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Abstract: The mitochondrion is an essential organelle of eukaryotes, generating the universal
energy currency, adenosine triphosphate, through oxidative phosphorylation. However, aside
from generation of adenosine triphosphate, mitochondria have also been found to impact a
diversity of cellular functions and organ system health in humans and other eukaryotes. Thus,
inheriting and maintaining functional mitochondria are essential for cell health. Due to the relative
ease of conducting genetic and molecular biological experiments using fungi, they (especially the
budding yeast Saccharomyces cerevisiae) have been used as model organisms for investigating
the patterns of inheritance and intracellular dynamics of mitochondria and mitochondrial DNA.
Indeed, the diversity of mitochondrial inheritance patterns in fungi has contributed to our broad
understanding of the genetic, cellular, and molecular controls of mitochondrial inheritance and
their evolutionary implications. In this review, we briefly summarize the patterns of mitochondrial
inheritance in fungi, describe the genes and processes involved in controlling uniparental
mitochondrial DNA inheritance in sexual crosses in basidiomycete yeasts, and provide an
overview of the molecular and cellular processes governing mitochondrial inheritance during
asexual budding in S. cerevisiae. Together, these studies reveal that complex regulatory networks
and molecular processes are involved in ensuring the transmission of healthy mitochondria to
the progeny.

Keywords: uniparental inheritance, biparental inheritance, mating type, actin cable, mitochore,
mitochondrial partition

Introduction

Mitochondria are most commonly known as the powerhouse of eukaryotic cells,
generating the universal energy currency, adenosine triphosphate (ATP), to support a
diversity of cellular functions. It is believed that mitochondria were first described in
1856 by Swiss anatomist and physiologist Von Kolliker when he noted the arrangement
of granules in the sarcoplasm of striated muscle tissues.! These intracellular structures,
later called sarcosomes by Retzius in 1890, were termed mitochondria by Benda in
1898. The term mitochondrion is a combination of the Greek words “mitos” (thread) and
“chondros” (granule). Though much remains to be understood, over the past century,
significant progress has been made with regard to the structure, function, origin, and
inheritance of mitochondria. Indeed, among the diversity of intracellular organelles, the
mitochondrion has arguably resulted in the most Nobel Prizes. For example, Warburg
won a Nobel Prize in 1931 for revealing that mitochondria were associated with cellular
respiration. Krebs was awarded the Nobel Prize in 1953 for localizing the enzymes
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in the citric acid cycle to mitochondria. Palade won the
Nobel Prize in 1974 for developing a method to purify intact
functional mitochondria. Mitchell, who won a Nobel Prize in
1978, developed the chemiosmotic theory for ATP synthesis
that linked the electron transport chain, proton gradient
formation, oxidative phosphorylation, and ATP biosynthesis.
More recently, determining the composition and structures
of the complexes involved in oxidative phosphorylation, in
particular the ATP synthase complex, resulted in a Nobel
Prize for Walker and Boyer in 1997.

While ATP generation is the function most commonly
ascribed to mitochondria, mitochondria also provide a cen-
tral platform for many other biological processes, including
metabolite biosynthesis, ion homeostasis, and apoptosis. In
recent years, mutations in mitochondrial DNA (mtDNA)
and defects in mitochondria have been linked to a diversity
of phenotypic traits including resistance to drugs,’ host
defense,’ and virulence* in fungal pathogens, nuclear genome
stability and aging in the budding yeast Saccharomyces
cerevisiae,>® and male sterility in plants.” In humans,
mitochondria have been linked to an increasing number of
conditions, including diabetes, neurodegenerative disorders,
cancers, and fertility.®1

Unlike the majority of intracellular membrane structures,
mitochondria contain their own genetic material. While
most of the proteins in the mitochondria are encoded by the
nuclear genome, the mtDNA in most eukaryotes encodes
some of the key components of the translation machinery and
the oxidative phosphorylation complexes. Thus, functional
mtDNA is essential for ensuring functional mitochondria,
and defects in mtDNA and/or in mtDNA inheritance can
have severe detrimental consequences for cells. Indeed,
mitochondrial genomes also have sophisticated interactions
with the nuclear genome as the key protein complexes in
mitochondria contain subunits encoded by both the nuclear
and the mitochondrial genomes. Thus, understanding the
mechanisms driving mtDNA transmission has far-reaching
implications in many fields. Fungi, especially the model
yeast S. cerevisiae, have served as excellent models for
understanding the mechanisms of mitochondrial inheritance.
Below we review our current understanding of mitochondrial
inheritance in fungi. We first describe the general features of
mtDNA inheritance in fungi, including the genes involved in
controlling mtDNA inheritance. We then briefly review the
molecular and cellular processes involved in mitochondrial
inheritance in S. cerevisiae. We finish by describing the
relevance of understanding fungal mtDNA inheritance to
the health of humans and other animals.

Differences between mitochondrial

and nuclear DNA inheritance
In typical plant and animal cells, the mitochondrial genes
and genomes differ from their nuclear counterparts in sev-
eral aspects.!!"1® First, within each plant or animal cell, there
is usually only one nucleus with one or a few copies of a
haploid genome (depending on the ploidy of the organism).
In contrast, each cell typically has multiple mitochondria,
with each mitochondrion containing multiple mitochondrial
genomes. Second, during each mitotic cell cycle, the nuclear
genome is replicated exactly once, and each daughter cell
receives half of the replicated nuclear DNA. In contrast,
the replication and partitioning of the mitochondria and
mitochondrial genomes are not as stringently controlled:
some mitochondria and mitochondrial genomes replicate
more often than others and they partition into daughter cells
unevenly during cell division. Third, nuclear genes segregate,
re-assort, and recombine predominantly during sexual repro-
duction and very rarely during somatic growth. In contrast,
heterogeneous mitochondrial genomes within the cell often
segregate quickly during mitotic division and somatic growth.
Fourth, during sexual mating and meiosis, the inheritance of
nuclear genes and genomes follow Mendelian laws, while
mitochondrial genes and genomes do not obey these laws.
In the great majority of sexual plants and animals, the mito-
chondrial genomes are inherited uniparentally, usually from
the maternal parent.!!-14

In many fungi, the structure and inheritance of both the
nuclear and mitochondrial genomes differ slightly from those
in plants and animals.'*>!* For example, in many filamentous
fungi, instead of having a single diploid nucleus per cell, each
cell may contain two or multiple haploid nuclei. While the
two nuclei in dikaryotic cells are typically synchronized in
their replication and partitions, ' the nuclei in multinucleated
cells may not be synchronized or stringently controlled.'®
In addition, fungal mating typically involves vegetative
cells that are morphologically indistinguishable from each
other and are similar in size. This is different from the mor-
phologically differentiated gametes in plants and animals
where the male gametes are typically much smaller than
female gametes.'>!* Furthermore, there is a diversity of
sexual reproductive systems in fungi, from homothallism to
heterothallism, from same-sex mating to bi-sex mating, and
from bipolar to tetra-polar mating.'” The diversity of fungal
mating systems also contributes to variation in mitochondrial
inheritance patterns in fungi. For example, the basidiomycete
yeast Cryptococcus neoformans shows uniparental mtDNA
inheritance in opposite-sex mating but biparental mtDNA
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inheritance in same-sex matings.'®!"” Indeed, compared
with the relative uniformity of maternal mitochondrial
inheritance in plants and animals, fungi exhibit a diversity
of mtDNA inheritance patterns from strictly uniparental to
biparental, a mixture of both uniparental and biparental, as
well as recombinant mtDNA genotypes.!>!* Even within
the same species, different strains, strain combinations, and
environmental factors have also been found to influence
mtDNA inheritance patterns.!>22!

Due to the importance of mitochondria and their diverse
patterns of inheritance, mitochondrial genetics have attracted
significant attention from biologists in diverse fields such
as evolutionary biology, genetics, cell biology, molecular
biology, developmental biology, and medicine. In this review,
our focus is on fungal mtDNA inheritance. The patterns of
mtDNA inheritance among the diversity of fungi were sum-
marized recently.'>!*?2 Below, we briefly describe the main
mtDNA inheritance patterns in sexual crosses in fungi.

Mitochondrial DNA inheritance in

sexual crosses in fungi

As described above, while genetic difference between gam-
etes is typically required for mating to occur in fungi, most
often the gametes of fungal mating partners are morphologi-
cally indistinguishable. In both the ascomycete yeasts and
the basidiomycetes (including both yeast and filamentous
basidiomycetes), mating involves morphologically undif-
ferentiated vegetative yeast cells or mycelia.'?'>?2* In
ascomycete yeasts, such as the model organisms S. cerevisiae
and Schizosaccharomyces pombe, the zygotes inherit mtDNA
from both parental cells. However, the parental mtDNA geno-
types actively segregate during subsequent divisions through
budding or fission.!* In basidiomycetes, sexual reproduction
is most often achieved by the fusion of two haploid mycelia
(in filamentous basidiomycetes) or two similar-sized yeast
cells (in unicellular basidiomycetes). Interestingly, a diversity
of mitochondrial inheritance patterns has been found, from
uniparental to biparental in basidiomycetes.!>!3 In basidi-
omycetes with uniparental mtDNA inheritance in sexual
crosses, the mating type locus often plays an important role
(for details of the known genes and regulatory mechanisms,
see below).

Unlike the gametes in ascomycete yeasts and basidiomy-
cetes, which lack morphological differentiation between the
gamete types, the gametes of filamentous ascomycetes are
morphologically differentiated but the differentiation is not
associated with mating type.? Instead, each mating type of a
filamentous ascomycete can produce two types of gametes:

the small dispersing “male” gametes called microconidia
and the large, more complex and sessile “female” structures
called ascogonia.? In sexual crosses, mitochondria are inher-
ited predominantly from the female-like structure, analogous
to anisogamous mating and maternal mtDNA inheritance in
plants and animals.'**2> However, mitochondrial plasmids
in filamentous ascomycetes may show paternal inheritance,
unlike the maternal inheritance of mitochondrial genomic
DNA..326 Thus, in ascomycetes, there seems to be no strin-
gent genetic mechanism controlling mtDNA inheritance
during sexual mating. Below we briefly describe the genes
and regulatory mechanisms that control uniparental mtDNA
inheritance in basidiomycetes.

Genes and regulations of
uniparental mtDNA inheritance

in basidiomycetes

In filamentous basidiomycetes, mating involves genetically
different but morphologically undifferentiated vegetative
cells. Typically, genetic compatibility between the mating
partners is not a prerequisite for the initial mycelial anasto-
mosis and cell fusion.?’?® However, whether fertile mycelia
can be established is determined after the initial cell fusion. In
many filamentous basidiomycetes, such as the model species
Schizophyllum commune and Coprinopsis cinerea, if their
mating type alleles are different and genetically compatible,
the haploid nuclei of the two mating partners within each
fused cell replicate and spread throughout the cytoplasm of
the reciprocal mating partner to establish a diploid or dikary-
otic colony.?! However, the mitochondria do not migrate.
The net result of this type of mating is that the mated mycelia
are genetically identical with regard to their nuclear genome
but their mitochondrial genomes may differ depending on
the location of the mycelia within the colony from which
samples are taken for analyses.?!

While this general pattern holds true for many filamen-
tous basidiomycete species, there are exceptions, and most
of these exceptions can be explained by differences in the
migration abilities of specific nuclei. Indeed, the nuclear
migrating abilities seem to differ among species and some-
times even among strains within species.’*** For example,
there is no evidence of nuclear migration in mating between
homokaryons in the button mushroom Agaricus bisporus.>
In a closely related species, the field mushroom Agaricus
bitorquis, some homokaryotic strains show nuclear migration
abilities while others do not, with mating partners having an
important effect on the nuclear migration abilities of their
mates.** In the model species C. cinerea, five of 14 crosses
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examined showed unidirectional nuclear migration while
the remaining nine showed bidirectional nuclear migration,
with the directionality found to be strain-pair specific.’’ In
these cases, only the homokaryotic strains that are capable
of receiving nuclei from mating partners become fertile
and have their mitochondrial genomes inherited in sexual
progeny. Interestingly, in these species, nuclear migration
is controlled by the mating type locus,?” consistent with the
mating type gene playing a significant role in mitochondrial
inheritance in these species. At present, the molecular and
cellular processes of how mating type genes control nuclear
migration remain unknown.

The role of mating type locus in mtDNA inheritance has
been very prominently demonstrated in several basidiomy-
cete yeasts. Similar to mating in ascomycete yeasts, mating
in basidiomycete yeasts involves genetically different but
morphologically indistinguishable yeast cells. However,
unlike biparental mitochondrial inheritance in the ascomycete
yeasts S. cerevisiae and S. pombe, uniparental mitochondrial
inheritance is very common in basidiomycete yeasts. In
addition, there is increasing evidence that mating type genes
play an important role in determining mtDNA inheritance
in basidiomycete yeasts. For example, in the human yeast
fungal pathogen C. neoformans, mtDNA is inherited almost
exclusively from the MATa parent.*** Similarly, mtDNA
inheritance in Ustilago maydis, Microbotryum violaceum
(syn. Ustilago violacea), and Cryptococcus amylolentus
are predominantly uniparental ***® However, variations in
mtDNA inheritance patterns do exist among strains within a
species and between closely related species. For example, in
Cryptococcus gattii, a close relative of C. neoformans, both
uniparental and biparental mtDNA inheritance have been
found and the inheritance patterns were often strain/strain-
pair specific, with environmental conditions also playing a
role in some of the crosses.?’ In the next section, we review
the specific genes that have been identified in controlling
uniparental mtDNA inheritance in basidiomycete yeasts.

Genetic factors controlling
uniparental mtDNA inheritance

in basidiomycete yeasts

Several recent studies identified the candidate genes involved
in controlling uniparental mtDNA inheritance in two basidi-
omycete yeasts, C. neoformans and U. maydis. In C. neofor-
mans, a homeodomain transcription factor called sex-identity
(sx7) gene within the mating type locus (sxi/ o in MAT o and
sxi2a in MATa) was found to control uniparental mtDNA
inheritance.'®! In a typical cross in this species, almost all

progeny inherit mtDNA from the MATa parent. However,
when the sex-determining gene in either or both mating
type backgrounds was disrupted, mitochondrial inheritance
became biparental and recombinant mtDNA genotypes were
frequently recovered.'®!® Aside from the “sex”-determining
genes, other independent genetic factors and environmental
factors have also been shown to influence mtDNA inheritance
in C. neoformans. For example, a key prezygotic transcription
factor, Mat2p, which governs the pheromone sensing and
response pathway, plays a critical role in mtDNA inheritance
and its role is independent of the Sxilo/Sxi2a complex.*
In addition, both ploidy and environmental stresses such as
high temperature and ultraviolet irradiation could lead to the
inheritance of MAT orparental mtDNA as well as recombinant
mtDNA genotypes.?4° At present, the downstream targets
of the Sxilo/Sxi2a complex and the molecular processes by
which they and other factors control mtDNA inheritance in
C. neoformans are still unknown.

Similar to ascomycete yeasts such as S. cerevisiae and
S. pombe, both C. neoformans and C. gattii have a bipolar
mating system, with mating compatibility controlled by
a single locus with two alternative alleles. However, the
mating type loci in C. neoformans and C. gattii are much
larger than those in ascomycetes.!” In the model smut fun-
gus U maydis, two unlinked loci, called the a and b loci,
are involved in controlling mating compatibility, and dif-
ferent alleles at both loci are needed in order to establish a
fertile diploid zygote. In this tetrapolar species, the a locus
has two alleles (al and a2) while the b locus has multiple
alleles.*! In typical crosses, mtDNA is inherited from the
a2 parent. Fedler et al identified that uniparental mtDNA
inheritance in U. maydis was controlled by the a2-specific
genes /ga2 and rga2.*® The absence of a functional /ga2 in
U. maydis strongly promoted biparental mtDNA inheritance
and mtDNA recombination. In contrast, disruption of rga2
led to the inheritance of mtDNA from the a/ parent. The
results suggest that Rga2p likely functions to protect mtDNA
from Lga2-mediated elimination. The inheritance of the a/
mitochondrial genotype in the absence of rga2 also suggests
that an rga2-independent pathway likely exists to suppress the
selective a2-controlled mtDNA inheritance. Indeed, a consti-
tutively expressed Mrb1p protein located in the mitochondrial
matrix was found to antagonize the Lga2p-mediated loss of
mtDNA, likely through indirect interaction with Lga2p.*
In both C. neoformans and U. maydis, there is increasing
evidence for selective degradation of mtDNA from one par-
ent at an early stage of sexual mating.’>** However, the genes
and molecular processes that mark the mitochondria from the
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different parents for inheritance or targeted elimination, either
before or during mating, remain to be determined.

Molecular and cellular processes
govern mitochondrial inheritance

in S. cerevisiae

While the inheritance of mtDNA in sexual crosses has
attracted attention from geneticists, molecular and cell biolo-
gists have also made significant headway in recent years in
understanding the molecular and cellular processes involved
in mitochondrial inheritance during mitotic division. During
the life span of a somatic/vegetative cell, there can be signifi-
cant metabolic activities, driven largely by energy production
through oxidative phosphorylation in the mitochondria.
Within the mitochondria, oxidative phosphorylation gener-
ates reactive oxygen species (ROS) that can damage the
mitochondria, including mtDNA, mitochondrial proteins,
and mitochondrial membranes. Some of this damage can
be repaired but severely damaged, and nonfunctional mito-
chondria will be disposed of. In addition, during asymmetri-
cal cell divisions such as budding, the damaged mitochondria
can be selectively excluded from new daughter cells.

In the following sections, we review the genes and
molecular processes that ensure the inheritance of functional
mitochondria during budding in S. cerevisiae. We begin by
first describing the yeast cell cycle.

Cell cycle in S. cerevisiae

The cell cycle is defined as the complete process of DNA rep-
lication, mitosis, and cytokinesis that leads to the production
of two daughter cells from a single mother cell. A typical
cell cycle includes four phases: G1 (gap 1), S (DNA synthe-
sis/replication), G2 (gap 2), and M (mitosis). All cell types
undergo some version of this basic cycle, although details
of regulation and the size of the gap phases (G1 and G2)
can differ significantly among species. Unlike the majority
of cell divisions in higher eukaryotes where a mother cell
typically undergoes mitosis to produce two similarly sized
and genetically identical daughter cells, S. cerevisiae produces
progeny cells through budding, generating an asymmetric
mother-daughter cell relationship. Specifically, after initiation,
the daughter bud grows continuously through the cell cycle
and the nucleus migrates into the bud neck where it undergoes
mitosis. This distinctive cellular architecture in S. cerevisiae
requires an early duplication of the spindle pole bodies and
a reorganization of the interphase cytoplasmic microtubules
into a mitotic nuclear spindle, permitting bud formation and
nuclear migration to the bud neck. An additional feature of

the asymmetrical cell division in S. cerevisiae is the lack of
clearly defined S, G2, and M phases. A variety of cell cycle
control genes have been identified that impact different phases
and transitions in the cell cycle.* Below we focus on those
that impact mitochondrial inheritance.

mtDNA replication and

organization in S. cerevisiae
In a typical S. cerevisiae cell, there may be 1-10 mitochon-
dria, forming a dynamic subcortical reticulum that may
fuse and split continuously within the cell. Within each
mitochondrion, there are typically multiple copies of the
mitochondrial genome, with a total of up to approximately
200 copies in a single cell.* Most of the mtDNA molecules
are present as linear molecules of variable lengths with a few
circular ones.* Three models have been proposed for mtDNA
replication in S. cerevisiae, ie, RNA-primed replication,
rolling-circle replication, and recombination-dependent rep-
lication.**® These models are not mutually exclusive: each
has experimental support and could contribute to mtDNA
replication in yeast.**¥ Both rolling-circle replication and
recombination-dependent replication require double-stranded
breaks. Recombination-dependent replication followed by
crossing over can generate recombinant mtDNA genotypes
within the mitochondria. Table 1 summarizes the genes
known to be involved in mtDNA maintenance and inheritance
in S. cerevisiae. In both the rolling-circle and recombination-
dependent models, two proteins, ie, Ntglp and Mhrlp, play
essential roles to ensure mtDNA replication to generate
mtDNA concatemers. The newly replicated concatemers
are selectively transmitted to daughter cells and are then
processed into circular, unit-sized mtDNA 48

Aside from mtDNA molecules, many mitochondrial
proteins are co-transmitted to daughter cells during cell rep-
lication. Indeed, within mitochondria, mtDNA interacts with
mitochondrial proteins to form mt-nucleoids that act as units
of inheritance. Each mt-nucleoid in S. cerevisiae typically
contains three to four copies of mtDNA and approximately
30 proteins.* The major mtDNA-binding protein in S. cer-
evisiae is the high-mobility group-like non-histone protein
Abf2p, which bends the DNA backbone with a preference
for GC-rich gene sequences, packing the double-stranded
DNA molecules into 190 nm structures.” The mt-nucleoid
also includes other proteins such as the heat shock protein
60 (Hsp60p), which plays an essential role in the folding
of mitochondrial proteins as well as folding and stabilizing
the protein-single strand DNA complexes.’! Within each
mitochondrion, the positions of mt-nucleoids are relatively
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Table | Key proteins involved in the stability and inheritance
of mitochondria and mitochondrial DNA in the budding yeast
Saccharomyces cerevisiae

Protein Proposed function(s)
Abf2 mtDNA packaging
Acol mtDNA maintenance, citric acid cycle

Act Mitochondrial inheritance

Ald4 mtDNA stability, ethanol metabolism

Apnl Endonuclease

Arg5,6 mtDNA stability, arginine biosynthesis

Arp2/3 Mitochondria partitioning

Atpl ATP synthesis

Atp2 ATP synthesis, mitochondria polarization/partition

Ccel mtDNA recombination

Chal mtDNA stability, catabolism of hydroxy amino acids

Dnml Mitochondrial fission

Fejl Formation of mitochondrial cristae

Fzol Mitochondrial fusion

Hmil mtDNA helicase

Idhl mtDNA stability, citric acid cycle

Idpl mtDNA stability, oxidative decarboxylation of isocitrate

lIv5 mtDNA stability, biosynthesis of Val, lle, and Leu

livé mtDNA stability, biosynthesis of Val, lle, and Leu

Jsnl Recruitment of Arp2/3 a complex of two actin-related
proteins Arp2 and Arp3

Kgdl mtDNA stability, citric acid cycle

Kgd2 mtDNA stability, citric acid cycle

Lpdl mtDNA stability, citric acid cycle

Lscl mtDNA stability, citric acid cycle

Mdm 10 ERMES component, mitochondria and mtDNA partitioning

Mdml2 ERMES component, mtDNA partitioning

Mdm31 Mitochondrial motility, mtDNA maintenance

Mdm32 Mitochondrial motility, mtDNA maintenance

Mdm34 ERMES component, mtDNA partitioning

Mdm36 Mitochonderial cell cortex anchor in the mother

Mgml0l mtDNA maintenance or repair

Mhr| mtDNA recombination

Mipl mtDNA replication

Mmml ERMES component, mtDNA partitioning

Mmrl Mitochondrial bud tip anchor or Myo2 recruitment to
mitochondria

Mnpl mtDNA stability, putative mitochondrial ribosomal protein

Mosl Formation of cristae

mtHsp |0 Mitochondrial chaperonin

mtHsp60 Mitochondrial chaperonin

mtHsp70 Protein import

Myo2 Mitochondrial motor

Ntgl Endonuclease

Numl Mitochondrial cell cortex anchor in the mother cell

Pdal mtDNA stability, oxidation of pyruvate

Pdbl mtDNA stability, oxidation of pyruvate

Pif1 mtDNA helicase

Puf3 Mitochondrial biogenesis and motility

Rim| mtDNA replication

Rpo4l Mitochonderial transcription

Sir2 Mitochondria partition

Sisl Coordination of transcription and translation

Yhm2 Mitochondrial carrier

Yptll Recruitment of Myo2, a type V myosin motor, to

mitochondria

Abbreviations: ATP, adenosine triphosphate; mtDNA, mitochondrial DNA; ERMES,
ER-mitochondria encounter structure.

stable and do not diffuse randomly. This behavior has been
demonstrated by the mtDNA inheritance in sexual crosses
where parental mitochondria from the two parents fuse but the
mt-nucleoids do not completely mix, resulting in the position
of buds playing a significant role in daughter cell mtDNA
genotypes recovered from the mated zygotes.!! However,
recombinant mtDNA molecules can also be recovered in
progeny, consistent with some levels of mt-nucleoid mixing
between parental mitochondria during sexual mating.!'!

During yeast budding, daughter cells receive mitochondria
and mitochondrial genomes from mother cells prior to cytokine-
sis. Time-lapse microscopic analyses of mitochondria revealed
that mitochondrial inheritance is accomplished through the fol-
lowing general processes.*®>? In the G1 phase prior to nuclear
DNA replication, mitochondria polarize toward the site of bud
emergence. During the S phase when the nuclear DNA are
replicating, some of the polarized mitochondria move toward
the developing bud (called anterograde movement) while oth-
ers move away from the bud to the opposite end of the mother
cell (called retrograde movement). During the G2 phase, the
mitochondria are transiently immobilized at the opposite ends
of cell division. Finally, during mitosis, the mitochondria are
released and redistributed to the bud and mother cell.

Many proteins have been identified as involved in mitochon-
drial stability, movement, and inheritance from mother to bud
cells (Table 1). These proteins coordinate mitochondria trans-
port (the anterograde and retrograde movements) by interacting
with the surface of the mitochondria, ensure proper segrega-
tion of the mt-nucleoids within the mitochondrial matrix, and
partition the mitochondrial inner and outer membranes to the
mother and bud cells. Below we describe two different models
of how different proteins guide the anterograde movement for
mitochondria from the mother cell to the bud in S. cerevisiae.

Models of mitochondrial
partitioning during budding

In the first model (Figure 1A), actin polymerization and
dynamics by the Arp2/3 protein complex generate the forces
to power anterograde mitochondrial movements.*>** In this
model, the actin cables within the cytoplasm interact with the
mitochondrial outer membrane proteins, Mmm1p, Mdm10p
and Mdm12p, with the Mmm1p-Mdm10p—Mdm12p
complex functioning similarly to the kinetochore. The protein
complex is also referred to as the mitochore, analogous to
the kinetochore, linking mitochondria to the cytoskeleton.*
This model further suggests that two members of the Puf
family of RNA-binding proteins, Jsnlp and Puf3p, recruit
the Arp2/3 protein complex to the mitochondrial surface.*>-
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These actin cables are assembled by formins, conserved
proteins that are located from the bud neck to the bud tip and
are associated with the plus ends of actin filaments. Thus,
mitochores provide directionality to the Arp2/3-dependent
mitochondrial movement, with the mitochore continuously
mediating the reversible, cyclic binding of the mitochondria
to the actin cables, which are used as tracks for mitochondrial
movement. In contrast, retrograde movement of mitochon-
dria toward the distal end of the mother cell is achieved as a
passive byproduct of actin elongation at the plus end. In this
model, two proteins, class V myosin Myo2p and the Rab-
GTPase Yptl1p (that hydrolyzes GTP to GDP), are proposed
as being required for the retention of mitochondria at the bud
tip through an actin-independent mechanism.*” In contrast,
proteins Numlp and Dnmlp are involved in retention of
mitochondria in the mother cell through an actin-dependent
mechanism.*®

The alternative model states that the myosin motor,
Myo2p, drives anterograde mitochondrial movement.* In this
model, Myo2p, together with the rab-type GTPase, Yptl1p,
and the mitochondrial membrane protein Mmrlp, mediates
bud-directed transport of mitochondria along the actin cables
(Figure 1B). At the bud end, the cortical endoplasmic reticu-
lum and Mmrlp together serve as the anchor for actin cables
for mitochondrial movement. At the other end of the mother
cell, Numlp, by interacting with Mdm36p, anchors the
mitochondria to the cell cortex of the plasma membrane, form-
ing the mitochondria-endoplasmic reticulum-cortex anchor.
Together, the antagonistic activities of Myo2p and Numlp
stretch the mitochondria to enhance mitochondrial fission by
the dynamin-related protein, Dnm1p. In this model, proteins
Mdm10p, Mdm12p, Mdm34p, and Mmm1p form the endo-
plasmic reticulum-mitochondria encounter structure to select
the mitochondrial fission site and ensure that the healthy and

Daughter cell (bud)
_—

Daughter cell (bud)
>

A
Mother cell
Mitochondria
Num1/
Dnm1
Cytoplasmic membrane
B
Mother cell
Dnm1
Mitochondria
Mdm10/Mdm12/Mdm34/Mmm1
Num1

Myo2

Cytoplasmic membrane

Figure | Two models of mitochondria partition during budding in Saccharomyces cerevisiae.
Notes: In model A, the Arp2/3 protein complex facilitates actin polymerization and with the help of the Mdm|0/Mdm12/Mmm| complex and the Jsn|/Puf3 complex,
generates the forces to power anterograde mitochondrial movements. In model B, Myo2p drives anterograde mitochondrial movement.

Abbreviation: mtDNA, mitochondrial DNA.
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aging portions of the mitochondria and mtDNA are respectively
partitioned to the bud and the mother cell (Figure 1B).>*

The current evidence suggests that the second model
is likely more reflective of the structures involved in mito-
chondrial inheritance dynamics than the first model. The
first model was built on the original observation that the key
“mitochore” component Mmm1p was a mitochondrial outer
membrane protein.® However, Mmm1p was later identified
to be located in the endoplasmic reticulum.® In addition, sev-
eral pieces of evidence suggested an essential and direct role
of Myo2p in anterograde mitochondrial transport.®>¢* First,
defects in mitochondrial inheritance in myo2 mutants can
be rescued by expressing a chimeric mitochondria-specific
motor Myo2-Fisl that carries a mitochondrial outer mem-
brane anchor in place of its cargo-binding domain. Second,
mitochondria-specific loss-of-function alleles of myo2 are
synthetically lethal with yptl 1A and that the synthetic lethal-
ity can be rescued by Myo2-Fis1. Third, Myo2p was detected
on the surface of isolated mitochondria by immuno-electron
microscopy. The authors®>®* suggested that Myo2p was likely
the main driver of the anterograde mitochondrial movement
in yeast, and that the anterograde movement requires both
Yptllp and Mmrlp (Table 1; Figure 1B). However, the role
of Arp2/3 in this model remains to be determined.

Control and maintenance of

mitochondrial health in yeast aging
There are two types of cellular lifespan and associated aging
in yeasts and most other eukaryotes: the chronological
lifespan, which refers to the survival time of stationary phase,
non-dividing cells; and the replicative lifespan, which refers
to the number of times that a cell can divide before senescence
occurs (ie, before it is unable to divide despite permissive
environmental conditions). In S. cerevisiae, mother cells
age with each budding cycle; however, daughter cells are
typically born with a full replicative lifespan, including
having healthy mitochondria. In this asymmetric mother—
daughter relationship, there are two major types of quality
control mechanisms to ensure that the inherited mitochondria
in the daughter bud cell are functional and healthy. The first
type of quality control deals with mitochondrial repair and the
second type is involved in identifying and selecting against
damaged mitochondria that are beyond repair.

Three processes are known to be involved in itochondrial
repair: mitochondrial fusion, protein refolding, and protease
degradation of damaged mitochondrial proteins and replace-
ment by functional versions.** Specifically, mitochondrial
fusion repairs low-functioning mitochondria by intraor-

ganellar reorganization and functional complementation.®
Molecular chaperones can fold denatured and unfolded
proteins to restore their functions.®**” For mitochondrial
proteins that are damaged beyond repair, those located on
the outside of the mitochondrial membrane are degraded by
the proteasome in the cytosol. In contrast, damaged proteins
within the mitochondria can be degraded/rescued by the
mitochondrial AA A+ proteases and Pim1p/Lon.* Pim1p/Lon
is a conserved ATP-dependent protease in the mitochondrial
matrix with several functions, including chaperone activity
for the folding and assembly of the respiratory complex and
the turnover and refolding of misfolded proteins. In aged
yeast cells, Pim1p activity is decreased, reducing the protein
repair ability.® Furthermore, the deletion of pim/ increases
ROS within the mitochondrial cytosol and decreases the repli-
cative lifespan in yeast, consistent with unrepaired damage to
mitochondrial oxygen-handling proteins playing a significant
role in reducing the replicative lifespan in yeast.6

Identification and elimination of non-functional mitochon-
dria may be achieved by one of two interrelated processes:
mitophagy; and mitochondrial fusion and fission.®** Here,
the membrane potential in mitochondria serves as a key
signal of mitochondrial health. Mitochondria with a low
membrane potential are specifically tagged and selected
against during bud formation and/or targeted for destruction
through mitophagy.***® Similarly, mitochondrial fusion and
fission are important processes safeguarding mitochondrial
and cellular health. Specifically, inhibition of mitochondrial
outer membrane fusion shortens the life span while inhibition
of mitochondrial fission extends the lifespan of S. cerevisiae
and two other ascomycete fungi.®®* 7> Several genes are known
to be involved in the mitochondrial fusion/fission process.
Fzolp and Mgmlp, two mitochondrial GTPases, mediate
outer and inner membrane fusion, respectively. In contrast,
Dnmlp facilitates mitochondrial fission. Deletions of these
genes negatively impact mitochondrial function and yeast
lifespan. Together, these studies indicate that maintaining
mitochondria as a continuous reticulum that can undergo
regular fission and fusion promotes longer lifespan.

Mother-daughter asymmetry and
mtDNA inheritance

Despite the safeguarding and repair mechanisms, mito-
chondria are constantly exposed to potentially damaging
metabolic byproducts such as ROS that can negatively
impact mitochondria proteins and mtDNA. During the S
and G2 phases, there are significant energy requirements
from the mitochondria to drive the synthesis of DNA,
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RNA, proteins, and many other cellular components,
simultaneously producing ROS. Different parts of the
mitochondria and mtDNA may be exposed to different
amounts of ROS. There is increasing evidence indicating
that during budding, mitochondria with more damage are
selectively retained in the mother cells, while those with-
out damage (or with less damage) are selectively passed
on to daughter cells.”””* Specifically, first, carbonylated
proteins, which accumulate during the aging process, are
more abundant in the mitochondria of mother cells than in
those of daughter cells.” Second, experiments employing
fluorescent biosensors suggest that bud-localized mitochon-
dria produce fewer ROS and are more reducing compared
with mother-cell mitochondria.”” Third, mitochondria with
amutation in a gene encoding a subunit of the mitochondrial
ATP synthase produced daughters that were born old.”” Cells
with the mutation had significantly reduced mitochondrial
membrane potential and were unable to partition healthy
active mitochondria to daughter cells, ultimately resulting
in the generation of cells totally lacking mitochondria.”” At
present, the detailed mechanisms of control for the mother-
daughter asymmetry are not known. One hypothesis is that
the anchorage machinery in the bud tip preferentially binds
to the healthier mitochondria (or portions of them) while that
at the distal end in the mother cell binds to the less healthy
mitochondria (or portions of them).

Relevance of fungal mtDNA
inheritance to that in animals

and humans

There are several major differences between fungal and
animal mitochondria and mitochondrial inheritance. First,
unlike the large variation in mitochondrial genome sizes
among fungal species,'® the mitochondrial genome sizes are
very similar among animal species, at approximately 16 kb.”
Second, mitochondrial inheritance in sexual crosses in ani-
mals is almost universally uniparental and maternal, unlike
the diverse patterns observed among fungal species.'? Third,
there is abundant evidence indicating that mtDNA evolves
much faster than nuclear genes in animals.” In contrast, there
is little evidence for faster evolution of mtDNA than that of
nuclear DNA in fungi.” Despite these differences, hetero-
plasmy, a frequently reported condition for sexual crosses
in fungi, was recently found to be almost universal in the
blood and skeletal muscles in humans, mainly due to the high
somatic mutation rate of mtDNA.* Indeed, the high mutation
rate in animal mtDNA suggests that ensuring the inheritance
of healthy mitochondria is paramount in animals. Below we

briefly summarize the main mechanisms that control mtDNA
inheritance in animals.

In animals, the male gametes (the sperm) typically contain
very few mitochondria while the female gametes (the egg)
contain abundant mitochondria. In addition, the mitochondria
in male gametes are clustered into the tail end of the sperm.
During fertilization, mitochondria in the sperm are selectively
excluded from entering the egg, ensuring a predominantly
uniparental and maternal pattern of mtDNA inheritance. Even
if mitochondria from the male gamete enter the egg, there is
evidence for active degradation of the male mitochondria.?!
The exclusion of male gamete mtDNA from the zygote is
regarded as a response to its significantly higher mutation
rate compared with female gamete mtDNA. Even during
development of the female gamete, several mechanisms are
known to be involved to ensure mitochondrial health in the
egg. These mechanisms include mtDNA bottlenecks during
germ cell development and selection against specific mtDNA
mutation types during maternal transmission. For details of our
current understandings of these processes in animals, please
see the recent review by Stewart and Larsson.®? At present, the
molecular controls of mtDNA bottlenecks and mtDNA selec-
tion in animals are largely unknown. However, the effects of
these processes in animals are similar to those described earlier
for mtDNA inheritance during budding in S. cerevisiae.

Conclusion and perspectives
Mitochondria are ubiquitous organelles in eukaryotes and
are responsible for generating ATP, the universal cellular
energy. Many biological phenomena, including human
diseases, are related to mitochondria. Thus, the mechanisms
governing the maintenance and inheritance of healthy mito-
chondria have attracted increasing attention from geneticists,
molecular and cellular biologists, evolutionary biologists, and
medical professionals. Fungi, especially the budding yeast
S. cerevisiae, have served as excellent model organisms
for understanding the fundamental mechanisms governing
mitochondrial health and inheritance.

Researchers over the last 40 years have identified a great
diversity of mitochondrial inheritance patterns in sexual
mating in fungi, ranging from uniparental to biparental and
to the frequent generation of recombinant genotypes. The
two major groups of fungi, the ascomycetes and the basidi-
omycetes, have shown very different mtDNA inheritance
patterns. In ascomycetes, there is no known genetic factor
that ensures uniparental mtDNA inheritance. In contrast,
genes involved in mating have increasingly been shown to be
involved in mtDNA inheritance in basidiomycetes. However,
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the detailed molecular and cellular processes for uniparental
mitochondrial inheritance require further investigations.

Similarly, though a number of genes have been identified
as involved in mitochondrial maintenance and inheritance
during budding in S. cerevisiae, much remains unknown.
For example, what are the proteins and processes involved
in polarizing the mitochondria during budding to ensure
that the healthier portion will partition to the daughter bud?
Is mitochondrial partitioning synchronized with chromo-
somal segregation, and if so, how? Unlike most eukaryotes,
S. cerevisiae can grow under both aerobic and anaerobic
conditions. Under extended anaerobic conditions, there is
no oxidative phosphorylation and damage by ROS should
be minimized. In this situation, is mitochondrial inheritance
controlled similarly as that under aerobic conditions? More
broadly, do genes identified in mitochondrial maintenance
and inheritance in asexual budding of S. cerevisiae also
function similarly in other fungi during asexual growth?
Given the diversity of mtDNA inheritance patterns in sexual
crosses in fungi, we expect that a diversity of novel genes
will be identified for controlling mitochondrial maintenance
and inheritance in fungi.
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