Lackner,
2018), the selection and mtDNA inheritance process are also expected to be compro-
mised. For example, it has been observed that deletion of MMR1 impairs bud tip
anchorage of mitochondria, thus preventing binding of mitochondria to cER sheets,
which has a detrimental effect on adequate mitochondrial inheritance. (Swayne
et al., 2011). Another intriguing approach would be also to assess the process of
mtDNA purification across multiple generations under different carbon sources or
stress conditions, as the need for mitochondria and thus functional mtDNA genomes
varies greatly under such circumstances.

10.2 Importance of cell division for establishing mtDNA homoplasmy

Why and how homoplasmy gets established in cells is still not fully understood.
As mentioned in the introduction, there are multiple different mechanisms believed
to contribute to this phenomenon. Briefly, the most prominent explanations for
mtDNA segregation dynamics are the vegetative segregation (Birky, 2001; Birky,
Fuerst, and Maruyama, 1989) and relaxed replication, together defined as random
drift (Birky, Fuerst, and Maruyama, 1989), and the intercellular (Dujon, Slonimski,
and Weill, 1974; Backer and Birky, 1985), and intracellular selection occurring in
a non-random fashion for a specific genotype (Cree et al., 2008; Wai, Teoli, and
Shoubridge, 2008; Zhang, Burr, and Chinnery, 2018b; Hill, Chen, and Xu, 2014; Kluc-
nika and Ma, 2019). It is worth mentioning that establishing mtDNA homoplasmy
may involve multiple of these processes simultaneously, rather than just one. Con-
sequently, pinpointing the exact origin or cause of these transitions becomes even
more challenging.

Importantly, mtDNA segregation mechanisms involve or even require cell divi-
sion events. Therefore, in order to assess the direct influence of cell divisions on
mtDNA segregation dynamics, we compared the changes between a mother and its
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later self to the mother and its daughter at the same stage. The rationale behind this
experiment was that in one scenario, equal numbers of mtDNA molecules could
split between mother and daughter cells during cell division and a shift to homo-
plasmy could occur due to random selection of mtDNA molecules for replication
and possibly also degradation. In this stochastic drift scenario, it would be expected
that heteroplasmy values of mothers would correlate to similar extents with the het-
eroplasmy values of their later selves or their progeny. Alternatively, transmission
of a limited number of mtDNA molecules from mothers to daughters would result
in a bottleneck that samples mtDNA molecules from the mother’s mtDNA pool. In
this scenario, a lower correlation between heteroplasmy values should be observed
when h-values of mother cells are compared to heteroplasmy values of their daugh-
ters rather than to h-values of themselves at a later timepoint.

What we observed was a reduced similarity between mothers and their off-
spring, with a higher correlation of mothers with their selves. This analysis high-
lighted that the decreased similarity between mothers and progeny is influenced by
the division event, and also that unequal partitioning of mtDNA copies must take
place in order to result in the statically significant difference observed across cell
pairs. It is worth mentioning that the aging mother did differ from itself, suggesting
a concurrent stochastic drift, potentially attributed to ongoing relaxed replication
during aging. The observed difference in mother cells over time could also be due to
the removal of mtDNA copies from the mother’s pool since they are transmitted to
the daughter cells. All in all, these results brought to the surface the major effect of
cell divisions on the speed of mtDNA variant segregation. Our data also agree with
recent computational studies, where cell divisions were shown to increase the vari-
ance of mtDNA heteroplasmy in mice and in silico (Johnston et al., 2015; Johnston
and Jones, 2016). Another study of the mtDNA genetic bottleneck in human and
mice primordial germ cells has also suggested that the process of mtDNA selection
is facilitated by cell division (Floros et al., 2018), a finding further corroborating our
conclusion. Importantly, cell division is an inevitable event in vegetatively growing
cells. This means that either via a stochastic "spacing" or an "active-sorting" model
(Aretz, Jakubke, and Osman, 2019), division will have a key role to the purifying
selection process. For example, in the case of the "spacing" model, if equal parti-
tioning of mitochondria occurs upon division, then faithful mtDNA partitioning to
daughter cells will be achieved due to the uniform mtDNA distribution throughout
the mitochondrial network. On the other hand, in the "active-sorting" scenario, di-
rected movement of mtDNA to daughter cells would facilitate proper partitioning,
by conjoining mtDNA copies with mitochondrial anchorage and motility before and
during division. Put together, the process of cell division, most likely through trans-
mission of a limited number of mtDNA copies, is a major driver for the progressive
divergence of heteroplasmic states in a proliferating yeast population. Thus, we
posit that while stochastic drift does occur over time within a cell trajectory, the al-
terations arising from division events have a more pronounced impact on shaping
the cell’s mtDNA composition.
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10.3 mtDNA copy number transferred per cell division and fission-fusion
frequencies influence mtDNA heteroplasmy dynamics

Apart from the unavoidable processes of drift and division taking place in prolif-
erating cells, we next sought to identify whether there are active cellular mecha-
nisms contributing to or even controlling the swift fixation to homoplasmy. Since
mitochondrial genomes are not under Mendelian laws, as relaxed replication and
partitioning influence their inheritance process (Birky, 1994), we integrated relaxed
replication into our model, by allowing any mtDNA molecule to become a template
for replication until division. This way, we were able to directly target the asymmet-
ric vs symmetric partitioning question.

Upon fine-tuning of the computational simulations, we observed that a reduction
of the inherited mtDNA molecules from mother to daughter cells significantly influ-
enced the outcomes in heteroplasmy levels under a neutral scenario. Thus, we posit
that reducing the number of mtDNA copies in a young cell could quickly expose
different variants to present selective pressures. In line with this rationale, research
in mice has demonstrated that a decrease in mtDNA molecules is responsible for the
rapid heteroplasmy shifts during germline development (Cree et al., 2008). The ge-
netic bottleneck has been widely investigated and suggested to account for the ma-
jor heteroplasmy changes between generations (Zhang, Burr, and Chinnery, 2018b).
Our results are also consistent with other bottleneck studies conducted across vari-
ous model organisms (Cree et al., 2008; Tang et al., 2022; Zhang, Burr, and Chinnery,
2018a; Wai, Teoli, and Shoubridge, 2008; Marlow, 2017), emphasizing the importance
of this process in broader evolutionary contexts.

Apart from a reduction in mtDNA copies transferred to the progeny, using our
model, we also found fission-fusion frequencies to play a significant role in the
rapid establishment of homoplasmy. Reduced shuffling of mtDNA seems to ac-
celerate segregation, probably because mtDNA copies remain near their template
mtDNA after replication and/or near other molecules copied from the same tem-
plate. Consequently, it is more likely that larger numbers of the same mtDNA type
are passed on to the daughter cell, thus rendering the remaining nucleoids in the
mother cell more homogeneous (Figure 8). This result further aligns with previ-
ous mathematical modeling (Tam et al., 2013) and the restricted mobility of mtDNA
(Nunnari et al., 1997), that could potentially hinder the mixing of different mtDNA
variants within the mitochondrial network when fusion and fission are absent. Fur-
ther evidence suggests that frequent mitochondrial fusion and fission play an im-
portant role in sustaining a healthy mitochondrial network, as they lead to content
exchange across the mitochondrial tubules, which guarantees dilution of potentially
harmful mtDNA mutations (Chan, 2012), and directly affects the speed of homo-
plasmy establishment. Furthermore, fission and fusion events occur continuously
and rearrange mtDNAs within the matrix regardless of the nature or quality of the
mtDNA molecule. Interestingly, fusion has been observed to occur near mtDNA so
as to minimize the pressure for cristae remodeling (Ren et al., 2022). Concurrently,
it has been recently suggested that mtDNA molecules are tethered to cristae and the
IMM (Chapman, Ng, and Nicholls, 2020; Ren et al., 2022; Rajala et al., 2013; Prachař,
2016), which aids on the maintenance of cristae architecture. This is easily explained
when we remember that cristae are arranged in such a manner that the nucleoids
are placed in the in-between gaps of the IMM curvatures (Stephan et al., 2019). With
this in mind, fusion and fission, which regulate the re-organization of mitochondrial
tubules, can directly alter the positioning of mtDNA copies within the matrix. This
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re-organisation further affects the cristae architecture, since it is often shaped accord-
ing to the proximal mtDNA copies, which can in turn contribute to the heteroplasmy
degree and the mtDNA inheritance patterns. Additionally, fission events have been
linked to mtDNA replication (Lewis, Uchiyama, and Nunnari, 2016; Murley et al.,
2013). Thus, it is probable that increased mtDNA replication and mtDNA copy num-
ber may lead to higher fission frequency, directly altering the heteroplasmic level
of the cell. Put together, fragmentation and re-shuffling have a major influence on
the cell’s heteroplasmic state before and after segregation, and it will be interesting
to decipher the speed of mtDNA segregation in cells with higher mtDNA contents
and/or reduced fission.

One important experiment showcasing further the influence of effective shuf-
fling on the speed of segregation was to track the heteroplasmy dynamics in strains
lacking Dnm1. In such a scenario, since cells’ mitochondria cannot undergo fis-
sion, we expect a faster establishment of mtDNA homoplasmy. This is expected as
newly formed cells inherit mitochondrial tubules containing mtDNA copies from
their mothers, which have not undergone any shuffling. Therefore, when fission is
absent, no mixing can take place and patches of the same mtDNA haplotypes are
generated and inherited, rendering the newly formed cells homoplasmic in fewer
division rounds. Indeed, our in vivo experiments confirmed our hypothesis, with a
rapid establishment of homoplasmy in �dnm1 cells within 18 hours, in comparison
to wildtype. Interestingly, we observed solely homoplasmic cells in 57% of colonies
derived from heteroplasmic �dnm1 cells in comparison to 14% in WT cells. Our
proposition is that hindered shuffling of the mitochondrial contents potentially cre-
ates homogeneous patches within a cell, that upon division render a newly formed
bud homoplasmic, or heteroplasmic with homogeneous sub-compartments. An al-
ternative approach to check the role of fission in mtDNA segregation would be to
create temperature-sensitive mutants of the inner membrane remodelling dynamin-
related GTPase (Mgm1), as MGM1 deletion leads to mtDNA loss. In such a scenario,
the inner membrane fission would be halted, and thus monitoring of the influence of
fission on the speed of segregation would be feasible. Temperature-sensitive Mgm1
mutants have been long established for studying the mitochondrial architecture, and
notably the cristae structure is restored once the cells are returned to lower temper-
atures (Harner et al., 2016; Meeusen et al., 2006). Thus, these Mgm1 mutants would
allow drastic, but reversible, shifts on mitochondrial dynamics, a fascinating tool
to examine the effect of shuffling in mtDNA heteroplasmy in vegetatively growing
cells over time.

We next investigated the effect of increased mtDNA copy number on mtDNA
segregation dynamics. To achieve this, we conducted segregation experiments in
�mrx6 cells, which have been shown to have a higher total mtDNA copy num-
ber, specifically two-fold higher than the wildtype diploid cells (Göke et al., 2020).
After mating �mrx6 cells of opposing mating types containing mtDNAAtp6-NG and
mtDNAAtp6-mKate2, we quantified the number of heteroplasmic cells in populations
after 18 hours of growth. Notably, mtDNA variant segregation was delayed in
�mrx6 cells, resulting in a higher percentage of heteroplasmic cells, and surprisingly
with none of the populations achieving complete segregation, after 18 hours. The ex-
perimentally observed delayed segregation in �mrx6 cells, combined with the pre-
dictions from our model, indicate that these cells exhibit either higher fission-fusion
frequencies and/or transmit a higher percentage of mtDNA copies to the daughter
cells. It would be a fascinating experiment to overexpress Dnm1, which causes mi-
tochondrial fragmentation (Fukushima et al., 2001), in �mrx6 cells and observe the
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mtDNA inheritance dynamics in real-time. In such a scenario, mitochondrial frag-
ments would be expected to contain an increased mtDNA copy number, leading to
a very rapid homoplasmy fixation. If not, it could suggest that yeast cells regulate
mtDNA replication as a tool for prolonged quality control. Furthermore, the LacO-
LacI system that allows for direct visualization of the mtDNA foci could be used
in the �mrx6 strain, to assess whether more mtDNA copies get transferred from
mother to daughter cells in the increased mtDNA copy number scenario. Of note,
the LacO-LacI system carry specific photo-bleaching limitations, thus an improved
construct is necessary for this approach to work.

FIGURE 8: Model for mtDNA heteroplasmy dynamics, adapted from Roussou et
al., 2024. Cells containing different mtDNA variants are termed heteroplasmic.
Real-time imaging of heteroplasmy in dividing S. cerevisiae populations shows that
the number of mtDNA copies passed to daughter cells and the degree of mitochon-
drial fission influence the speed of mtDNA variant segregation. Specifically, when
a high number of mtDNA copies gets transferred to the daughters cell per cell di-
vision, while effective shuffling has taken place, segregation of mtDNA variants
and the establishment of homoplasmy is slow. In contrast, when no shuffling oc-
curs and only very few mtDNA copies are transferred to the progeny, cells become

homoplasmic in fewer generations.

Regarding our model, one important limitation worth mentioning is that we can-
not entirely rule out that stochastic de novo mtDNA mutations may still account for
some of the observed heteroplasmy dynamics, as the nspl parameter fragments mito-
chondria in random lengths and reshuffling occurs stochastically. Thus, neighboring
mtDNA copies may remain in proximity to each other and get inherited together,
especially if the nspl parameter is low. Importantly, our data do not align with
Kimura’s "fixation by randomness" theory, which relies on specific assumptions,
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such as a finite and constant population size, no de novo mutation, non-overlapping
generations, and no migration (Wonnapinij, Chinnery, and Samuels, 2008; Li, 1996).
Therefore, since our model is built on the biological characteristics of dividing yeast
populations, we attribute the observed heteroplasmy rates on both the nspl and ndau
parameters, for the simulated conditions.

Acknowledging cell divisions as a fundamental player in establishing mtDNA
homoplasmy brings us closer to a better understanding of the mtDNA segregation
dynamics. However, it is wise to keep in mind that in this study, the microfluidic
data are derived from heteroplasmic cells with neutral mtDNA variants. Based
on this specific setup, we identify fusion-fission frequencies along with a reduced
number of mtDNA copies passing per segregation event from mother to daughter
(specifically 1/3) as the key players of mtDNA heteroplasmy dynamics (Figure 8).
Nonetheless, in a non-neutral setting, whether the cells’ mtDNA composition dur-
ing segregation is the reason for or the result of selection remains to be addressed.
Therefore, before answering this cause-or-effect question, we ought to examine in
real-time how yeast cells actively select for the healthy mitochondrial genomes in a
scenario where haplotypes of different qualities coexist, as we observed in the 24-
HASC microdissection experiment.
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Monitoring mtDNA segregation dynamics in real time at the single-cell level is a
milestone in the field and can pave the way for more detailed studies. Building
on our pipeline and previous findings, it is also intriguing to investigate whether,
upon absolute fusion of mitochondrial contents from cells harboring distinct quali-
ties of mtDNA, the cells possess the capability to discern and transmit the functional
mtDNA copies to their offspring. In the second part of my work, we addressed this
question, and also explored factors expected to be involved in the purifying selec-
tion process. Firstly, we reproduced previous studies which demonstrated that mix-
ing of soluble proteins, such as matrix ones, occurs during mating (Nunnari et al.,
1997; Okamoto, Perlman, and Butow, 1998). We did so by using fluorescent proteins
tagged with a mitochondrial targeting sequence (su9-mKate2 or su9-NeonGreen) in
mating of two wildtype strains. Then, we investigated how cells discerned the WT
mtDNA copies over the defective �cob ones, when containing both, and whether
the cristae morphology influenced the selection process.

11.1 Yeast cells distinguish between WT and mutant mtDNA

By mating two parental cell lines, one harboring wildtype and the other defective
mtDNA, we created zygotes with heteroplasmic mtDNA. This resulted in fully in-
termixed mtDNA molecules, coexisting and competing within the mitochondrial
network. Using the pedigree analysis, our results indicate that indeed the unicel-
lular organism S. cerevisiae can produce offspring with healthy mtDNA populations
originating from heteroplasmic zygotes, and preferably generate progeny with intact
mtDNA. Employing our microfluidic-based pipeline fully corroborated the afore-
mentioned finding, since the degree of homoplasmy in populations carrying WT
and mutant mtDNA reached a 50% homoplasmy after 24 hours. Notably, during the
pedigree analyses, we observed sporadic cases where mtDNA species were lost in
one generation but reappeared in the next one. This observation can be attributed to
occasions where all copies of one particular mtDNA haplotype are passed on to the
daughter cell, resulting in the mother cell lacking this mtDNA type, and the daugh-
ter containing it. More important, however, is to mention that the acquired data
are limited to the specific deletion of the COB gene defining the mutant mtDNA
strain. Therefore, it would be worth exploring different scenarios where yeast cells
lack other mtDNA-encoded genes, or contain mtDNA with less severe mutations,
as the effect of the mutation could greatly affect the efficiency of mtDNA selection.
It would be also worth investigating how cells containing mutated mtDNA variants
segregate in real-time, as so far we have acquired data using our two microdissection
approaches, pedigree and 24-HASC. Our hypothesis is that the mtDNA segregation
speed will exceed that of neutral variants, and that a 50% homoplasmy will be es-
tablished in less than 5 generations.

Next, upon observing the clear pattern of selection in wildtype cells with com-
peting mtDNA molecules, we assessed the potential mechanistic causes. Therefore,
we deleted Dnm1 as well as Atg32, to check whether fission and mitophagy, re-
spectively, influenced the clearance pattern of mutant mtDNA. Interestingly, neither
fission nor mitophagy appeared to dramatically impact the mtDNA quality control,
within this experimental setup. This raised questions on how cells can discern mu-
tant mtDNA copies amidst wildtype copies in a mitochondrial network, where solu-
ble matrix proteins quickly intermix, potentially obscuring physiological differences
and thus protecting the mutant mtDNA copies.
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Notably, prior investigations in yeast have demonstrated the preferential trans-
port of healthy mitochondria into daughter cells (McFaline-Figueroa et al., 2011).
Our pedigree analysis reveals a high proportion of first-generation colonies already
exhibiting homoplasmy for the healthy mtDNA haplotype. However, our data also
suggest that subsequent rounds of selection against mutant mtDNA, occurring in
daughter cells, lead to the complete elimination of those mtDNA molecules. Al-
though we find that mitochondrial fission or Atg32-mediated mitophagy may not
be necessary for purging mutant mtDNA, during the generation of the very first
daughter cells, these two processes may still contribute to the clearance process dur-
ing further growth and subsequent cell divisions. In support to our data, where
healthy mtDNA copies are preferentially inherited to daughter cells, it was recently
shown that yeast mother cells retain dysfunctional mitochondria, via a mechanism
where fusion is inhibited and the motor protein Myo2 is lost (Chelius et al., 2023).
Yeast mitochondria are transported into the bud by the motor protein Myo2 attached
to actin cables, with the help of Mmr1 (Obara et al., 2022; Chernyakov, Santiago-
Tirado, and Bretscher, 2013; Itoh et al., 2002; Itoh, Toh-e, and Matsui, 2004). Chelius
et al. proposed an inheritance mechanism where healthy mitochondria are success-
fully transferred to the progeny, leading to qualitative rejuvenation of the daughter
cells, in a Mmr1-dependent manner. This qualitative inheritance could be further
linked to the mtDNA quality, as dysfunctional mitochondrial tubules are often the
outcome of the type of mtDNA copies they contain. Specifically, Chelius et al. sug-
gest that Mmr1, functioning as the adapter of Myo2, detects mitochondrial dysfunc-
tion and/or ROS stress, leading to the dissociation of Myo2 from the mitochondrial
surface and as a result, the defective mitochondria become immobilized and stay in
the mother cells during cell division (Chelius et al., 2023).

Moreover, as mentioned in the introduction, heteroplasmy can be influenced by a
relaxed replication mechanism. In this context, it is plausible that wildtype mtDNA
is preferentially replicated, as previously suggested in D. melanogaster (Hill, Chen,
and Xu, 2014; Zhang et al., 2019). This way, the proportion of functional mtDNA
copies surpasses that of mutant in the total mtDNA pool, thereby increasing the like-
lihood that daughter cells will inherit WT mtDNA. Another explanation of the rapid
removal of dysfunctional mtDNA copies could be that mutant mtDNA undergoes
selective degradation by nucleases within the related mitochondrial subcompart-
ments. Studies in yeast have demonstrated that the mitochondrial DNA polymerase,
Mip1, degrades mtDNA through its exonuclease domain under prolonged starva-
tion conditions (Medeiros et al., 2018), which could be linked to a more effective
selection against mutated mtDNA under these conditions. However, further inves-
tigations are needed to ascertain whether such a mechanism contributes to the clear-
ance of mutated mtDNA. All in all, the clearance of mutant mitochondrial genomes
potentially involves a combination of mechanisms, including selective inheritance of
wildtype mtDNA molecules to the progeny, mitophagic removal of fragments con-
taining dysfunctional mtDNA, selective replication of healthy mtDNA, and/or even
selective degradation of mutant mtDNA by nucleases.

11.2 mtDNA-encoded proteins remain in the vicinity of their mtDNA
template

As multiple factors are involved in the selection process, we next aimed to com-
prehend how cells can differentiate between WT and mutant mtDNA while the
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mitochondrial networks fully fuse. We hypothesized that selection can only oper-
ate when distinct subdomains persist within the mitochondrial network, each in-
fluenced by the nearby mtDNA copies. In such a case, mtDNA-encoded respira-
tory chain subunits should not diffuse rapidly, otherwise dysfunctional subdomains
could be complemented by gene products from WT mtDNA. To assess the diffusion
of an mtDNA-encoded protein, we used the previously established Atp6-NG strain,
where we engineered the mitochondrial genome by tagging the C-terminus of the
mtDNA-encoded ATP6 gene with the NeonGreen tag.

Upon fluorescence microscopy of cells expressing ATP6-NG and the nuclear-
encoded mScarlet in the matrix, we observed a patchy distribution of Atp6, contrast-
ing the uniformly distributed mScarlet signal. Importantly, this distribution pattern
agreed with previously observed data on GFP-tagged variants of ATP synthase sub-
units (Jimenez et al., 2014), which have been claimed to likely reflect mitochondrial
cristae enrichment where the ATP synthase resides. We also found that Atp6-NG foci
were spatially associated with mtDNA, located around the DAPI (mtDNA) spots
rather than directly overlapping with them, indicating that Atp6-NG remains close
to the mtDNA copy from which it originates. Based on this observation, we con-
cluded that the ATP synthase localizes in close proximity to mtDNA and is majorly
excluded from areas occupied by mtDNA. This can be interpreted as that there is a
lack of cristae proximal to mtDNA, which also fully aligns with recent microscopy
data in HeLa cells (Stephan et al., 2019), where lamellar cristae were shown to be ar-
ranged in groups, and the in-between gaps be occupied by mitochondrial nucleoids.

We also investigated whether Atp6-NG remained localized to the mitochondria
from its original cell, upon mitochondrial fusion. Indeed this was the case, in con-
trast to the soluble mKate2 signal that equilibrated rapidly throughout the mito-
chondrial network. We obtained similar results with a nuclear-encoded subunit of
Complex IV (Cox4-NG), indicating restricted diffusion of these proteins compared
to soluble matrix proteins. Importantly, we cannot differentiate between pre-existing
and newly synthesized Atp6-NG. However, even after the mitochondria of both
parental cells had fully fused, we observed very low levels of Atp6-NG, in the cell
without the respective mtDNA, indicating rather limited synthesis and/or restricted
diffusion of Atp6-NG within the timeframe of our analysis. One approach to in-
vestigate this finding would be to use an adapted MS2-MCP system. By tagging
endogenous transcripts with MS2 hairpins, live-cell tracking of the dynamics of mR-
NAs becomes possible (Tocchini and Mango, 2024). Essentially, upon expression of
the MS2 Coat Protein (MCP), such a method would allow the visualization of the
mRNA and whether it remains in the vicinity of the respective mtDNA copy. Addi-
tionally this method could be used for investigating the mRNA dynamics between
mother and daughter cells in real time. Another experiment to differentiate between
newly synthesized and "old" pre-existing Atp6-NG would be to use photoactivat-
able photoconvertible fluorescent tags, that allow quantitative tracking of a distinct
protein in real time. Despite the limited knowledge on the dynamics of mitochon-
drial mRNAs, but taking into account that in yeast mitochondrial transcription and
translation occur in a coupled manner (Kehrein et al., 2015), we posit that proteins
encoding respiratory chain subunits remain largely restricted to the cell of its origin.
All in all, we could show that in WT cells subunits of respiratory chain complexes
remained local and in close proximity to the mtDNA they derive from, and the re-
spective mtDNA-encoded proteins did not diffuse to the other parental cell during
mating.
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11.3 Selection occurs in a continuous mitochondrial network under intact
cristae morphology

So far, this work has presented the complexity of the mtDNA inheritance in various
levels. The last chapter of this work was focused on the role of cristae in the clear-
ance of mutated mtDNA molecules. To examine the influence of cristae on purify-
ing selection of mtDNA across generations, cristae-related genes were deleted and
using the pedigree analysis, their effect on mtDNA quality control was assessed.
Specifically, deletions of ATP20, ATP21, as well as the double deletion Atp20-Atp21,
were observed to delay mtDNA quality control. Furthermore, deletion of MIC10 and
MIC60, as major determinants of the cristae junctions, led to a detrimental inability
of the cell to distinguish between functional and mutant mtDNA.

Using the previously introduced strain, in which cells harbor WT mtDNA tagged
with NeonGreen, we observed that in mutants with impaired cristae architecture
the Atp6-NG signal exhibits increased movement throughout the mitochondrial
network, while the mobility of the mtDNA from which it originates remains lim-
ited. This observation can be easily explained when considering cristae as diffusion
boundaries. In line with this idea, studies have proposed that OXPHOS proteins get
trapped within cristae membranes and are hindered from diffusing past the cristae
junctions into the IMM (Schägger and Pfeiffer, 2000; Gilkerson, Selker, and Capaldi,
2003; Vogel et al., 2006). Studies conducted in HeLa cells also indicate that OXPHOS
proteins along the longitudinal axis of the mitochondrial tubules exhibit diminished
mobility (Wilkens, Kohl, and Busch, 2013; Appelhans et al., 2012).

FIGURE 9: Model for mtDNA quality control in a fused mitochondrial network,
adapted from Jakubke et al., 2021. In wildtype cells, mtDNA copies (in cyan)
supply mtDNA-encoded proteins only to the cristae in their immediate vicinity.
Respiratory chain complexes containing mtDNA-encoded subunits do not diffuse
and remain local and confined within the cristae, creating a sphere of influence
of mtDNA. However, in cells with compromised cristae structure, the limited dif-
fusion of respiratory chain complexes is disrupted. In this case, proteins from
the mutated mtDNA (in magenta) can be shadowed by proximal functional WT

mtDNA-encoded products.

Based on our data, we posit that in healthy mitochondria, an intact cristae struc-
ture facilitates correct segregation of different mtDNA molecules and the proteins
they encode. Due to the invaginations of the IMM, distinct sub-compartments are
generated hosting mtDNA molecules, with their own sphere of influence. Subse-
quently, the cell can utilize this organization, for example in the case of reduced
membrane potential (Jin et al., 2010), to efficiently identify and remove defective
mtDNA copies from the mitochondrial network. Hence, the loss of cristae disrupts
the organization of mtDNA-encoded proteins, allowing the respiratory chain com-
plexes to freely diffuse along the altered cristae membranes, abolishing the concept
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of a sphere of influence. As a result, the cell’s ability to recognize and eliminate dys-
functional mtDNA is compromised, leading to the observed inefficient selection. Ar-
eas of defective mitochondria, containing mutated mtDNA, can be identified based
on decreased respiratory chain efficiency. Within this rationale, a reduced proton
gradient (Jin et al., 2010), lower ATP levels (Lieber et al., 2019), or altered redox
states (McFaline-Figueroa et al., 2011) could serve as markers for cells to pinpoint
defective mtDNA within the mitochondrial network, and could be used further for
mutant mtDNA elimination. This experimental approach is further supported by a
recent study, where individual cristae within the same mitochondrial tubule have
been shown to maintain independent membrane potentials (Wolf et al., 2019). Our
findings are also consistent with a previously proposed model positing that each
mtDNA copy maintains a ’sphere of influence,’ and remains spatially associated
with its gene products (Kowald and Kirkwood, 2011; Busch, Kowald, and Spelbrink,
2014). Put together, we claim that the process of mtDNA purifying selection highly
depends on normal cristae architecture and the sub-compartmentalisation of mito-
chondria (Figure 9).

All in all, with these results we underline that intact cristae architecture is a major
determinant for the distribution of respiratory chain proteins across the mitochon-
drial matrix. We conclude that upon elimination of the cristae structure, selection is
significantly impaired and thereby clearance against mutant mtDNAs is delayed.
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12 Clinical significance

Mutations in mtDNA have been long associated and thus targeted for prevention of
neurodegenerative, muscular and cardiovascular diseases. Deficient mtDNA main-
tenance contributes even to normal aging and diabetes (Al-Ghamdi et al., 2022;
Amorim et al., 2022). Hence, heteroplasmy, which inevitably occurs over time, has
also been shown to contribute to (if not cause) a plethora of myo-, neuropathies and
cancer (Pérez-Amado et al., 2021; Habbane et al., 2021; Edwards et al., 2021). Ad-
ditionally, although we currently lack direct experimental evidence, recent studies
have indicated that proper mitochondrial function and the amount of mtDNA copies
within a cell are also important determinants of oocyte quality and female fertility
(Fragouli et al., 2015; Diez-Juan et al., 2015). Consequently, our understanding on
how heteroplasmy comes to persist (or not), and how mtDNA mutations are se-
lected against across generations and lineages become imperative topics to address.

Specifically, mutations in the mitochondrial genome have been associated with
structural and functional alterations of crucial subunits of the OXPHOS complexes.
Most of the times, they lead to dysfunction of the OXPHOS system, which eventually
modifies concentrations of important metabolites, such as pyruvate and acetyl-CoA.
The imbalance of these molecules has been linked to specific myopathies (Dengler
et al., 1996), and production of ROS has been observed elevated in tumor cells as a
result of increased metabolic rate, gene mutation and hypoxia, a cell state associated
with malignant cell proliferation (Pérez-Amado et al., 2021; Perillo et al., 2020; Kon-
doh et al., 2013; Tafani et al., 2016). Therefore, heteroplasmy has been proposed as a
potential biomarker of tracking the development and progression in cancer (Pérez-
Amado et al., 2021). Furthermore, a strategy for effective elimination of dysfunc-
tional mtDNA copies could involve active manipulation of the mtDNA using the
CRISPR-Cas9 system (Schmiderer et al., 2022). Mitochondria-targeted Cas9 base-
editing could be of great use for repairing mutated copies, keeping heteroplasmy
below the biochemical threshold for pathologies (Stewart and Chinnery, 2015). How-
ever, the CRISPR-Cas9 system has yet to be applied for mitochondrial editing, as the
guide RNA cannot enter inside mitochondria. In general, despite its advantages
in mammalian cells, genome editing should be approached with caution as unin-
tended mutations, called "off-targeting", as well as polymorphisms may occur when
applying it (Rasul et al., 2022). Manipulating the degree of heteroplasmy within cells
and/or tissues, could prove an extraordinary therapeutic strategy for tackling mito-
chondrial disorders, or at least delaying their onset, but there are still some safety
concerns that need to be overcome.

Deleterious mutations have been also shown to cause early-onset diseases as
they rapidly segregate toward homoplasmy by vegetative segregation (Wallace et
al., 1995). That being so, cell divisions become fundamental in preventing such mu-
tations to perpetuate across generations. Normally, in the germline harmful muta-
tions are promptly eliminated by purifying selection, however selection errors do
occur, as some mutated copies still pass on to the next generation. Consequently,
examining the spatio-temporal dynamics of segregation, for example by follow-
ing fluorescently-labeled mtDNA in real-time in different cell tissues in vivo, using
whole-mount tissue live imaging, could yield valuable insights for advancing ther-
apy development in the field. Certain mutations in mtDNA have been further asso-
ciated with severe impacts on mitochondrial function during germline development
in mammalian cells (Chiaratti and Chinnery, 2022). As those mtDNA mutations
interfere with OXPHOS, they alter the OXPHOS-derived ATP, altering the ATP re-
quirements of a particular cell, and thus negatively influence the mtDNA replication
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and copy number of female germline stem cells during oogenesis (St. John, 2019).
Given the significance of the genetic bottleneck to a cell’s development, it is crucial
to investigate mtDNA integrity in conjunction with inheritance, across all different
stages of cell specification.

Lastly, since cristae morphology plays a fundamental role in the quality con-
trol process, it would be worth exploring the potential of tailored gene therapies
that support new cristae biogenesis, thereby restoring probable purifying selection
defects. Of course, it comes without saying that since our data are derived from
yeast cells, it would be necessary to first confirm these findings in higher eukary-
otes. Along these lines, investigating the phosphorylation status of subunits e and
g of ATP synthase, that are responsible for the IMM curvatures, could yield valu-
able insights, given their implication in cristae architecture and structural integrity
of mitochondria (Reinders et al., 2007). Specifically, the unphosphorylated form of
subunit g (Atp20) has been reported to be required for the dimerization of the ATP
synthase, which leads to the characteristic mitochondrial cristae morphology. Ab-
sence of Atp20 phosphorylation results in the formation of ATP synthase dimers as
well as monomers. Hence, fine-tuning the phosphorylation state of such subunits
could shift the cristae architecture as necessary, in order to increase IMM invagina-
tions, that would eventually improve the process of mtDNA selection.

To conclude, despite substantial advancements in mitochondrial genome biol-
ogy, a plethora of questions remain unanswered and a variety of diseases remain
inadequately understood. Nonetheless, foundational research, such as investigat-
ing the dynamics of mtDNA segregation in a single-cell eukaryote, holds promise
for paving the way towards understanding the mechanisms that underlie mtDNA
variant segregation and purifying selection.
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