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Abstract
In photosynthetic organisms, genetic material is stored in the nucleus and the two cytoplasmic organelles: plastids and mitochondria. 
While both the nuclear and cytoplasmic genomes are essential for survival, the inheritance of these genomes is subject to distinct 
laws. Cytoplasmic inheritance differs fundamentally from nuclear inheritance through two unique processes: vegetative segregation 
and uniparental inheritance. To illustrate the significance of these processes in shaping cytoplasmic inheritance, I will trace the 
journey of plastid and mitochondrial genomes, following their transmission from parents to progeny. The cellular and molecular 
mechanisms regulating their transmission along the path are explored. By providing a framework that encompasses the inheritance 
of both plastid and mitochondrial genomes across cells and generations, I aim to present a comprehensive overview of cytoplasmic 
inheritance and highlight the intricate interplay of cellular processes that determine inheritance patterns. I will conclude this review 
by summarizing recent breakthroughs in the field that have significantly advanced our understanding of cytoplasmic inheritance. 
This knowledge has paved the way for achieving the first instance of controlled cytoplasmic inheritance in plants, unlocking the 
potential to harness cytoplasmic genetics for crop improvement.
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Introduction
From freedom to captivity, 

From securing a home to losing their identity, 

They were destined to live in servitude. 

Yet they fought, fought hard for their genomic treasure, 

Came out winners and then stayed on with pleasure.

Starting a review article with a poem may seem unconventional, 
yet this ode to plastids and mitochondria, excerpted from the 
book chapter Organellar Genomes of Flowering Plants, beautifully 
encapsulates the struggles and challenges faced by these endo
symbionts (Choubey and Rajam 2015). The poem describes the 
transformation of once free-living cyanobacteria and alphapro
teobacteria into plastids and mitochondria. Despite millions of 
years as endosymbionts, plastids and mitochondria still possess 
their own genomes, echoing remnants of their past autonomous 
existence. These cytoplasmic genomes encode proteins essential 
for cellular processes such as photosynthesis and respiration 
(Timmis et al. 2004; Greiner and Bock 2013). Given their critical 
role in survival, the proper inheritance of these organelles is para
mount to ensure progeny inherits complete sets of cytoplasmic 
genomes during cell division and reproduction. While it might 
seem intuitive that mechanisms akin to nuclear genome inheri
tance would suffice for cytoplasmic genomes, this is far from 
reality. Cytoplasmic inheritance operates in a fundamentally 
different manner from nuclear inheritance, with most of 
Mendel’s laws of inheritance not applying to cytoplasmic ge
nomes (Birky 2001; Camus et al. 2022). The intriguing phenomen
on of non-Mendelian inheritance of cytoplasmic genomes has 

captivated biologists for decades. What makes the “genomic 
treasure” of plastids and mitochondria so unique? Are there any 
laws governing the inheritance of cytoplasmic genomes?

Laws of cytoplasmic inheritance
In 1976, Birky outlined general principles governing the inheri
tance of cytoplasmic genomes (Birky 1976). Among these, two 
unique processes (1) vegetative segregation and (2) uniparental in
heritance, play major roles in shaping cytoplasmic inheritance in 
diverse species across kingdoms (Birky 1978). Notably, these 2 
processes address the following key questions concerning cyto
plasmic inheritance: 

1. When a cell divides, how are the cytoplasmic genomes parti
tioned between daughter cells?

2. When organisms reproduce, how are the cytoplasmic ge
nomes transmitted to offspring?

In this review, I will first introduce the concept of vegetative 
segregation and uniparental inheritance, followed by an in-depth 
examination of the molecular mechanisms underlying these 
processes.

Vegetative segregation
Vegetative segregation describes the random partitioning of plas
tids and mitochondria during cell division, leading to the stochas
tic segregation of cytoplasmic genomes among daughter cells 
(Birky 1983; Chesser 1998).
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Two key features of cytoplasmic genomes drive vegetative seg
regation are as follows:

Relaxed replication of cytoplasmic genomes
Plastids and mitochondria contain multiple genome copies, with 
cells often housing numerous organelles, resulting in a variable 
range of genome copies per cell. The total number of genome cop
ies per cell varies depending on species, cell type, and develop
mental stage. For instance, in Arabidopsis thaliana, plastid 
genome copy numbers in leaf cells are estimated to range from 
1,000 to 1,700, while mitochondrial genome copies range from 
300 to 450 in root tip cells and from 40 to 75 in flowers and stems 
(Shaver et al. 2006; Zoschke et al. 2007; Preuten et al. 2010; 
Schatz-Daas et al. 2022). Unlike the strictly regulated replication 
of nuclear genomes, cytoplasmic genomes replicate in a relaxed 
manner, allowing certain copies to be replicated more frequently, 
either by chance or through selective processes (Birky 1994; Birky 
2001).

Random partitioning of organelles during cell 
division
Plastids and mitochondria are dispersed throughout the cyto
plasm, and in most cases, their partitioning into daughter cells oc
curs randomly (with exceptional cases discussed in later sections). 
There is no strict mechanism to guarantee an equal distribution of 
cytoplasmic genomes to each daughter cell (Birky 2001).

In sum, the stochastic segregation of cytoplasmic genomes be
tween daughter cells sharply contrasts with the precise inheri
tance of the nuclear genome (Fig. 1) (McIntosh and Koonce 1989; 
Birky 1994).

Uniparental inheritance
Uniparental inheritance describes the selective transmission of 
plastids and mitochondria during sexual reproduction, creating 
progeny that inherits cytoplasmic genomes solely from either 
the maternal or the paternal side (Birky 1995).

The phenomenon of uniparental inheritance was first discov
ered over a century ago. Correns documented the case in Mirabilis 
jalapa, which was later identified as maternal inheritance of 

plastid genomes. In the same year, Baur reported non-Mendelian 
inheritance of green-white variegation in Pelargonium zonale, which 
was later attributed to biparental plastid inheritance (Baur 1908; 
Correns 1908; Hagemann 2010). These seminal studies demon
strated that the vertical transmission pattern of cytoplasmic ge
nomes varies across species. Subsequent research has suggested 
that maternal inheritance of plastids and mitochondria is the pre
dominant transmission pattern in most species (Greiner et al. 2015; 
Schneider 2023).

Recent findings have provided deeper insights into the vertical 
transmission of cytoplasmic genomes, revealing that the binary 
classification of uniparental versus biparental inheritance is 
overly simplistic. Instead, a wide spectrum of transmission pat
terns has been observed, including maternal; paternal; maternal 
inheritance with paternal leakage; paternal inheritance with 
maternal leakage; and biparental inheritance (Fig. 2) (Birky 
1995; Camus et al. 2022). Apparently, no universal mechanism 
dictates the vertical transmission of cytoplasmic genomes. 
Instead, different species utilize diverse cellular processes to 
shape their inheritance patterns. These dynamic and variable 
mechanisms of vertical transmission differ significantly from 
the Mendelian inheritance of the nuclear genome (Birky 1995; 
Mogensen 1996).

The interplay between vegetative 
segregation and uniparental inheritance
Although maternal inheritance of cytoplasmic genomes is pre
dominant in most species, its enforcement is not always absolute. 
Notably, progeny from interspecific crosses often exhibit a higher 
rate of paternal leakage (Xu 2005; Shrestha et al. 2021). Occasional 
paternal leakage leads to the formation of heteroplasmic zygotes 
containing both paternal and maternal cytoplasmic genomes. 
Nevertheless, heteroplasmy is typically resolved through vegeta
tive segregation in subsequent cell divisions. Over time, daughter 
cells derived from heteroplasmic zygotes retain only paternal or 
maternal genomes, ultimately achieving a homoplasmic state 
(Fig. 3) (Birky 2001).

The relentless interplay of vegetative segregation and unipar
ental inheritance drives the system toward homoplasmy. 
Consequently, either the paternal or maternal cytoplasmic 

Figure 1. Nuclear genomes undergo strict genome replication and segregation during mitosis, ensuring that each daughter cell inherits an identical set 
of chromosomes. In contrast, cytoplasmic genomes undergo relaxed genome replication, altering their overall composition within the mother cell. 
This, in turn, affects the abundance and types of genomes that are passed on to daughter cells. During cell division, cytoplasmic organelles are 
randomly partitioned, resulting in daughter cells with distinct cytoplasmic genome compositions.
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genomes are preserved and transmitted through generations. 
This dynamic can be envisioned as a competition between 
parental cytoplasmic genomes, wherein one eventually becomes 

the dominant variant within the population. To illustrate this 
competition, I propose an analogy of an obstacle course race 
(Fig. 4).

Figure 2. Different species exhibit various vertical transmission patterns of cytoplasmic genomes. While strict uniparental inheritance was once 
considered the standard, recent findings suggest that leakages occur more frequently than previously assumed. Instead of a binary classification 
(uniparental vs. biparental), transmission patterns are represented as a spectrum based on the frequency distribution of parental genomes detected in 
the progeny.

Figure 3. An illustration depicting the segregation of parental cytoplasmic genomes across successive cell division cycles. Assuming relaxed 
replication and random partitioning of parental genomes, their distribution among daughter cells follows a stochastic pattern. This leads to 
fluctuations in heteroplasmy levels over time, either increasing or decreasing, and eventually results in the formation of homoplasmic daughter cells 
(bottom right).
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The starting lines are set in the male and female gametes, from 
which the parental cytoplasmic genomes must overcome various 
obstacles to reach the zygote upon fertilization. Following em
bryogenesis and development, the genomes that successfully per
sist and reach the progeny gametes emerge as the winners, 
securing their transmission to future generations. In the following 
sections, I will expand on this “obstacle course race” analogy and 
outline the obstacles encountered by paternal and maternal cyto
plasmic genomes along the course.

Obstacle course race: paternal vs maternal 
cytoplasmic genomes
The starting line—parental gametes set off
Paternal and maternal genomes embark on this obstacle course 
race from the male and female gametes, respectively. As gametes 
act as vehicles that transport DNA to the next generation, an effec
tive way to regulate the transmission of cytoplasmic genomes is to 
control their abundance within gametes. In an extreme scenario, if 
sperm cells entirely lack cytoplasmic genomes while egg cells re
tain them, strict maternal inheritance would occur, or vice versa. 
Even in less extreme cases, substantial differences in cytoplasmic 
genome abundance between male and female gametes can signifi
cantly affect the inheritance pattern. Therefore, cellular processes 
that regulate cytoplasmic genome abundance in gametes play an 
important role in shaping inheritance patterns.

Exclusion of plastids and mitochondria from gametes
Anisogamous reproduction is common in plants, where parents 
produce gametes of different sizes (Bell 1978). Sperm cells are con
siderably smaller than egg cells, which limits the number of plas
tids and mitochondria that can be transmitted from the paternal 
side.

The reduced sperm size results from an asymmetric cell divi
sion during male gametogenesis: At pollen mitosis I, the micro
spore divides asymmetrically, producing a bicellular pollen with 

a large vegetative cell and a small generative cell. The generative 
cell then undergoes pollen mitosis II, giving rise to 2 sperm cells. 
It is at the time of pollen mitosis I, that plastids and mitochondria 
are largely excluded from the generative cell. In most plant 
species, plastids are rarely observed in the generative cell 
(Sears 1980; Hagemann and Schröder 1989), while mitochondria 
are still present but in limited numbers (Mogensen 1996). This 
physical exclusion of organelles serves as a barrier against the 
transmission of paternal genomes and is recognized as a key 
mechanism underlying maternal inheritance (Fig. 5A) (Birky 
1995). However, important questions remain: is there an active 
mechanism that deliberately excludes plastids and mitochondria, 
or is this exclusion process merely passive, resulting from the lim
ited size of the generative cell?

Cytological studies have been performed to explore the organ
elle exclusion mechanism, with a focus on investigating plastid 
distribution during pollen development. Prior to pollen mitosis I, 
plastids are randomly distributed throughout the microspore cy
toplasm. However, during prophase, plastids become polarized 
and cluster at the pole opposite to the site where the generative 
cell will form (Hagemann and Schröder 1989). It is speculated 
that this polarization and clustering of plastids are mediated by 
the actin cytoskeleton (Schroder et al. 1988), microtubules (Van 
Went 1984; Brown and Lemmon 1991; Tanaka 1991), and the en
doplasmic reticulum (Bohdanowicz and Lewandowska 1999). 
However, direct evidence demonstrating these cellular compo
nents modulating plastid distribution during pollen mitosis I re
mains lacking.

On the other hand, generative cell size has been shown as a key 
factor influencing organelle abundance in male gametes. The 
small volume of the generative cell inherently restricts its ability 
to house organelles, thereby severely limiting the number of or
ganelles transmitted by the male gamete. In Gasteria verrucosa 
and Tulbaghia violacea pollen, plastids are typically absent from 
the small generative cell. However, in atypical pollen grains 
with larger generative cells, the exclusion of plastids is 

Figure 4. An illustration of an obstacle course race between paternal and maternal cytoplasmic genomes, tracing their path from parental to progeny 
gametes. This journey repeats to ensure the inheritance of cytoplasmic genomes across generations.
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compromised (Schröder 1985; Schröder and Oldenburg 1990). A 
recent study in Nicotiana tabacum revealed that low temperatures 
disrupt asymmetric cell division during pollen mitosis I, resulting 
in a higher frequency of plastids being included in the generative 
cell (Chung et al. 2023).

It is possible that both (1) organelle polarization and clustering, 
and (2) the small size of the generative cell, contribute to the ex
clusion of organelles from the male gamete. However, the exclu
sion mechanisms appear to be imperfect, particularly in the 
case of mitochondria. It is also important to note that the gamete 
size hypothesis cannot account for the uniparental inheritance 
patterns observed in algae that produce isogamous gametes 
(Sager and Lane 1972). Additional factors, beyond gamete size, 
regulate the vertical transmission of cytoplasmic genomes.

Notably, a size-independent mechanism for excluding organ
elles from sperm cells has been identified. This process involves 
the formation of enucleated cytoplasmic bodies (ECBs), which en
capsulate cytoplasmic organelles and are eventually pinched off 
from the sperm cells (Fig. 5B) (Mogensen 1996). Early electron mi
croscopy studies on Hordeum vulgare pollen provided evidence for 
this organelle disposal mechanism, showing that mitochondrial 
abundance is halved during sperm cell maturation (Mogensen 
and Rusche 1985). In addition, sperm cell-derived ECBs have 
also been reported in N. tabacum. ECBs form at the cytoplasmic 

projection at the trailing end of the sperm cell (Yu et al. 1992). 
However, the molecular mechanisms underlying ECB formation 
and whether an active process sequesters organelles into ECBs re
main unknown. Once separated from the cell body, the cellular 
contents of the ECBs degenerate (Yu et al. 1992). The elimination 
of plastids and mitochondria via ECBs further prevents the trans
mission of paternal genomes.

Compared to male gametes, considerably less is known about 
the distribution and dynamics of plastids and mitochondria dur
ing female gametogenesis. In most angiosperms, female gametes 
typically contain numerous plastids, with the notable exception 
of Quercus gambelii, where plastids are unusually scarce in egg 
cells (Mogensen 1972). Intriguingly, research on various gymno
sperm species has revealed an almost complete absence of plas
tids in egg cells, likely explaining the predominantly paternal 
plastid inheritance in these species (Hagemann 1992). The un
equal distribution of plastids during female gametophyte devel
opment may contribute to their absence in egg cells, although 
the mechanisms behind this process are still unclear.

Degradation of plastids and mitochondria in gametes
In addition to organelle exclusion and disposal mechanisms, or
ganelle degradation also reduces plastid and mitochondrial 

A

B

Figure 5. Organelle exclusion and disposal mechanisms in maturing pollen and sperm cells. A) During pollen mitosis I, an asymmetric cell division 
gives rise to a small generative cell within early bicellular pollen. At this stage, organelle exclusion results in the exclusion of plastids and most 
mitochondria from the newly formed generative cell. Consequently, the generative cell contains only a limited number of organelles, restricting their 
transmission through the male gametes. B) During sperm maturation, the enucleated cytoplasmic body (ECB) composed of cytoplasmic projections 
enclosing plastids and mitochondria, forms at the cell surface. Through vesiculation and subsequent pinching off, the ECB detaches from the cell body, 
facilitating the removal of organelles in maturing sperms. N, nucleus; VC, vegetative cell; GC, generative cell.
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abundance in gametes (Fig. 6A). Electron microscopy has revealed 
signs of plastid degradation, such as the disintegration of mem
brane structures and swelling of plastids (Vaughn et al. 1980). 
The timing of degradation varies across species. Previous studies 
have demonstrated that plastid degradation takes place in gener
ative cells (Clauhs and Grun 1977; Schröder 1986; Bednarska 1988; 
Pacini et al. 1992; Yu and Russell 1994). In some species, however, 
this process occurs later in sperm cells (Schmitz and Kowallik 
1987; Primavesi et al. 2017). While plastid degradation is well- 
documented in male gametes, reports of similar processes in fe
male gametes are far less common. An exceptional example is re
ported in Daucus muricatus, where degenerated plastids were 
observed at the periphery of the egg cell (Hause 1991).

Direct evidence for mitochondrial degradation in gametes is 
scarce. In Nicotiana tabacum, mitochondria have been observed 
within autophagic vacuoles in generative cells, suggesting an 
autophagy-mediated degradation process (Yu and Russell 1994). 
In other species, morphological changes in mitochondria and al
terations in the cristae structure have been reported (Mogensen 
and Rusche 1985; Wang et al. 2010; Liu 2012). However, these 
changes should be interpreted cautiously, as they may reflect 
shifts in physiological states rather than definitive signs of 

degradation. Nonetheless, organelle degradation represents an al
ternative strategy to facilitate the progressive elimination of plas
tids and mitochondria in gametes, thereby governing the vertical 
transmission of cytoplasmic genomes.

Degradation of cytoplasmic genomes in gametes

Instead of degrading the entire organelle, a more refined approach 
involving the selective degradation of cytoplasmic genomes can 
also significantly influence the inheritance pattern (Fig. 6B). In 
most angiosperms, cytoplasmic genomes are present in young 
pollen but are either absent or found in very low amounts in ma
ture pollen (Miyamura et al. 1987; Corriveau and Coleman 1988, 
1991; Zhang et al. 2003; Wang et al. 2010). An active genome deg
radation process has been shown to occur during pollen matura
tion, leading to the elimination of paternal cytoplasmic genomes 
and ensuring maternal inheritance (Kuroiwa 2010; Sakamoto 
and Takami 2024).

Efforts have been made to identify the nucleases responsible 
for the degradation of cytoplasmic genomes in maturing 
pollen (Nakamura et al. 1992; Sodmergen et al. 1992). Forward 
genetic screens in Arabidopsis thaliana led to the discovery of 

A

B

Figure 6. Schematic diagrams illustrating the mechanisms of organelle degradation and genome degradation. During gamete maturation, these 
degradation processes facilitate A) the removal of entire organelles; and B) the elimination of cytoplasmic genomes, thereby preventing their vertical 
transmission.
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the exonuclease DEFECTIVE IN POLLEN ORGANELLE DNA 
DEGRADATION1 (Matsushima et al. 2011) (Box 1). In Zea Mays, a 
20-kD endonuclease (M20) has been identified in pollen mitochon
dria. Its Arabidopsis homolog, AtM20, degrades mitochondrial ge
nomes but not plastid genomes in pollen (Ma et al. 2018). The role 
of M20 in regulating mitochondrial inheritance remains unclear. 
Nonetheless, the identification of mitochondria-specific nucle
ases presents an intriguing possibility: mitochondrial genomes 
are selectively degraded while plastid genomes are preserved in 
pollen, leading to maternal mitochondrial inheritance while al
lowing potential paternal plastid transmission. Several species 
have been reported where either plastid or mitochondrial ge
nomes undergo selective degradation (Nagata et al. 1999; Ji et al. 
2004; Liu et al. 2004). Investigating the mechanisms underlying 
this phenomenon and examining its correlation with vertical 
transmission patterns would be highly intriguing.

Box 1. DPD1, a long-sought nuclease that governs plas
tid inheritance

DPD1, initially characterized in Arabidopsis thaliana, is an 
exonuclease that degrades both plastid and mitochondrial 
genomes (Matsushima et al. 2011). Its expression is 
tissue-specific, with high levels in senescing leaves and ma
turing pollen (Tang and Sakamoto 2011). In vegetative tis
sues, AtDPD1 facilitates efficient phosphate utilization and 
recycling by breaking down cytoplasmic genomes (Takami 
et al. 2018). In maturing pollen, AtDPD1 degrades cytoplas
mic genomes and was speculated to ensure maternal inher
itance. However, the original study lacked sufficient 
experimental scale to conclusively confirm its role in regu
lating cytoplasmic inheritance (Matsushima et al. 2011; 
Sakamoto and Takami 2024).

A recent large-scale study in Nicotiana tabacum revealed 
the role of DPD1 in plastid inheritance. In Ntdpd1 mutants, 
plastid genomes are retained in mature pollen, leading to a 
significant increase in paternal plastid transmission when 
used as pollen donors (Chung et al. 2023). This study high
lights DPD1 as a key regulator of plastid inheritance and 
presents compelling evidence for the role of the genome deg
radation mechanism in this process.

Does DPD1 regulate cytoplasmic inheritance in other 
species?

In seed plants, DPD1 is conserved and functions as a stand
alone exonuclease (Takami et al. 2018). Notably, a recent 
study identified DPD1-like exonucleases fused to 
DNA-binding proteins, such as the helicase RecG and 
MutS-like proteins, in land plants and green algae (Sloan 
et al. 2024). While the function of these DPD1-fused proteins 
remains to be explored, the role of DPD1 in cytoplasmic ge
nome degradation has been reported in crops. In Oryza sati
va, 2 DPD1 homologs have been identified that participate in 
cytoplasmic genome degradation, though their role in cyto
plasmic inheritance remains unexamined (Islam et al. 
2024). In Cucumis sativus, a homolog termed CsDPD1 has 
been characterized. CsDPD1 functions similarly to AtDPD1, 
as its expression in Atdpd1 mutants rescues the genome re
tention phenotype in mature pollen (Shen et al. 2015). 
Despite high CsDPD1 expression in cucumber pollen, sub
stantial mitochondrial DNA persists in generative cells, po
tentially explaining the unique paternal mitochondrial 
inheritance observed in cucumbers (Havey 1997; 

Box 1. Continued 

Munasinghe and Ågren 2023). Notably, these findings sug
gest the involvement of additional factors that may protect 
mitochondrial genomes from DPD1-mediated degradation. 
In Arabidopsis, it has been shown that the overexpression 
of the mitochondrial DNA-binding protein WHIRLY2 results 
in the retention of the mitochondrial genome in mature pol
len (Cai et al. 2015). Whether WHIRLY2 affects mitochondrial 
inheritance remains unclear. However, these findings indi
cate that other proteins also contribute to the maintenance 
and degradation of cytoplasmic genomes in pollen, poten
tially playing key roles in shaping inheritance patterns.

Syngamy hurdles—the journey from gametes 
to zygotes
Various mechanisms operating in gametes can impede the 
vertical transmission of cytoplasmic genomes. Even if cytoplas
mic genomes successfully overcome these obstacles, additional 
challenges that arise during syngamy may still prevent their 
transmission to the zygote. Here, I will highlight the cellular proc
esses during fertilization that profoundly impact the cytoplasmic 
inheritance patterns.

Cytoplasmic stripping
One remarkable process, known as cytoplasmic stripping, 
prevents paternal inheritance by excluding sperm cytoplasm 
from the egg during syngamy. While the sperm nucleus 
enters the egg upon gamete fusion, paternal plastids and mito
chondria remain in the cytoplasmic bodies outside of the egg. 
Consequently, paternal cytoplasmic genomes are stripped away 
along with the sperm cytoplasm (Sears 1980; Hagemann and 
Schröder 1989; Mogensen 1996). Cytoplasmic stripping has been 
observed in cotton (Jensen and Fisher 1967), spinach (Wilms 
1981), barley (Mogensen 1988), poplar (Russell et al. 1990), and 
lily (Janson 1992), facilitating maternal inheritance in these 
species.

Sperm dimorphism and preferential fertilization
Another intriguing process, involving sperm dimorphism 
followed by preferential fertilization, regulates the contribution 
of paternal organelles to the zygote (Fig. 7) (Russell 1987; 
Mogensen 1996).

Following pollen mitosis II, a pair of sperm cells is formed: one 
fuses with the egg cell to form the zygote, while the other fuses 
with the central cell to form the endosperm. While it is widely as
sumed that the 2 sperm cells are isomorphic, accumulating evi
dence suggests that sperm dimorphism may be more prevalent 
than previously thought (Mogensen 1992; Tian et al. 2001; 
Weterings and Russell 2004; Yang et al. 2005). Dimorphic sperm 
cells can differ in volume, cellular contents, or organelle composi
tion (Russell 1991). Several mechanisms have been proposed to 
explain the emergence of sperm dimorphism, including the polar
ized distribution of organelles during pollen mitosis II and the dif
ferential formation of ECBs from specific sperm cells (Tian et al. 
2001; Saito et al. 2002). A notable example is reported in 
Plumbago zeylanica, where the 2 sperm cells exhibit cytoplasmic di
morphism: one is enriched with plastids, while the other contains 
numerous mitochondria but lacks plastids (Russell 1984). 
Notably, the plastid-enriched sperm cell preferentially fuses 
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with the egg cell (Russell 1985), enabling the transmission of pa
ternal plastids to zygotes. These findings underscore the signifi
cance of sperm dimorphism and preferential fertilization in 
regulating cytoplasmic inheritance (Saito et al. 2001; Hagemann 
2004).

Zygotic crossroads—diverging fates of parental 
genomes
After navigating the first part of the obstacle course race, parental 
plastids and mitochondria successfully reach the zygote. 
However, their mere presence in the zygote does not guarantee 
their smooth journey to the finish line, as cellular processes in 
the developing zygote will determine their fate.

Selective degradation of cytoplasmic genomes in 
zygotes
Genome degradation appears to be a widely adopted mechanism 
for controlling cytoplasmic inheritance. Even when cytoplasmic 
genomes escape degradation in gametes, additional processes in 
the zygote may selectively eliminate either paternal or maternal 
genomes. A well-studied example of this occurs in the green 
alga Chlamydomonas reinhardtii (Fig. 8).

In Chlamydomonas, the gametic sex is determined by 2 mating 
type (MT) loci: MT-plus and MT-minus. During reproduction, an 
MT-plus gamete and an MT-minus gamete fuse to form a zygote 
that initially contains chloroplasts and mitochondria from both pa
rents (Goodenough 2023). Within 40 to 50 min of gamete fusion, the 
chloroplast genomes from the MT-minus gamete (cpDNAminus) are 
selectively degraded, leading to the uniparental inheritance 
of MT-plus chloroplast genomes (cpDNAplus) (Kuroiwa et al. 1982; 
Nishimura et al. 1999). Intriguingly, the opposite occurs with 
mitochondrial genomes: the MT-plus mitochondrial DNA 
(mtDNAplus) is degraded during zygote maturation, resulting in 
the exclusive transmission of the MT-minus mitochondrial genome 
(mtDNAminus) (Boynton et al. 1987; Beckers et al. 1991). These selec
tive genome degradation mechanisms ensure uniparental inheri
tance in Chlamydomonas.

Since the discovery of these mechanisms, extensive efforts 
have been made to identify the genes involved (Sager and 
Ramanis 1973; Nakamura 2010; Nishimura 2010; Joo et al. 2023). 
A Ca²⁺-dependent nuclease, desginated as MT-plus-specific 
DNase (MDN), has been proposed as a candidate for the preferen
tial digestion of cpDNAminus in zygotes (Nishimura et al. 2002). 
Although MDN is expressed in the MT-plus gamete, cpDNAplus re
mains protected from MDN activity. Upon gamete fusion, MDN 

gains access to the MT-minus chloroplast and degrades the un
protected cpDNAminus, leading to the uniparental inheritance of 
cpDNAplus (Nishimura 2010).

In contrast to the rapid degradation of chloroplast genomes, the 
elimination of mtDNAplus is a slow and progressive process 
(Nakamura 2016). mtDNAplus is still detected 6 h after mating, 
with gradual degradation occurring during zygote maturation. 
Interestingly, complete elimination of mtDNAplus requires light ex
posure, indicating a markedly different degradation mechanism 
compared to that of chloroplast genomes (Aoyama et al. 2006).

To date, the exact nucleases and molecular mechanisms gov
erning cytoplasmic inheritance in Chlamydomonas have not 
been identified. Nevertheless, several mutants exhibiting defects 
in selective genome degradation and altered inheritance patterns 
have been isolated (Gillham et al. 1987; VanWinkle-Swift et al. 
1994; Armbrust et al. 1995; Joo et al. 2022) (Box 2). In addition, ge
netic screens have identified GSM1 and GSP1 as key players regu
lating the zygotic developmental program and uniparental 
inheritance (Nishimura et al. 2012; Kariyawasam et al. 2019). 
During mating, GSM1 and GSP1 physically interact to form a het
erodimer and regulate the expression of early zygote-specific 
genes (Lee et al. 2008), subsequently driving the selective degrada
tion of cpDNAminus and mtDNAplus in Chlamydomonas zygotes 
(Nishimura et al. 2012).

Box 2. Otu2p, a protector of the MT-plus chloroplast 
genomes

Instead of identifying the long-sought nucleases, Joo et al. 
discovered an otubain-like deubiquitinase (Otu2p) that acts 
as a chloroplast genome protector, preserving the integrity 
of cpDNAplus and ensuring their uniparental inheritance in 
Chlamydomonas (Joo et al. 2022).

Encoded within the sex-determining MT-plus locus, Otu2p 
expression prevents the proteasome-mediated degradation 
of the preprotein translocase of the chloroplast outer mem
brane (TOC) in MT-plus gametes (Joo et al. 2022). TOC com
plex components are essential for the efficient preprotein 
import into the chloroplasts (Ling et al. 2012). The mainte
nance of functional TOC complex in MT-plus gametes cre
ates an asymmetry in protein import capacity between the 
MT-plus and MT-minus chloroplasts. This asymmetry biases 
the import of DNA repair proteins toward the MT-plus chlor
oplast, promoting the maintenance of cpDNAplus. In  

Figure 7. An example of sperm cytoplasmic dimorphism. Two sperm cells with distinct cytoplasmic contents are delivered to the female gametes via 
the pollen tube. Upon pollen tube discharge, 1 sperm cell may preferentially fuse with the egg, transmitting its organelles to the resulting zygote.
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contrast, the limited import capacity of MT-minus chloro
plasts hampers genome maintenance, leading to the accu
mulation of damaged DNA and its subsequent degradation. 
This sex-linked organelle quality control mechanism selec
tively preserves cpDNAplus integrity, leading to the uniparen
tal inheritance of high-quality chloroplast genomes (Joo et al. 
2022).

This study offers several intriguing insights. First, it un
covers a ubiquitin-dependent mechanism that differentiates 
parental chloroplasts. A similar system has been reported in 
animals, which the paternal mitochondria are selectively la
beled and degraded by the ubiquitin-proteasome system 
(Sutovsky et al. 1999; Politi et al. 2014; Song et al. 2016). 
Second, this study provides evidence supporting previous 
speculations that the fate of parental chloroplast genomes 
is not strictly predetermined. If the quality or abundance of 
cpDNAplus is compromised, the degradation of cpDNAminus 

is delayed (Wurtz et al. 1977; Armbrust et al. 1995). This com
pensatory mechanism ensures that the zygote can sustain 
an adequate level of chloroplast genomes to support its ma
turation and development (Joo et al. 2022).

In summary, the Otu2p-mediated mechanism offers new in
sights into chloroplast inheritance. More importantly, it illus
trates how uniparental inheritance can occur in isogamous 
gametes and explains how this inheritance is achieved even 
when both parental genomes are contributed to the zygote.

Preferential replication of cytoplasmic genomes
Preferential genome replication determines the fate of parental 
genomes by affecting their relative abundance in zygotes. In 
C. reinhardtii, differences in the methylation status between 
cpDNAplus and cpDNAminus result in varying genome replication 
rates (Umen and Goodenough 2001; Nishiyama et al. 2004). 
Extensive methylation in cpDNAplus has been observed in gametes 
and zygotes (Burton et al. 1979; Royer and Sager 1979; Lopez et al. 
2015). Upon zygote germination, the hypermethylated cpDNAplus 

confers a replication advantage, contributing to its dominance 
and uniparental inheritance (Umen and Goodenough 2001). 
When MT-plus gametes are treated with 5-azacytidine, a drug 
that induces hypomethylation of cpDNAplus, this replication ad
vantage is diminished. In this case, the relative replication rate 
of cpDNAminus increases, leading to the breakdown of uniparental 
inheritance (Umen and Goodenough 2001).

Beyond methylation status, genome quality also affects replica
tion efficiency and, consequently, inheritance patterns. Treatment 
of Chlamydomonas MT-plus gametes with the DNA-damaging 
agent methanesulfonic acid ethyl ester (EMS) reduces their genome 
quality, disrupting the uniparental inheritance of cpDNAplus (Umen 
and Goodenough 2001). Together, selective methylation and pref
erential genome replication enable the differentiation of parental 
genomes and genome quality, providing a sophisticated mecha
nism for regulating cytoplasmic inheritance.

Positioning of plastids and mitochondria in zygotes
While mechanisms controlling genome abundance and quality 
are essential, the spatial positioning of plastids and mitochondria 
within the zygote also significantly influences the fate of cytoplas
mic genomes.

Figure 8. A schematic diagram illustrating the selective degradation of 
chloroplast genomes in Chlamydomonas zygotes. During sexual 
reproduction, an MT-plus and an MT-minus gamete pair up and fuse to 
form a binucleate zygote. At the early stage after gametic fusion, the 
MT-minus chloroplast DNA (cpDNA⁻) undergoes selective degradation. 
Between 2 and 4 h post-fusion, the chloroplasts and nuclei of MT-plus 
and MT-minus gametes merge. By 4 h, the zygote contains a single 
chloroplast carrying only the MT-plus chloroplast genome (cpDNA⁺), 
resulting in the uniparental inheritance of cpDNA.
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In angiosperms, zygote division is typically asymmetric, produc
ing a small apical cell and a large basal cell. Organelles that are par
titioned into the apical cell are inherited, as this cell forms the 
embryo lineage generating the majority of the plant body. In con
trast, the basal cell develops into the suspensor and hypophysis, 
structures that do not contribute to the embryo proper and repre
sent a “dead end” for cytoplasmic genomes (Fig. 9) (Mogensen 1996).

Previous research has shown that the positioning of the plastid 
and mitochondrion dictates their allocation to either the apical or 
basal cells. This position-dependent effect is reported in Medicago 
sativa. Here, maternal plastids positioned below the midsection of 
the egg nucleus are incorporated into the basal cell upon zygotic 
division. As the basal cell does not contribute to the embryo, these 
maternal plastids are not further inherited (Zhu et al. 1993; 
Rusche et al. 1995). In gymnosperms, organelles concentrated in 
the perinuclear zone around fusing gamete nuclei are more likely 
to be inherited by the embryo (Whatley 1982; Hagemann 1992; 
Mogensen 1996). In Biota orientalis, paternal plastids and mito
chondria cluster around the zygote nucleus, leading to the paternal 
inheritance of cytoplasmic genomes (Chesnoy 1977). Conversely, in 
Ephedra distachya, maternal organelles cluster around the perinu
clear zone while paternal organelles remain at the micropylar entry 
point (Moussel 1978). This spatial arrangement enforces maternal 
inheritance, making Ephedra an exception among gymnosperms, 
where paternal inheritance is typically observed. Organelle posi
tioning also explains contrasting inheritance patterns in 
Pseudotsuga menziesii (Neale et al. 1986; Marshall and Neale 
1992). In eggs, mitochondria form a dense cluster around the nu
cleus, whereas plastids are less concentrated in this region. 
During fertilization, paternal organelles accompany the sperm nu
cleus as it migrates toward the egg nucleus. Consequently, the peri
nuclear zone is enriched with maternal mitochondria and paternal 
plastids, leading to their selective inheritance in the proembryo 
(Owens and Morris 1990, 1991). These examples highlight the im
portance of organelle positioning in inheritance. Cytoskeleton has 
been shown to facilitate organelle movement and polar nuclear mi
gration (Sheahan et al. 2004; Kimata et al. 2016). Notably, actin ca
bles are crucial for forming the filamentous structure of zygotic 
mitochondria in Arabidopsis (Kimata et al. 2020). These findings 
highlight the role of the actin cytoskeleton in mitochondrial fusion, 
fission, and dynamic positioning in maturing zygotes. The precise 
function of the cytoskeleton in organelle positioning during zygotic 
division warrants further investigation.

Embryogenesis and beyond—relentless 
segregation of cytoplasmic genomes
After zygotic division, the apical cell may still contain both pater
nal and maternal cytoplasmic genomes. Heteroplasmy persists, 
with the race between parental genomes continuing until homo
plasmy is established. During embryogenesis and plant develop
ment, vegetative segregation enforces homoplasmy through 
repeated cell divisions. Since only a finite number of plastids 
and mitochondria are transmitted from mother to daughter cells, 
cells gradually acquire a uniform set of cytoplasmic genomes and 
become homoplasmic (Birky 2001). This process creates a 
within-individual drift, which has profound implications for the 
transmission of cytoplasmic genomes into germ cells and future 
generations. Mathematical models have been developed to simu
late the segregation process, highlighting the power of stochastic 
partitioning (Michaelis 1967; Birky et al. 1983; Broz et al. 2024). 
Nevertheless, additional factors beyond randomness also influ
ence both the direction and rate of segregation (Zhang et al. 
2018; Camus et al. 2022).

Steering the segregation direction
Relaxed replication and stochastic partitioning drive the segrega
tion of heteroplasmic genomes through random drift (Birky 2001). 
However, recent findings suggest that cytoplasmic genome var
iants, particularly those with phenotypic consequences, deviate 
from this random segregation pattern (Haig 2016; Van den 
Ameele et al. 2020; Parakatselaki and Ladoukakis 2021).

In heteroplasmic cells containing both functional and defective 
genomes, it has been shown that defective genomes are elimi
nated through purifying selection, while functional genomes are 
proliferated (Fan et al. 2008; Rajasimha et al. 2008; Stewart et al. 
2008; Freyer et al. 2012; Hill et al. 2014; Ma et al. 2014; Palozzi 
et al. 2018). However, in some cases, genomes carrying deleterious 
mutations are not only maintained but may even become the 
dominant population (Ma and O’Farrell 2016; Stewart and 
Chinnery 2021; Yang et al. 2022). For example, mitochondrial ge
nomes with mutations have been observed to proliferate despite 
their harmful effects (Tsang and Lemire 2002; Phillips et al. 
2015; Milot et al. 2017). These findings indicate that cytoplasmic 
genomes can experience both positive and negative selection, in
fluencing their relative abundance and heteroplasmy levels. The 
selection of cytoplasmic genomes operates at multiple levels, 
ranging from the genome and organelle to the cellular scales, ul
timately steering the segregation direction.

At the genome level
Cytoplasmic genome variants with higher replication efficiency 
gain a selective advantage by attaining greater copy numbers, po
tentially outcompeting other genomes and increasing their likeli
hood of being transmitted to daughter cells during cell division 
(Skibinski et al. 1994; Zouros et al. 1994).

A study on an unusual Chlamydomonas strain has offered val
uable insights into chloroplast genome replication. This unique 
heteroplasmic strain, spa19, harbors 2 distinct chloroplast ge
nomes (PS + and PS-). The replication of PS + and PS- genomes is 
differentially regulated based on the developmental status of 
the algae. During the vegetative stage, both PS + and PS- genomes 
are stably maintained, albeit through different replication mech
anisms. While PS- genome can be replicated via transcription-, 
recombination-, or primase-mediated priming, PS + genome is 
maintained exclusively by transcription-mediated priming. 
Notably, during the reproductive stage, chloroplast transcription 

Figure 9. An example of the position effect observed in angiosperm 
zygotes. A small apical cell and a large basal cell are formed upon 
zygotic division. Only the plastids and mitochondria allocated to the 
apical cell retain the potential for transmission into the shoot tissues of 
the progeny plant.
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activity is drastically reduced, leading to the suppression of PS + 
genome replication and the eventual loss of this variant 
(Nishimura and Stern 2010). This demonstrates how changes in 
developmental stages and cellular status can impact the replica
tion efficiency of a genome variant, thereby influencing the segre
gation direction.

In plants, mitochondrial genomes are highly dynamic and exist 
in various configurations, with one configuration typically being 
predominant while others are present at sublimon levels (Kmiec 
et al. 2006; Gualberto et al. 2014). Interestingly, these sublimons 
can occasionally be selectively amplified through a process called 
substoichiometric shifting (SSS), leading to changes in the relative 
abundance of genome variants and altering the segregation dy
namics (Woloszynska 2010). Genes that influence the frequency 
of SSS such as OSB1, MSH1, and RECA3 have been identified 
(Zaegel et al. 2006; Shedge et al. 2007). However, the mechanism 
underlying the selective replication of a particular mitochondrial 
genome variant remains unclear.

At the organelle level
The quality of plastids and mitochondria is determined by the 
genomes they contain. Organelles carrying mutated genomes 
may become dysfunctional and are removed via organelle qual
ity control mechanisms (Woodson 2016; Ng et al. 2021). In turn, 
these mechanisms facilitate the selection of cytoplasmic ge
nomes by preserving functional organelles and eliminating de
fective ones. Intriguingly, since mitochondria undergo active 
fusion and fission while plastids do not (Sears 1980; Arimura 
et al. 2004), the quality control of organelles operates through 
distinct mechanisms.

Mitochondria harboring mutated genomes exhibit defects in 
the mitochondrial oxidative phosphorylation system, leading to 
reduced ATP production and altered membrane potential (Twig 
et al. 2008; Koopman et al. 2013). In Drosophila, these defective 
mitochondria are isolated by restricted fusion and increased frag
mentation, and are subsequently degraded through mitophagy 
(Lieber et al. 2019). These observations suggest that mitochondrial 
fusion/fission dynamics facilitate the sequestration and removal 
of damaged components. In addition, research in animals and 
yeast has identified proteins involved in autophagy and mitochon
drial fusion/fission dynamics as crucial factors in facilitating the 
elimination of dysfunctional mitochondria carrying mutated ge
nomes (Pickles et al. 2018; Aretz et al. 2020; Zakirova et al. 2021; 
Spinazzola et al. 2024).

In plants, growing evidence highlights the important role of mi
tophagy in maintaining mitochondrial quality (Broda et al. 2018; 
Nakamura et al. 2021 a, 2021b; Duckney et al. 2024). Various mu
tants with impaired mitophagy show an accumulation of depolar
ized mitochondria (Dündar et al. 2020; Nakamura et al. 2021a, 
2021b; Li et al. 2022). Notably, defects in mitochondrial dynamics 
result in the formation of clustered mitochondria and hinder the 
removal of depolarized mitochondria via mitophagy (El Zawily 
et al. 2014; Ma et al. 2021). These findings indicate a link between 
mitochondrial dynamics and autophagy-mediated mitochondrial 
quality control in plants.

Besides mitochondrial quality control, autophagy also plays a 
role in maintaining plastid quality (Sun et al. 2021). 
Dysfunctional plastids are selectively eliminated through chlor
ophagy (Izumi et al. 2017; Nakamura et al. 2018). Intriguingly, 
autophagy-independent degradation mechanisms also contribute 
to the removal of damaged chloroplasts (Otegui et al. 2005; Wang 
and Blumwald 2014; Woodson et al. 2015). The type of 

chloroplastic stress determines the cellular machinery employed 
for their removal (Rochaix and Ramundo 2017; Heredia-Martínez 
et al. 2018; Izumi and Nakamura 2018; Lemke and Woodson 2022), 
leading to the degradation of either portion of or the entire organ
elle (Ishida et al. 2008; Michaeli et al. 2014; Zhuang and Jiang 2019; 
Izumi et al. 2024). Notably, piecemeal chlorophagy involves the 
formation of vesicular bodies that bud off from plastids, carrying 
plastid-derived cargos destined for degradation (Otegui 2018). 
This process resembles the selective removal of mitochondrial 
subdomains containing mutated genomes in animals (Sen et al. 
2022; Tábara et al. 2024). However, no evidence has yet been found 
to indicate that plastid genomes are selectively removed via piece
meal chlorophagy.

Instead of degradation, differential replication of plastids has 
been shown to affect the segregation of plastid genomes. In 
Pelargonium, nuclear Pr genes influence plastid inheritance by se
lectively regulating plastid replication (Tilney-Bassett 1973). In 
Oenothera, plastid replication is influenced by the compatibility 
between the plastid and nuclear genomes, where compatible plas
tids are capable of efficient replication and are selectively main
tained (Chiu and Sears 1993). Recent research has also identified 
plastid-encoded genes involved in lipid biosynthesis that influ
ence the plastid division rate (Sobanski et al. 2019), highlighting 
the role of the plastid genome in determining replication effi
ciency (Chiu et al. 1988). Faster-replicating plastids tend to out
compete slower-replicating ones. Consequently, differences in 
replication efficiency between parental plastids play a significant 
role in shaping segregation patterns (Greiner et al. 2015).

At the cellular level
Heteroplasmic cells containing deleterious cytoplasmic genomes 
may not exhibit any phenotypic consequences as long as suffi
cient functional organelles are present to support essential cellu
lar processes. However, once a critical threshold is surpassed, 
malfunctioning organelles begin to impair cellular function 
(Rossignol et al. 2003; Stewart and Chinnery 2015). This can place 
such cells at a proliferative disadvantage compared to those with 
functional cytoplasmic genomes. In extreme cases, dysfunctional 
organelles may trigger signaling pathways that lead to pro
grammed cell death (Ambastha et al. 2015; Van Aken and Van 
Breusegem 2015; Bock and Tait 2020; Moehlman and Youle 2020; 
Woodson 2022). These examples illustrate that selection of cyto
plasmic genomes can occur at the cellular level, with cells experi
encing fitness penalties caused by deleterious cytoplasmic 
genomes being eliminated. The selection, however, is context- 
dependent. Cells can accumulate high levels of mutated genomes 
in conditions where the mutations confer a fitness advantage, 
highlighting the role of gene–environment interactions in the se
lection and segregation of cytoplasmic genomes (Vander Heiden 
et al. 2009; Kotrys et al. 2024).

In plants, dysfunctional plastids and mitochondria have a sig
nificant impact on cellular fitness, as these organelles are vital 
not only for energy production but also for various cellular proc
esses and stress responses (Welchen et al. 2021; Sierra et al. 
2023). Heteroplasmic progeny resulting from interspecific crosses 
may experience cytonuclear incompatibility. This incompatibility 
disrupts the coordinated cytonuclear interactions, leading 
to impaired organelle function and reduced cellular fitness 
(Barnard-Kubow et al. 2017; Postel and Touzet 2020; Postel et al. 
2024). For instance, plastid-nuclear incompatibility often mani
fests as chlorophyl deficiency, leading to chlorosis and variegation 
phenotypes (Greiner 2012; Barnard-Kubow et al. 2016). In severe 
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cases, such incompatibility can result in cell death (Stubbe 1963). 
This phenomenon resembles programmed cell death reported in 
animals, suggesting that plants may employ similar mechanisms 
to facilitate the segregation of cytoplasmic genomes based on cell 
fitness.

Modulating the segregation rate
Besides the segregation direction, the rate at which heteroplasmy 
segregation occurs is equally important. Heteroplasmy can be 
detrimental (Sharpley et al. 2012; Wallace and Chalkia 2013); 
therefore, efficient segregation and transition to homoplasmy 
are beneficial. Moreover, a higher segregation rate promotes 
cell-to-cell variance, facilitating efficient selection of cytoplasmic 
genomes (Radzvilavicius and Johnston 2022).

In animals, a genetic bottleneck mechanism facilitates the effi
cient segregation of mitochondrial genomes (Stewart and 
Chinnery 2015). A special focus has been placed on the bottleneck 
in the female germline, which accounts for rapid changes in the 
frequency of mutated mitochondrial genomes across generations 
(Olivo et al. 1983; Ashley et al. 1989; Jenuth et al. 1996). Notably, 
the germline bottleneck is proposed to act as a purifying selection 
mechanism, effectively eliminating deleterious mitochondrial 
mutations (Bergstrom and Pritchard 1998; Stewart et al. 2008; 
Edwards et al. 2021). Several mechanisms have been proposed 
to constitute the germline bottleneck (Stewart and Larsson 
2014): (1) a reduction in mitochondrial genome copy number in 
germ cells (Cree et al. 2008); (2) clustering of identical mitochon
drial genomes into homoplasmic nucleoids (Cao et al. 2007; Cao 
et al. 2009); and (3) selective replication of a random subset of mi
tochondrial genomes during oocyte maturation (Blok et al. 1997; 
Wai et al. 2008). These processes lead to dramatic shifts in heter
oplasmy levels and may operate in concert to enforce a tight bot
tleneck in the female germline.

An intriguing question is whether similar mechanisms create a 
bottleneck in plants. Plant germline development differs markedly 
from that in animals. While most animals have a developmentally 
defined, early-segregated germline, plants are generally considered 
to lack such a feature. However, recent research has challenged 
this assumption, suggesting that plants may possess a slowly divid
ing functional germline cell lineage analogous to that of animals 
(Burian et al. 2016; Lanfear 2018; Burian 2021). This proposed germ
line cell lineage is located in the shoot apical meristem (SAM) 
(Romberger et al. 1993; Kwiatkowska 2004; Watson et al. 2016). 
Remarkably, mitochondria in SAM meristematic cells exhibit dy
namic fusion activity, leading to the formation of an extensive re
ticulate mitochondrial network (Segui-Simarro et al. 2008). The 
reticulate network facilitates the intermixing of mitochondrial ge
nomes, thereby promoting recombination and gene conversion 
(Seguí-Simarro and Staehelin 2009; Rose and McCurdy 2017; 
Edwards et al. 2021). Such events can drive rapid shifts in hetero
plasmy levels (Khakhlova and Bock 2006; Schaffner and Patel 
2022), consequently promoting the segregation of heteroplasmic 
genomes. Notably, proteins involved in gene conversion are highly 
expressed in the SAM, supporting the active recombination and 
gene conversion processes (Edwards et al. 2021) (Box 3). Together, 
elevated mitochondrial fusion and genome recombination in the 
SAM may thus effectively mimic a bottleneck effect in plants.

Box 3. MSH1, a promoter of vegetative segregation

MSH1, initially identified as a “chloroplast mutator” in 
Arabidopsis thaliana, is later found to be critical for DNA  

Box 3. Continued 

repair, maintenance, and recombination surveillance in 
both plastids and mitochondria (Redei 1973; Sloan et al. 
2024). Disruption of MSH1 results in a wide range of pheno
types affecting growth, developmental reprogramming, 
and stress responses (Xu et al. 2012; Virdi et al. 2016; Shao 
et al. 2017; Beltrán et al. 2018; Kundariya et al. 2020). 
Notably, recent findings highlight the role of MSH1 in gene 
conversion and recombination (Wu et al. 2020; 
Peñafiel-Ayala et al. 2024), processes that influence the sort
ing of heteroplasmic cytoplasmic genomes. This section fo
cuses solely on MSH1’s role in vegetative segregation. For a 
more comprehensive overview of its other functions, please 
refer to related reviews (Mackenzie and Kundariya 2020; 
Sloan et al. 2024).

In Arabidopsis, MSH1 facilitates efficient sorting of 
heteroplasmic genomes during plant development. Its role 
in mitochondrial genome segregation has been clearly dem
onstrated, as mitochondrial heteroplasmy is fixed more rap
idly in wild-type plants compared to msh1 mutants. By 
mediating gene conversion, MSH1 promotes the homogeni
zation of cytoplasmic genomes, thereby accelerating hetero
plasmic sorting (Broz et al. 2022). Intriguingly, the loss of 
MSH1 function is also associated with increased substoichio
metric shifting of mitochondrial genomes, leading to 
genome instability (Abdelnoor et al. 2003; Zhao et al. 2016). 
In addition, msh1 mutants exhibit increased inter- 
mitochondrial connectivity (Chustecki et al. 2022). This en
hanced mitochondrial interaction promotes more frequent 
mixing of mitochondrial genomes, providing opportunities 
for illegitimate recombination and potentially exacerbating 
genome instability and heteroplasmy.

Given the multifaceted impacts caused by the loss of 
MSH1, it remains unclear whether the slower heteroplasmic 
sorting in msh1 mutants results directly from reduced 
MSH1-mediated gene conversion or indirectly from height
ened genome instability. Nevertheless, these findings high
light the link between cytoplasmic genome maintenance 
and heteroplasmic sorting (Broz et al. 2022; Broz et al. 
2024). The proposed role of gene conversion in generating 
variance presents a compelling model, offering an alterna
tive mechanism for purifying selection in organisms without 
an early-segregated germline (Edwards et al. 2021; 
Veeraragavan et al. 2024).

While the gene conversion-dependent mechanism addresses 
mitochondrial heteroplasmy, it cannot resolve plastid hetero
plasmy resulting from biparental inheritance. In such cases, dis
tinct parental plastid genomes reside in separate plastids. Since 
plastids do not fuse, their genomes cannot intermix (Sears 1980; 
Seguí-Simarro and Staehelin 2009). Therefore, gene conversion 
cannot aid in the segregation of heteroplasmic plastid genomes. 
Instead, a bottleneck achieved by reducing plastid genome copy 
numbers may enhance segregation efficiency. In the SAM, plastid 
abundance and genome copy numbers are low, with amplification 
occurring during leaf development (Fujie et al. 1994; Greiner et al. 
2020). This genome copy number dynamic mirrors the mitochon
drial bottleneck observed during female germline development in 
animals (Shoubridge and Wai 2007; Stewart and Chinnery 2015).
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Collectively, these findings suggest that plants employ diverse 
mechanisms to enforce bottleneck effects despite lacking a de
fined early-segregated germline (Edwards et al. 2021). A pro
nounced segregation of cytoplasmic genomes is observed 
between the stages of inflorescence formation and the transition 
to the next generation, indicating that reproductive tissues im
pose a tight bottleneck (Broz et al. 2024). Nevertheless, given the 
distinct dynamics of plastid and mitochondrial genomes, it is 
likely that the mechanisms driving their segregation differ 
substantially.

The finish line—arriving at progeny gametes
Segregation of cytoplasmic genomes is a continuous and gradual 
process during plant development. Depending on the segregation 
dynamics, the heteroplasmy levels vary across cells, tissues, and 
organs, leading to distinct phenotypes even within the same plant.

A prime example is the coexistence of both female and her
maphrodite flowers within the same plant, caused by the differen
tial sorting of mitochondrial genome variants (Erickson and 
Kemble 1993; Andersson 1999). Mutated mitochondrial genomes 
can cause cytoplasmic male sterility (CMS) by disrupting the for
mation of functional male gametes (Hanson 1991). Interestingly, 
CMS-inducing genomes are not strongly selected against in most 
tissues since they do not adversely affect somatic cell fitness 
(Budar and Pelletier 2001). Therefore, CMS-inducing and function
al mitochondrial genomes undergo stochastic segregation and 
reach reproductive organs independently. This leads to the for
mation of “female flowers” with CMS-inducing genomes, while 
male-fertile hermaphrodite flowers develop in sectors with func
tional genomes (Erickson and Kemble 1993; Andersson 1999). 
Notably, these findings suggest that cytoplasmic genome segrega
tion can occur rapidly. Heteroplasmic sorting is completed within 
a single generation with the formation of homoplasmic gametes 
(Broz et al. 2024). The cytoplasmic genome present in the homo
plasmic gamete becomes the sole contributor to subsequent gen
erations, emerging as the winner in this obstacle race. However, in 
species with less efficient segregation, gametes may still carry 
both paternal and maternal genomes, resulting in the persistence 
of heteroplasmy in the progeny (Bentley et al. 2010; Mandel et al. 
2020). In such cases, the race between parental genomes contin
ues into the next generation.

Concluding remarks and future perspectives
By following this epic obstacle course race, we have witnessed 
how cytoplasmic genomes are transmitted across cells and 
generations. While numerous cellular processes have been 
proposed to regulate cytoplasmic inheritance, the specific genes 
and precise mechanisms underlying this process remain largely 
unidentified (see Outstanding Questions). This knowledge gap pri
marily stems from methodological limitations that have hindered 
our deeper understanding of cytoplasmic inheritance.

Historically, studies on cytoplasmic inheritance have relied on 
molecular techniques such as restriction fragment length poly
morphism analysis. While these methods, combined with cytolog
ical studies, provided foundational insights, they also present 
significant limitations that may lead to a biased view of cytoplas
mic inheritance. Notably, studies using these techniques were 
conducted at restricted sample sizes, making it difficult to detect 
rare leakage events. Furthermore, their sensitivity was often in
sufficient to identify small amounts of DNA, leading to an under
estimation of paternal leakage and heteroplasmy (Reboud and 
Zeyl 1994; Hagemann 2004). Another major limitation is the lack 

of discernable phenotypic markers that distinguish between pa
ternal and maternal genomes (Reboud and Zeyl 1994), which re
stricts the feasibility of developing large-scale screenings for 
studying cytoplasmic inheritance.

Emerging technological advancements offer solutions to these 
challenges. For instance, plastid genome engineering enables the 
expression of selectable markers and fluorescent reporters within 
plastids, facilitating reliable and highly sensitive screening for pa
ternal plastid inheritance (Ruf et al. 2007; Chung et al. 2023). 
Recent breakthroughs in mitochondrial genome engineering fur
ther revolutionize this field by enabling the design of distinctive 
mitochondrial genomes (Maliga 2022; Arimura and Nakazato 
2024). However, stable mitochondrial genome transformation 
through transgene insertion is not yet achievable in plants, limit
ing the development of selectable markers and reporter systems 
similar to those used in plastid inheritance research. 
Nevertheless, precise mitochondrial DNA base-editing, coupled 
with advanced sequencing and PCR techniques, allows for the 
quantification of heteroplasmic genomes at the single-cell level 
(Kotrys et al. 2024). Additionally, single-molecule genome track
ing technique presents unprecedented opportunities to study veg
etative segregation and partitioning of cytoplasmic genomes 
during cell division (Li et al. 2023; Roussou et al. 2024).

By leveraging these advanced research tools, we will be able to 
identify key regulatory genes and mechanisms underlying cyto
plasmic inheritance. A comprehensive understanding of these cel
lular processes will pave the way for targeted manipulation of 
cytoplasmic inheritance. Since many agronomically important 
traits are influenced by cytoplasmic genomes, controlling cytoplas
mic inheritance holds transformative potential for plant breeding.

Advances box

• New genes have been identified as key regulators of cy
toplasmic inheritance in plants and algae, providing 
compelling evidence supporting the role of organelle 
quality control and cytoplasmic genome maintenance 
in governing cytoplasmic inheritance.

• By manipulating growth conditions and genetic back
ground, the uniparental inheritance of cytoplasmic ge
nomes can be disrupted, consequently leading to the 
generation of heteroplasmic progeny.

• Advances in cytoplasmic genome engineering and 
single-molecule imaging offer powerful tools for study
ing the vertical transmission and vegetative segregation 
of cytoplasmic genomes, enabling the design of large- 
scale screenings and real-time in vivo tracking of 
heteroplasmy.

• With more sensitive methods for detecting cytoplasmic 
genome variants, the perceived rarity of heteroplasmy 
due to technical detection limitations will be overcome. 
As evidence of paternal leakage and biparental inheri
tance continues to accumulate, the long-standing no
tion of maternal inheritance as the norm will be 
challenged.

Outstanding questions

• Interspecific crosses involve the mating of individuals 
from different species, which often leads to a disruption  
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in the uniparental inheritance of cytoplasmic genomes. 
What are the mechanisms responsible for the break
down of uniparental inheritance in interspecific crosses?

• The mode of cytoplasmic inheritance (maternal, pater
nal, or biparental) has exhibited remarkable lability 
among plant species. For instance, maternal inheritance 
is predominant in angiosperms, whereas paternal inher
itance is commonly observed in gymnosperms. What 
drives this evolutionary flexibility in inheritance patterns 
across plant lineages? What genetic, molecular, and 
physiological factors contribute to this phenomenon?

• To date, only a limited number of genes have been iden
tified as regulators of cytoplasmic inheritance. What 
other genes and factors play a role in regulating this 
process?

• To what extent can we manipulate cytoplasmic inheri
tance patterns? How can we manipulate cytoplasmic in
heritance to improve crop production?

Acknowledgments
I am deeply grateful to the colleagues with whom I had the priv
ilege of collaborating on the topic of cytoplasmic inheritance 
over the years, especially Enrique Gonzalez-Duran, Stephanie 
Ruf, Joachim Forner, and my mentor, Ralph Bock, for their friend
ship and guidance. I also wish to acknowledge the inspiring re
search atmosphere at the Max Planck Institute of Molecular 
Plant Physiology, which has greatly influenced my work. My 
heartfelt thanks also go to Ami Choubey and Manchikatla 
Venkat Rajam for granting me permission to include the poem 
in the Introduction of this article.

Author contributions
K.P.C. conceptualized the review structure and wrote the article.

Funding
This work was supported by Horizon Europe European Research 
Council (Grant agreement ID: 101165903).

Conflict of interest statement. None declared.

Data availability
There are no new data associated with this article.

References
Abdelnoor RV, Yule R, Elo A, Christensen AC, Meyer-Gauen G, 

Mackenzie SA. Substoichiometric shifting in the plant mitochon
drial genome is influenced by a gene homologous to MutS. Proc 
Natl Acad Sci U S A. 2003:100(10):5968–5973. https://doi.org/10. 
1073/pnas.1037651100

Ambastha V, Tripathy BC, Tiwari BS. Programmed cell death in 
plants: a chloroplastic connection. Plant Signal Behav. 2015:10(2): 
e989752. https://doi.org/10.4161/15592324.2014.989752

Andersson H. Female and hermaphrodite flowers on a chimeric gy
nomonoecious Silene vulgaris plant produce offspring with dif
ferent genders: a case of heteroplasmic sex determination? 

J Hered. 1999:90(5):563–565. https://doi.org/10.1093/jhered/90.5. 
563

Aoyama H, Hagiwara Y, Misumi O, Kuroiwa T, Nakamura S. 
Complete elimination of maternal mitochondrial DNA during 
meiosis resulting in the paternal inheritance of the mitochon
drial genome in Chlamydomonas species. Protoplasma. 

2006:228(4):231–242. https://doi.org/10.1007/s00709-006-0155-5
Aretz I, Jakubke C, Osman C. Power to the daughters–mitochondrial 

and mtDNA transmission during cell division. Biol Chem. 
2020:401(5):533–546. https://doi.org/10.1515/hsz-2019-0337

Arimura S, Nakazato I. Genome editing of plant mitochondrial and 
chloroplast genomes. Plant Cell Physiol. 2024:65(4):477–483. 
https://doi.org/10.1093/pcp/pcad162

Arimura S, Yamamoto J, Aida GP, Nakazono M, Tsutsumi N. 
Frequent fusion and fission of plant mitochondria with unequal 
nucleoid distribution. Proc Natl Acad Sci U S A. 2004:101(20): 
7805–7808. https://doi.org/10.1073/pnas.0401077101

Armbrust EV, Ibrahim A, Goodenough UW. A mating type-linked 
mutation that disrupts the uniparental inheritance of chloroplast 

DNA also disrupts cell-size control in Chlamydomonas. Mol Biol 
Cell. 1995:6(12):1807–1818. https://doi.org/10.1091/mbc.6.12.1807

Ashley M, Laipis P, Hauswirth W. Rapid segregation of heteroplasmic 
bovine mitochondria. Nucleic Acids Res. 1989:17(18):7325–7331. 
https://doi.org/10.1093/nar/17.18.7325

Barnard-Kubow KB, McCoy MA, Galloway LF. Biparental chloroplast 
inheritance leads to rescue from cytonuclear incompatibility. 

New Phytol. 2017:213(3):1466–1476. https://doi.org/10.1111/nph. 
14222

Barnard-Kubow KB, So N, Galloway LF. Cytonuclear incompatibility 
contributes to the early stages of speciation. Evolution. 
2016:70(12):2752–2766. https://doi.org/10.1111/evo.13075

Baur E. Das wesen und die erblichkeitsverhältnisse der “varietates al
bomarginatae hort.”vonPelargonium zonale. Zeitschrift für 

Induktive Abstammungs- und Vererbungslehre. 1908:1(1):330–351. 
https://doi.org/10.1007/BF01990603

Beckers M-C, Munaut C, Minet A, Matagne R-F. The fate of mitochon
drial DNAs of mt+ and mt− origin in gametes and zygotes of 
Chlamydomonas. Curr Genet. 1991:20(3):239–243. https://doi.org/ 

10.1007/BF00326238
Bednarska E. Ultrastructural transformations in the cytoplasm of 

differentiating Hyacinthus orientalis L. Pollen cells. Acta Soc Bot 
Pol. 1988:57(2):235–245. https://doi.org/10.5586/asbp.1988.024

Bell G. The evolution of anisogamy. J Theor Biol. 1978:73(2):247–270. 
https://doi.org/10.1016/0022-5193(78)90189-3

Beltrán J, Wamboldt Y, Sanchez R, LaBrant EW, Kundariya H, Virdi 
KS, Elowsky C, Mackenzie SA. Specialized plastids trigger 

tissue-specific signaling for systemic stress response in plants. 
Plant Physiol. 2018:178(2):672–683. https://doi.org/10.1104/pp.18. 
00804

Bentley KE, Mandel JR, McCauley DE. Paternal leakage and hetero
plasmy of mitochondrial genomes in Silene vulgaris: evidence 
from experimental crosses. Genetics. 2010:185(3):961–968. 

https://doi.org/10.1534/genetics.110.115360
Bergstrom CT, Pritchard J. Germline bottlenecks and the evolutionary 

maintenance of mitochondrial genomes. Genetics. 1998:149(4): 
2135–2146. https://doi.org/10.1093/genetics/149.4.2135

Birky CW Jr. The inheritance of genes in mitochondria and chloro
plasts. BioScience. 1976:26(1):26–33. https://doi.org/10.2307/1297296

Birky CW Jr. Transmission genetics of mitochondria and chloro

plasts. Annu Rev Genet. 1978:12(1):471–512. https://doi.org/10. 
1146/annurev.ge.12.120178.002351

Birky CW Jr. Relaxed cellular controls and organelle heredity. Science. 
1983:222(4623):468–475. https://doi.org/10.1126/science.6353578

14 | Plant Physiology, 2025, Vol. 198, No. 1

https://doi.org/10.1073/pnas.1037651100
https://doi.org/10.1073/pnas.1037651100
https://doi.org/10.4161/15592324.2014.989752
https://doi.org/10.1093/jhered/90.5.563
https://doi.org/10.1093/jhered/90.5.563
https://doi.org/10.1007/s00709-006-0155-5
https://doi.org/10.1515/hsz-2019-0337
https://doi.org/10.1093/pcp/pcad162
https://doi.org/10.1073/pnas.0401077101
https://doi.org/10.1091/mbc.6.12.1807
https://doi.org/10.1093/nar/17.18.7325
https://doi.org/10.1111/nph.14222
https://doi.org/10.1111/nph.14222
https://doi.org/10.1111/evo.13075
https://doi.org/10.1007/BF01990603
https://doi.org/10.1007/BF00326238
https://doi.org/10.1007/BF00326238
https://doi.org/10.5586/asbp.1988.024
https://doi.org/10.1016/0022-5193(78)90189-3
https://doi.org/10.1104/pp.18.00804
https://doi.org/10.1104/pp.18.00804
https://doi.org/10.1534/genetics.110.115360
https://doi.org/10.1093/genetics/149.4.2135
https://doi.org/10.2307/1297296
https://doi.org/10.1146/annurev.ge.12.120178.002351
https://doi.org/10.1146/annurev.ge.12.120178.002351
https://doi.org/10.1126/science.6353578


Birky CW Jr. Relaxed and stringent genomes: why cytoplasmic genes 
don’t obey Mendel’s laws. J Hered. 1994:85(5):355–365. https://doi. 
org/10.1093/oxfordjournals.jhered.a111480

Birky CW Jr. Uniparental inheritance of mitochondrial and chloroplast 
genes: mechanisms and evolution. Proc Natl Acad Sci U S A. 
1995:92(25):11331–11338. https://doi.org/10.1073/pnas.92.25.11331

Birky CW Jr. The inheritance of genes in mitochondria and chloro

plasts: laws, mechanisms, and models. Annu Rev Genet. 2001: 
35(1):125–148. https://doi.org/10.1146/annurev.genet.35.102401. 
090231

Birky CW Jr, Maruyama T, Fuerst P. An approach to population and 
evolutionary genetic theory for genes in mitochondria and chlor
oplasts, and some results. Genetics. 1983:103(3):513–527. https:// 

doi.org/10.1093/genetics/103.3.513
Blok RB, Gook DA, Thorburn DR, Dahl H-HM. Skewed segregation of 

the mtDNA nt 8993 (TRG) mutation in human oocytes. Am J Hum 
Genet. 1997:60(6):1495–1501. https://doi.org/10.1086/515453

Bock FJ, Tait SW. Mitochondria as multifaceted regulators of cell 
death. Nat Rev Mol Cell Biol. 2020:21(2):85–100. https://doi.org/10. 
1038/s41580-019-0173-8

Bohdanowicz J, Lewandowska B. Participation of endoplasmic retic
ulum in the unequal distribution of plastids during generative 
cell formation in Gagea lutea (L.) ker-gaw.(Liliaceae). Acta Biol 
Cracov Ser Bot. 1999:41:77–183.

Boynton JE, Harris EH, Burkhart BD, Lamerson PM, Gillham NW. 
Transmission of mitochondrial and chloroplast genomes in 

crosses of Chlamydomonas. Proc Natl Acad Sci U S A. 1987:84(8): 
2391–2395. https://doi.org/10.1073/pnas.84.8.2391

Broda M, Millar AH, Van Aken O. Mitophagy: a mechanism for plant 
growth and survival. Trends Plant Sci. 2018:23(5):434–450. https:// 
doi.org/10.1016/j.tplants.2018.02.010

Brown R, Lemmon B. Pollen development in orchids 3. A novel gener
ative pole microtubule system predicts unequal pollen mitosis. 

J Cell Sci. 1991:99(2):273–281. https://doi.org/10.1242/jcs.99.2.273
Broz AK, Keene A, Fernandes Gyorfy M, Hodous M, Johnston IG, Sloan 

DB. Sorting of mitochondrial and plastid heteroplasmy in 
Arabidopsis is extremely rapid and depends on MSH1 activity. 
Proc Natl Acad Sci U S A. 2022:119(34):e2206973119. https://doi. 
org/10.1073/pnas.2206973119

Broz AK, Sloan DB, Johnston IG. Stochastic organelle genome segre

gation through Arabidopsis development and reproduction. 
New Phytol. 2024:241(2):896–910. https://doi.org/10.1111/nph. 
19288

Budar F, Pelletier G. Male sterility in plants: occurrence, determin
ism, significance and use. C R Acad Sci III. 2001:324:543–550. 
https://doi.org/10.1016/s0764-4469(01)01324-5

Burian A. Does shoot apical meristem function as the germline in 

safeguarding against excess of mutations? Front Plant Sci. 
2021:12:707740. https://doi.org/10.3389/fpls.2021.707740

Burian A, De Reuille PB, Kuhlemeier C. Patterns of stem cell divisions 
contribute to plant longevity. Curr Biol. 2016:26(11):1385–1394. 
https://doi.org/10.1016/j.cub.2016.03.067

Burton WG, Grabowy CT, Sager R. Role of methylation in the modifi
cation and restriction of chloroplast DNA in Chlamydomonas. 

Proc Natl Acad Sci U S A. 1979:76(3):1390–1394. https://doi.org/10. 
1073/pnas.76.3.1390

Cai Q, Guo L, Shen Z-R, Wang D-Y, Zhang Q, Sodmergen. Elevation of 
pollen mitochondrial DNA copy number by WHIRLY2: altered 
respiration and pollen tube growth in Arabidopsis. Plant Physiol. 
2015:169(1):660–673. https://doi.org/10.1104/pp.15.00437

Camus MF, Alexander-Lawrie B, Sharbrough J, Hurst GD. Inheritance 

through the cytoplasm. Heredity (Edinb). 2022:129(1):31–43. 
https://doi.org/10.1038/s41437-022-00540-2

Cao L, Shitara H, Horii T, Nagao Y, Imai H, Abe K, Hara T, Hayashi J-I, 
Yonekawa H. The mitochondrial bottleneck occurs without re
duction of mtDNA content in female mouse germ cells. Nat 
Genet. 2007:39(3):386–390. https://doi.org/10.1038/ng1970

Cao L, Shitara H, Sugimoto M, Hayashi J-I, Abe K, Yonekawa H. New 
evidence confirms that the mitochondrial bottleneck is generated 

without reduction of mitochondrial DNA content in early primor
dial germ cells of mice. PLoS Genet. 2009:5(12):e1000756. https:// 
doi.org/10.1371/journal.pgen.1000756

Chesnoy L. Etude cytologique des gametes, de la Iecondation et de la 
proernbryogcnese chez Ie Biota orientalis Endl, III. Fecondation et 
procmbryogenese; transmission du cytoplasme du gamete male 

au proembryo. Revue de Cytologic et de Biologie Vegetales. 
1977:40:293–396.

Chesser RK. Heteroplasmy and organelle gene dynamics. Genetics. 
1998:150(3):1309–1327. https://doi.org/10.1093/genetics/150.3. 
1309

Chiu W-L, Sears BB. Plastome-genome interactions affect plastid 
transmission in Oenothera. Genetics. 1993:133(4):989–997. 

https://doi.org/10.1093/genetics/133.4.989
Chiu W-L, Stubbe W, Sears BB. Plastid inheritance in Oenothera: or

ganelle genome modifies the extent of biparental plastid trans
mission. Curr Genet. 1988:13(2):181–189. https://doi.org/10.1007/ 
BF00365653

Choubey A, Rajam MV. Organellar genomes of flowering plants. Plant 
Biology and Biotechnology: Volume II: Plant Genomics and 

Biotechnology. New Delhi, India: Springer; 2015. p. 179–204.
Chung KP, Gonzalez-Duran E, Ruf S, Endries P, Bock R. Control of 

plastid inheritance by environmental and genetic factors. 
Nat Plants. 2023:9(1):68–80. https://doi.org/10.1038/s41477-022- 
01323-7

Chustecki JM, Etherington RD, Gibbs DJ, Johnston IG. Altered collec
tive mitochondrial dynamics in the Arabidopsis msh1 mutant 

compromising organelle DNA maintenance. J Exp Bot. 
2022:73(16):5428–5439. https://doi.org/10.1093/jxb/erac250

Clauhs RP, Grun P. Changes in plastid and mitochondrion content 
during maturation of generative cells of Solanum (Solanaceae). 
Am J Bot. 1977:64(4):377–383. https://doi.org/10.1002/j.1537-2197. 
1977.tb12359.x

Correns C. Vererbungsversuche mit blass (gelb) grünen. Zeitschrift für 

Induktive Abstammungs- und Vererbungslehre. 1908:1(1):291–329. 
https://doi.org/10.1007/BF01990602

Corriveau JL, Coleman AW. Rapid screening method to detect poten
tial biparental inheritance of plastid DNA and results for over 200 
angiosperm species. Am J Bot. 1988:75(10):1443–1458. https://doi. 
org/10.1002/j.1537-2197.1988.tb11219.x

Corriveau JL, Coleman AW. Monitoring by epifluorescence micro

scopy of organelle DNA fate during pollen development in five an
giosperm species. Dev Biol. 1991:147(1):271–280. https://doi.org/ 
10.1016/S0012-1606(05)80024-7

Cree LM, Samuels DC, de Sousa Lopes SC, Rajasimha HK, Wonnapinij 
P, Mann JR, Dahl H-HM, Chinnery PF. A reduction of mitochon
drial DNA molecules during embryogenesis explains the rapid 

segregation of genotypes. Nat Genet. 2008:40(2):249–254. https:// 
doi.org/10.1038/ng.2007.63

Duckney PJ, Wang P, Hussey PJ. Mitophagy in plants: emerging 
regulators of mitochondrial targeting for selective autophagy. 
J Microsc. 2024;297(3):325–332 https://doi.org/10.1111/jmi.13267

Dündar G, Teranishi M, Hidema J. Autophagy-deficient Arabidopsis 
mutant atg5, which shows ultraviolet-B sensitivity, cannot 

remove ultraviolet-B-induced fragmented mitochondria. 
Photochem Photobiol Sci. 2020:19(12):1717–1729. https://doi.org/10. 
1039/c9pp00479c

Cytoplasmic inheritance in plants and algae | 15

https://doi.org/10.1093/oxfordjournals.jhered.a111480
https://doi.org/10.1093/oxfordjournals.jhered.a111480
https://doi.org/10.1073/pnas.92.25.11331
https://doi.org/10.1146/annurev.genet.35.102401.090231
https://doi.org/10.1146/annurev.genet.35.102401.090231
https://doi.org/10.1093/genetics/103.3.513
https://doi.org/10.1093/genetics/103.3.513
https://doi.org/10.1086/515453
https://doi.org/10.1038/s41580-019-0173-8
https://doi.org/10.1038/s41580-019-0173-8
https://doi.org/10.1073/pnas.84.8.2391
https://doi.org/10.1016/j.tplants.2018.02.010
https://doi.org/10.1016/j.tplants.2018.02.010
https://doi.org/10.1242/jcs.99.2.273
https://doi.org/10.1073/pnas.2206973119
https://doi.org/10.1073/pnas.2206973119
https://doi.org/10.1111/nph.19288
https://doi.org/10.1111/nph.19288
https://doi.org/10.1016/s0764-4469(01)01324-5
https://doi.org/10.3389/fpls.2021.707740
https://doi.org/10.1016/j.cub.2016.03.067
https://doi.org/10.1073/pnas.76.3.1390
https://doi.org/10.1073/pnas.76.3.1390
https://doi.org/10.1104/pp.15.00437
https://doi.org/10.1038/s41437-022-00540-2
https://doi.org/10.1038/ng1970
https://doi.org/10.1371/journal.pgen.1000756
https://doi.org/10.1371/journal.pgen.1000756
https://doi.org/10.1093/genetics/150.3.1309
https://doi.org/10.1093/genetics/150.3.1309
https://doi.org/10.1093/genetics/133.4.989
https://doi.org/10.1007/BF00365653
https://doi.org/10.1007/BF00365653
https://doi.org/10.1038/s41477-022-01323-7
https://doi.org/10.1038/s41477-022-01323-7
https://doi.org/10.1093/jxb/erac250
https://doi.org/10.1002/j.1537-2197.1977.tb12359.x
https://doi.org/10.1002/j.1537-2197.1977.tb12359.x
https://doi.org/10.1007/BF01990602
https://doi.org/10.1002/j.1537-2197.1988.tb11219.x
https://doi.org/10.1002/j.1537-2197.1988.tb11219.x
https://doi.org/10.1016/S0012-1606(05)80024-7
https://doi.org/10.1016/S0012-1606(05)80024-7
https://doi.org/10.1038/ng.2007.63
https://doi.org/10.1038/ng.2007.63
https://doi.org/10.1111/jmi.13267
https://doi.org/10.1039/c9pp00479c
https://doi.org/10.1039/c9pp00479c


Edwards DM, Røyrvik EC, Chustecki JM, Giannakis K, Glastad RC, 

Radzvilavicius AL, Johnston IG. Avoiding organelle mutational 

meltdown across eukaryotes with or without a germline bottle

neck. PLoS Biol. 2021:19(4):e3001153. https://doi.org/10.1371/ 

journal.pbio.3001153
El Zawily AM, Schwarzländer M, Finkemeier I, Johnston IG, Benamar 

A, Cao Y, Gissot C, Meyer AJ, Wilson K, Datla R. FRIENDLY regu

lates mitochondrial distribution, fusion, and quality control in 

Arabidopsis. Plant Physiol. 2014:166(2):808–828. https://doi.org/ 

10.1104/pp.114.243824
Erickson L, Kemble R. The effect of genotype on pollen transmission 

of mitochondria in rapeseed (Brassica napus). Sex Plant Reprod. 

1993:6(1):33–39. https://doi.org/10.1007/BF00227580
Fan W, Waymire KG, Narula N, Li P, Rocher C, Coskun PE, Vannan 

MA, Narula J, MacGregor GR, Wallace DC. A mouse model of mi

tochondrial disease reveals germline selection against severe 

mtDNA mutations. Science. 2008:319(5865):958–962. https://doi. 

org/10.1126/science.1147786
Freyer C, Cree LM, Mourier A, Stewart JB, Koolmeister C, Milenkovic 

D, Wai T, Floros VI, Hagström E, Chatzidaki EE. Variation in germ

line mtDNA heteroplasmy is determined prenatally but modified 

during subsequent transmission. Nat Genet. 2012:44(11): 

1282–1285. https://doi.org/10.1038/ng.2427

Fujie M, Kuroiwa H, Kawano S, Mutoh S, Kuroiwa T. Behavior of or

ganelles and their nucleoids in the shoot apical meristem during 

leaf development in Arabidopsis thaliana L. Planta. 1994:194(3): 

395–405. https://doi.org/10.1007/BF00197541
Gillham NW, Boynton JE, Johnson AM, Burkhart BD. Mating type 

linked mutations which disrupt the uniparental transmission of 

chloroplast genes in Chlamydomonas. Genetics. 1987:115(4): 

677–684. https://doi.org/10.1093/genetics/115.4.677
Goodenough U. The Chlamydomonas sourcebook: volume 1: introduction 

to Chlamydomonas and its laboratory use. Cambridge, 

Massachusetts: Academic Press; 2023.
Greiner S. Plastome mutants of higher plants. Genomics of chloroplasts 

and mitochondria. Dordrecht, Heidelberg, New York, London: 

Springer-Verlag; 2012. p. 237–266.
Greiner S, Bock R. Tuning a ménage à trois: co-evolution and co- 

adaptation of nuclear and organellar genomes in plants. 

BioEssays. 2013:35(4):354–365. https://doi.org/10.1002/bies. 

201200137
Greiner S, Golczyk H, Malinova I, Pellizzer T, Bock R, Börner T, 

Herrmann RG. Chloroplast nucleoids are highly dynamic in 

ploidy, number, and structure during angiosperm leaf develop

ment. Plant J. 2020:102(4):730–746. https://doi.org/10.1111/tpj. 

14658
Greiner S, Sobanski J, Bock R. Why are most organelle genomes trans

mitted maternally? Bioessays. 2015:37(1):80–94. https://doi.org/10. 

1002/bies.201400110
Gualberto JM, Mileshina D, Wallet C, Niazi AK, Weber-Lotfi F, 

Dietrich A. The plant mitochondrial genome: dynamics and 

maintenance. Biochimie. 2014:100:107–120. https://doi.org/10. 

1016/j.biochi.2013.09.016
Hagemann R. Plastid genetics in higher plants. Cell organelles. Vienna: 

Springer; 1992. p. 65–96.
Hagemann R. The sexual inheritance of plant organelles. Molecular bi

ology and biotechnology of plant organelles: chloroplasts and mitochon

dria. Dordrecht: Springer; 2004. p. 93–113.
Hagemann R. The foundation of extranuclear inheritance: plastid 

and mitochondrial genetics. Mol Genet Genomics. 2010:283(3): 

199–209. https://doi.org/10.1007/s00438-010-0521-z

Hagemann R, Schröder M-B. The cytological basis of the plastid in

heritance in angiosperms. Protoplasma. 1989:152(2-3):57–64. 

https://doi.org/10.1007/BF01323062
Haig D. Intracellular evolution of mitochondrial DNA (mtDNA) and 

the tragedy of the cytoplasmic commons. BioEssays. 2016:38(6): 

549–555. https://doi.org/10.1002/bies.201600003
Hanson MR. Plant mitochondrial mutations and male sterility. Annu 

Rev Genet. 1991:25(1):461–486. https://doi.org/10.1146/annurev. 

ge.25.120191.002333
Hause G. Ultrastructural investigations of mature embryo sacs of 

Daaucus carota, D. aureus and D. muricatus—possible cytologi

cal explanations of paternal plastid inheritance. Sex Plant 

Reprod. 1991:4(4):288–292. https://doi.org/10.1007/BF00200550
Havey M. Predominant paternal transmission of the mitochondrial 

genome in cucumber. J Hered. 1997:88(3):232–235. https://doi. 

org/10.1093/oxfordjournals.jhered.a023094
Heredia-Martínez LG, Andrés-Garrido A, Martínez-Force E, 

Pérez-Pérez ME, Crespo JL. Chloroplast damage induced by the in

hibition of fatty acid synthesis triggers autophagy in 

Chlamydomonas. Plant Physiol. 2018:178(3):1112–1129. https:// 

doi.org/10.1104/pp.18.00630
Hill JH, Chen Z, Xu H. Selective propagation of functional mitochon

drial DNA during oogenesis restricts the transmission of a delete

rious mitochondrial variant. Nat Genet. 2014:46(4):389–392. 

https://doi.org/10.1038/ng.2920
Ishida H, Yoshimoto K, Izumi M, Reisen D, Yano Y, Makino A, Ohsumi 

Y, Hanson MR, Mae T. Mobilization of rubisco and stroma- 

localized fluorescent proteins of chloroplasts to the vacuole by 

an ATG gene-dependent autophagic process. Plant Physiol. 

2008:148(1):142–155. https://doi.org/10.1104/pp.108.122770
Islam MF, Yamatani H, Takami T, Kusaba M, Sakamoto W. 

Characterization of organelle DNA degradation mediated by 

DPD1 exonuclease in the rice genome-edited line. Plant Mol Biol. 

2024:114(3):71. https://doi.org/10.1007/s11103-024-01452-x
Izumi M, Ishida H, Nakamura S, Hidema J. Entire photodamaged 

chloroplasts are transported to the central vacuole by autophagy. 

Plant Cell. 2017:29(2):377–394. https://doi.org/10.1105/tpc.16. 

00637
Izumi M, Nakamura S. Chloroplast protein turnover: the influence of 

extraplastidic processes, including autophagy. Int J Mol Sci. 

2018:19(3):828. https://doi.org/10.3390/ijms19030828
Izumi M, Nakamura S, Otomo K, Ishida H, Hidema J, Nemoto T, 

Hagihara S. Autophagosome development and chloroplast seg

mentation occur synchronously for piecemeal degradation of 

chloroplasts. Elife. 2024:12:RP93232. https://doi.org/10.7554/ 

eLife.93232
Janson J. Pollen tube-pistil interaction and fertilization in Lilium longiflo

rum. Wageningen: Landbouwuniversiteit Wageningen; 1992.
Jensen WA, Fisher DB. Cotton embryogenesis: the entrance and dis

charge of the pollen tube in the embryo sac. Planta. 1967:78(2): 

158–183. https://doi.org/10.1007/BF00406648
Jenuth JP, Peterson AC, Fu K, Shoubridge EA. Random genetic drift in 

the female germline explains the rapid segregation of mammali

an mitochondrial DNA. Nat Genet. 1996:14(2):146–151. https://doi. 

org/10.1038/ng1096-146
Ji X, Zhang Q, Liu Y, Sodmergen. Presence of plastid and absence of 

mitochondrial DNA in male reproductive cells as evidence for cy

toplasmic inheritance in turnera ulmifolia and Zantedeschia ae

thiopica. Protoplasma. 2004:224(3-4):211–216. https://doi.org/10. 

1007/s00709-004-0065-3
Joo S, Kariyawasam T, Kim M, Jin E, Goodenough U, Lee J-H. 

Sex-linked deubiquitinase establishes uniparental transmission 

16 | Plant Physiology, 2025, Vol. 198, No. 1

https://doi.org/10.1371/journal.pbio.3001153
https://doi.org/10.1371/journal.pbio.3001153
https://doi.org/10.1104/pp.114.243824
https://doi.org/10.1104/pp.114.243824
https://doi.org/10.1007/BF00227580
https://doi.org/10.1126/science.1147786
https://doi.org/10.1126/science.1147786
https://doi.org/10.1038/ng.2427
https://doi.org/10.1007/BF00197541
https://doi.org/10.1093/genetics/115.4.677
https://doi.org/10.1002/bies.201200137
https://doi.org/10.1002/bies.201200137
https://doi.org/10.1111/tpj.14658
https://doi.org/10.1111/tpj.14658
https://doi.org/10.1002/bies.201400110
https://doi.org/10.1002/bies.201400110
https://doi.org/10.1016/j.biochi.2013.09.016
https://doi.org/10.1016/j.biochi.2013.09.016
https://doi.org/10.1007/s00438-010-0521-z
https://doi.org/10.1007/BF01323062
https://doi.org/10.1002/bies.201600003
https://doi.org/10.1146/annurev.ge.25.120191.002333
https://doi.org/10.1146/annurev.ge.25.120191.002333
https://doi.org/10.1007/BF00200550
https://doi.org/10.1093/oxfordjournals.jhered.a023094
https://doi.org/10.1093/oxfordjournals.jhered.a023094
https://doi.org/10.1104/pp.18.00630
https://doi.org/10.1104/pp.18.00630
https://doi.org/10.1038/ng.2920
https://doi.org/10.1104/pp.108.122770
https://doi.org/10.1007/s11103-024-01452-x
https://doi.org/10.1105/tpc.16.00637
https://doi.org/10.1105/tpc.16.00637
https://doi.org/10.3390/ijms19030828
https://doi.org/10.7554/eLife.93232
https://doi.org/10.7554/eLife.93232
https://doi.org/10.1007/BF00406648
https://doi.org/10.1038/ng1096-146
https://doi.org/10.1038/ng1096-146
https://doi.org/10.1007/s00709-004-0065-3
https://doi.org/10.1007/s00709-004-0065-3


of chloroplast DNA. Nat Commun. 2022:13(1):1133. https://doi.org/ 
10.1038/s41467-022-28807-6

Joo S, Kobayashi Y, Lee J-H, Nishimura Y. Organelle heredity. The 
Chlamydomonas sourcebook. Cambridge, Massachusetts: 
Academic Press; 2023. p. 139–171.

Kariyawasam T, Joo S, Lee J, Toor D, Gao AF, Noh KC, Lee JH. TALE 
homeobox heterodimer GSM 1/GSP 1 is a molecular switch 

that prevents unwarranted genetic recombination in 
Chlamydomonas. Plant J. 2019:100(5):938–953. https://doi.org/ 
10.1111/tpj.14486

Khakhlova O, Bock R. Elimination of deleterious mutations in plastid 
genomes by gene conversion. Plant J. 2006:46(1):85–94. https://doi. 
org/10.1111/j.1365-313X.2006.02673.x

Kimata Y, Higaki T, Kawashima T, Kurihara D, Sato Y, Yamada T, 

Hasezawa S, Berger F, Higashiyama T, Ueda M. Cytoskeleton dy
namics control the first asymmetric cell division in Arabidopsis 
zygote. Proc Natl Acad Sci U S A. 2016:113(49):14157–14162. 
https://doi.org/10.1073/pnas.1613979113

Kimata Y, Higaki T, Kurihara D, Ando N, Matsumoto H, Higashiyama 
T, Ueda M. Mitochondrial dynamics and segregation during the 

asymmetric division of Arabidopsis zygotes. Quant Plant Biol. 
2020:1:e3. https://doi.org/10.1017/qpb.2020.4

Kmiec B, Woloszynska M, Janska H. Heteroplasmy as a common 
state of mitochondrial genetic information in plants and animals. 
Curr Genet. 2006:50(3):149–159. https://doi.org/10.1007/s00294- 
006-0082-1

Koopman WJ, Distelmaier F, Smeitink JA, Willems PH. OXPHOS mu

tations and neurodegeneration. EMBO J. 2013:32(1):9–29. https:// 
doi.org/10.1038/emboj.2012.300

Kotrys AV, Durham TJ, Guo XA, Vantaku VR, Parangi S, Mootha VK. 
Single-cell analysis reveals context-dependent, cell-level selec
tion of mtDNA. Nature. 2024:629(8011):458–466. https://doi.org/ 
10.1038/s41586-024-07332-0

Kundariya H, Yang X, Morton K, Sanchez R, Axtell MJ, Hutton SF, 

Fromm M, Mackenzie SA. MSH1-induced heritable enhanced 
growth vigor through grafting is associated with the RdDM path
way in plants. Nat Commun. 2020:11(1):5343. https://doi.org/10. 
1038/s41467-020-19140-x

Kuroiwa T. Review of cytological studies on cellular and molecular 
mechanisms of uniparental (maternal or paternal) inheritance 

of plastid and mitochondrial genomes induced by active diges
tion of organelle nuclei (nucleoids). J Plant Res. 2010:123(2): 
207–230. https://doi.org/10.1007/s10265-009-0306-9

Kuroiwa T, Kawano S, Nishibayashi S, Sato C. Epifluorescent micro
scopic evidence for maternal inheritance of chloroplast DNA. 
Nature. 1982:298(5873):481–483. https://doi.org/10.1038/298481a0

Kwiatkowska D. Structural integration at the shoot apical meristem: 

models, measurements, and experiments. Am J Bot. 2004:91(9): 
1277–1293. https://doi.org/10.3732/ajb.91.9.1277

Lanfear R. Do plants have a segregated germline? PLoS Biol. 2018:16(5): 
e2005439. https://doi.org/10.1371/journal.pbio.2005439

Lee J-H, Lin H, Joo S, Goodenough U. Early sexual origins of homeo
protein heterodimerization and evolution of the plant KNOX/ 
BELL family. Cell. 2008:133(5):829–840. https://doi.org/10.1016/j. 

cell.2008.04.028
Lemke MD, Woodson JD. Targeted for destruction: degradation of sin

glet oxygen-damaged chloroplasts. Plant Signal Behav. 2022:17(1): 
2084955. https://doi.org/10.1080/15592324.2022.2084955

Li C, Duckney P, Zhang T, Fu Y, Li X, Kroon J, De Jaeger G, Cheng Y, 
Hussey PJ, Wang P. Trab family proteins are components of 
ER-mitochondrial contact sites and regulate ER-mitochondrial 

interactions and mitophagy. Nat Commun. 2022:13(1):5658. 
https://doi.org/10.1038/s41467-022-33402-w

Li Y, Wu Y, Xu R, Guo J, Quan F, Zhang Y, Huang D, Pei Y, Gao H, Liu 
W. In vivo imaging of mitochondrial DNA mutations using an in
tegrated nano Cas12a sensor. Nat Commun. 2023:14(1):7722. 
https://doi.org/10.1038/s41467-023-43552-0

Lieber T, Jeedigunta SP, Palozzi JM, Lehmann R, Hurd TR. 
Mitochondrial fragmentation drives selective removal of deleteri

ous mtDNA in the germline. Nature. 2019:570(7761):380–384. 
https://doi.org/10.1038/s41586-019-1213-4

Ling Q, Huang W, Baldwin A, Jarvis P. Chloroplast biogenesis is regu
lated by direct action of the ubiquitin-proteasome system. 
Science. 2012:338(6107):655–659. https://doi.org/10.1126/science. 
1225053

Liu L. Ultrastructural study on dynamics of plastids and mitochon

dria during microgametogenesis in watermelon. Micron. 
2012:43(2-3):412–417. https://doi.org/10.1016/j.micron.2011.10. 
012

Liu Y, Cui H, Zhang Q, Sodmergen. Divergent potentials for cytoplas
mic inheritance within the genus Syringa. A new trait associated 
with speciogenesis. Plant Physiol. 2004:136(1):2762–2770. https:// 

doi.org/10.1104/pp.104.048298
Lopez D, Hamaji T, Kropat J, De Hoff P, Morselli M, Rubbi L, Fitz-Gibbon 

S, Gallaher SD, Merchant SS, Umen J. Dynamic changes in the tran
scriptome and methylome of Chlamydomonas reinhardtii 
throughout its life cycle. Plant Physiol. 2015:169(4):2730–2743. 
https://doi.org/10.1104/pp.15.00861

Ma F, Qi H, Hu Y-F, Jiang Q-R, Zhang L-G, Xue P, Yang F-Q, Wang R, Ju 

Y, Uchida H. The mitochondrial endonuclease M20 participates 
in the down-regulation of mitochondrial DNA in pollen cells. 
Plant Physiol. 2018:178(4):1537–1550. https://doi.org/10.1104/pp. 
18.00754

Ma H, O’Farrell PH. Selfish drive can trump function when animal 
mitochondrial genomes compete. Nat Genet. 2016:48(7):798–802. 

https://doi.org/10.1038/ng.3587
Ma H, Xu H, O’Farrell PH. Transmission of mitochondrial mutations 

and action of purifying selection in Drosophila melanogaster. Nat 
Genet. 2014:46(4):393–397. https://doi.org/10.1038/ng.2919

Ma J, Liang Z, Zhao J, Wang P, Ma W, Mai KK, Andrade JAF, 
ZengY, Grujic N, Jiang L. Friendly mediates membrane 
depolarization-induced mitophagy in Arabidopsis. Curr Biol. 

2021:31(9):1931–1944.e4. https://doi.org/10.1016/j.cub.2021.02.034
Mackenzie SA, Kundariya H. Organellar protein multi-functionality 

and phenotypic plasticity in plants. Philos Trans R Soc Lond B Biol 
Sci. 2020:375(1790):20190182. https://doi.org/10.1098/rstb.2019. 
0182

Maliga P. Engineering the plastid and mitochondrial genomes of 
flowering plants. Nat Plants. 2022:8(9):996–1006. https://doi.org/ 

10.1038/s41477-022-01227-6
Mandel JR, Ramsey AJ, Holley JM, Scott VA, Mody D, Abbot P. 

Disentangling complex inheritance patterns of plant organellar 
genomes: an example from carrot. J Hered. 2020:111(6):531–538. 
https://doi.org/10.1093/jhered/esaa037

Marshall KA, Neale DB. The inheritance of mitochondrial DNA in 
Douglas-fir (Pseudotsuga menziesii). Can J Fore Res. 1992:22(1): 

73–75. https://doi.org/10.1139/x92-010
Matsushima R, Tang LY, Zhang L, Yamada H, Twell D, Sakamoto W. 

A conserved, mg2+-dependent exonuclease degrades organelle 
DNA during Arabidopsis pollen development. Plant Cell. 
2011:23(4):1608–1624. https://doi.org/10.1105/tpc.111.084012

McIntosh JR, Koonce MP. Mitosis. Science. 1989:246(4930):622–628. 
https://doi.org/10.1126/science.2683078

Michaeli S, Honig A, Levanony H, Peled-Zehavi H, Galili G. 

Arabidopsis ATG8-INTERACTING PROTEIN1 is involved in 
autophagy-dependent vesicular trafficking of plastid proteins to 

Cytoplasmic inheritance in plants and algae | 17

https://doi.org/10.1038/s41467-022-28807-6
https://doi.org/10.1038/s41467-022-28807-6
https://doi.org/10.1111/tpj.14486
https://doi.org/10.1111/tpj.14486
https://doi.org/10.1111/j.1365-313X.2006.02673.x
https://doi.org/10.1111/j.1365-313X.2006.02673.x
https://doi.org/10.1073/pnas.1613979113
https://doi.org/10.1017/qpb.2020.4
https://doi.org/10.1007/s00294-006-0082-1
https://doi.org/10.1007/s00294-006-0082-1
https://doi.org/10.1038/emboj.2012.300
https://doi.org/10.1038/emboj.2012.300
https://doi.org/10.1038/s41586-024-07332-0
https://doi.org/10.1038/s41586-024-07332-0
https://doi.org/10.1038/s41467-020-19140-x
https://doi.org/10.1038/s41467-020-19140-x
https://doi.org/10.1007/s10265-009-0306-9
https://doi.org/10.1038/298481a0
https://doi.org/10.3732/ajb.91.9.1277
https://doi.org/10.1371/journal.pbio.2005439
https://doi.org/10.1016/j.cell.2008.04.028
https://doi.org/10.1016/j.cell.2008.04.028
https://doi.org/10.1080/15592324.2022.2084955
https://doi.org/10.1038/s41467-022-33402-w
https://doi.org/10.1038/s41467-023-43552-0
https://doi.org/10.1038/s41586-019-1213-4
https://doi.org/10.1126/science.1225053
https://doi.org/10.1126/science.1225053
https://doi.org/10.1016/j.micron.2011.10.012
https://doi.org/10.1016/j.micron.2011.10.012
https://doi.org/10.1104/pp.104.048298
https://doi.org/10.1104/pp.104.048298
https://doi.org/10.1104/pp.15.00861
https://doi.org/10.1104/pp.18.00754
https://doi.org/10.1104/pp.18.00754
https://doi.org/10.1038/ng.3587
https://doi.org/10.1038/ng.2919
https://doi.org/10.1016/j.cub.2021.02.034
https://doi.org/10.1098/rstb.2019.0182
https://doi.org/10.1098/rstb.2019.0182
https://doi.org/10.1038/s41477-022-01227-6
https://doi.org/10.1038/s41477-022-01227-6
https://doi.org/10.1093/jhered/esaa037
https://doi.org/10.1139/x92-010
https://doi.org/10.1105/tpc.111.084012
https://doi.org/10.1126/science.2683078


the vacuole. Plant Cell. 2014:26(10):4084–4101. https://doi.org/10. 

1105/tpc.114.129999
Michaelis P. IV. The investigation of plasmone segregation by the 

pattern-analysis. Nucleus. 1967:10:1–14.
Milot E, Moreau C, Gagnon A, Cohen AA, Brais B, Labuda D. Mother’s 

curse neutralizes natural selection against a human genetic dis

ease over three centuries. Nat Ecol Evol. 2017:1(9):1400–1406. 

https://doi.org/10.1038/s41559-017-0276-6
Miyamura S, Kuroiwa T, Nagata T. Disappearance of plastid and mi

tochondrial nucleoids during the formation of generative cells of 

higher plants revealed by fluorescence microscopy. Protoplasma. 

1987:141(2-3):149–159. https://doi.org/10.1007/BF01272897
Moehlman AT, Youle RJ. Mitochondrial quality control and restrain

ing innate immunity. Annu Rev Cell Dev Biol. 2020:36(1):265–289. 

https://doi.org/10.1146/annurev-cellbio-021820-101354
Mogensen HL. Fine structure and composition of the egg apparatus 

before and after fertilization in Quercus gambelii: the functional 

ovule. Am J Bot. 1972:59(9):931–941. https://doi.org/10.1002/j. 

1537-2197.1972.tb10169.x
Mogensen HL. Exclusion of male mitochondria and plastids during 

syngamy in barley as a basis for maternal inheritance. Proc Natl 

Acad Sci U S A. 1988:85(8):2594–2597. https://doi.org/10.1073/ 

pnas.85.8.2594
Mogensen HL. The male germ unit: concept, composition, and signif

icance. International review of cytology, 140. Cambridge, 

Massachusetts: Elsevier; 1992. p. 129–147.
Mogensen HL. Invited special paper: the hows and whys of cytoplas

mic inheritance in seed plants. Am J Bot. 1996:83(3):383–404. 

https://doi.org/10.1002/j.1537-2197.1996.tb12718.x
Mogensen HL, Rusche ML. Quantitative ultrastructural analysis of 

barley sperm: I. Occurrence and mechanism of cytoplasm and or

ganelle reduction and the question of sperm dimorphism. 

Protoplasma. 1985:128(1):1–13. https://doi.org/10.1007/BF01273229
Moussel B. Participation des éléments cytoplasmiques mâles et fe

melles à l’élaboration du cytoplasme proembryonnaire chez 

l’Ephedra distachya L. Bulletin de la Societe Botanique de 

France. Actualités Botaniques. 1978:125(1-2):227–231. https://doi. 

org/10.1080/01811789.1978.10826329
Munasinghe M, Ågren JA. When and why are mitochondria pater

nally inherited? Curr Opin Genet Dev. 2023:80:102053. https://doi. 

org/10.1016/j.gde.2023.102053
Nagata N, Saito C, Sakai A, Kuroiwa H, Kuroiwa T. The selective in

crease or decrease of organellar DNA in generative cells just after 

pollen mitosis one controls cytoplasmic inheritance. Planta. 

1999:209(1):53–65. https://doi.org/10.1007/s004250050606

Nakamura S. Paternal inheritance of mitochondria in 

Chlamydomonas. J Plant Res. 2010:123(2):163–170. https://doi. 

org/10.1007/s10265-009-0295-8
Nakamura S. Paternal inheritance of mitochondrial DNA in 

Chlamydomonas reinhardtii and dynamic morphological 

changes in mitochondria, mitochondrial nucleoids, and the cell 

nucleus during its life cycle. Plant Morphol. 2016:28(1):35–42. 

https://doi.org/10.5685/plmorphol.28.35
Nakamura S, Hagihara S, Izumi M. Mitophagy in plants. Biochim 

Biophys Acta. 2021a:1865(8):129916. https://doi.org/10.1016/j. 

bbagen.2021.129916
Nakamura S, Hagihara S, Otomo K, Ishida H, Hidema J, Nemoto T, 

Izumi M. Autophagy contributes to the quality control of leaf mi

tochondria. Plant Cell Physiol. 2021b:62(2):229–247. https://doi.org/ 

10.1093/pcp/pcaa162
Nakamura S, Hidema J, Sakamoto W, Ishida H, Izumi M. Selective 

elimination of membrane-damaged chloroplasts via 

microautophagy. Plant Physiol. 2018:177(3):1007–1026. https:// 

doi.org/10.1104/pp.18.00444
Nakamura S, Ikehara T, Uchida H, Suzuki T, Sodmergen T. 

Fluorescence microscopy of plastid nucleoids and a survey of nu

clease C in higher plants with respect to mode of plastid inheri

tance. Protoplasma. 1992:169(1-2):68–74. https://doi.org/10.1007/ 

BF01343371
Neale DB, Wheeler NC, Allard RW. Paternal inheritance of chloro

plast DNA in Douglas-fir. Can J For Res. 1986:16(5):1152–1154. 

https://doi.org/10.1139/x86-205
Ng MYW, Wai T, Simonsen A. Quality control of the mitochondrion. 

Dev Cell. 2021:56(7):881–905. https://doi.org/10.1016/j.devcel. 

2021.02.009
Nishimura Y. Uniparental inheritance of cpDNA and the genetic con

trol of sexual differentiation in Chlamydomonas reinhardtii. J 

Plant Res. 2010:123(2):149–162. https://doi.org/10.1007/s10265- 

009-0292-y
Nishimura Y, Misumi O, Kato K, Inada N, Higashiyama T, 

Momoyama Y, Kuroiwa T. An mt+ gamete-specific nuclease 

that targets mt− chloroplasts during sexual reproduction in 

C. reinhardtii. Genes Dev. 2002:16(9):1116–1128. https://doi.org/ 

10.1101/gad.979902
Nishimura Y, Misumi O, Matsunaga S, Higashiyama T, Yokota A, 

Kuroiwa T. The active digestion of uniparental chloroplast DNA 

in a single zygote of Chlamydomonas reinhardtii is revealed by 

using the optical tweezer. Proc Natl Acad Sci U S A. 1999:96(22): 

12577–12582. https://doi.org/10.1073/pnas.96.22.12577
Nishimura Y, Shikanai T, Nakamura S, Kawai-Yamada M, Uchimiya 

H. Gsp1 triggers the sexual developmental program including in

heritance of chloroplast DNA and mitochondrial DNA in 

Chlamydomonas reinhardtii. Plant Cell. 2012:24(6):2401–2414. 

https://doi.org/10.1105/tpc.112.097865
Nishimura Y, Stern DB. Differential replication of two chloroplast 

genome forms in heteroplasmic Chlamydomonas reinhardtii 

gametes contributes to alternative inheritance patterns. 

Genetics. 2010:185(4):1167–1181. https://doi.org/10.1534/genetics. 

110.118265
Nishiyama R, Wada Y, Mibu M, Yamaguchi Y, Shimogawara K, Sano 

H. Role of a nonselective de novo DNA methyltransferase in ma

ternal inheritance of chloroplast genes in the green alga, 

Chlamydomonas reinhardtii. Genetics. 2004:168(2):809–816. 

https://doi.org/10.1534/genetics.104.030775
Olivo PD, Van de Walle MJ, Laipis PJ, Hauswirth WW. Nucleotide se

quence evidence for rapid genotypic shifts in the bovine mito

chondrial DNA D-loop. Nature. 1983:306(5941):400–402. https:// 

doi.org/10.1038/306400a0
Otegui MS. Vacuolar degradation of chloroplast components: au

tophagy and beyond. J Exp Bot. 2018:69(4):741–750. https://doi. 

org/10.1093/jxb/erx234
Otegui MS, Noh YS, Martínez DE, Vila Petroff MG, Andrew Staehelin 

L, Amasino RM, Guiamet JJ. Senescence-associated vacuoles with 

intense proteolytic activity develop in leaves of Arabidopsis and 

soybean. Plant J. 2005:41(6):831–844. https://doi.org/10.1111/j. 

1365-313X.2005.02346.x
Owens JN, Morris SJ. Cytological basis for cytoplasmic inheritance in 

Pseudotsuga menziesii. I. Pollen tube and archegonial develop

ment. Am J Bot. 1990:77(4):433–445. https://doi.org/10.1002/j. 

1537-2197.1990.tb13574.x
Owens JN, Morris SJ. Cytological basis for cytoplasmic inheritance in 

Pseudotsuga menziesii. II. Fertilization and proembryo develop

ment. Am J Bot. 1991:78(11):1515–1527. https://doi.org/10.1002/j. 

1537-2197.1991.tb11431.x

18 | Plant Physiology, 2025, Vol. 198, No. 1

https://doi.org/10.1105/tpc.114.129999
https://doi.org/10.1105/tpc.114.129999
https://doi.org/10.1038/s41559-017-0276-6
https://doi.org/10.1007/BF01272897
https://doi.org/10.1146/annurev-cellbio-021820-101354
https://doi.org/10.1002/j.1537-2197.1972.tb10169.x
https://doi.org/10.1002/j.1537-2197.1972.tb10169.x
https://doi.org/10.1073/pnas.85.8.2594
https://doi.org/10.1073/pnas.85.8.2594
https://doi.org/10.1002/j.1537-2197.1996.tb12718.x
https://doi.org/10.1007/BF01273229
https://doi.org/10.1080/01811789.1978.10826329
https://doi.org/10.1080/01811789.1978.10826329
https://doi.org/10.1016/j.gde.2023.102053
https://doi.org/10.1016/j.gde.2023.102053
https://doi.org/10.1007/s004250050606
https://doi.org/10.1007/s10265-009-0295-8
https://doi.org/10.1007/s10265-009-0295-8
https://doi.org/10.5685/plmorphol.28.35
https://doi.org/10.1016/j.bbagen.2021.129916
https://doi.org/10.1016/j.bbagen.2021.129916
https://doi.org/10.1093/pcp/pcaa162
https://doi.org/10.1093/pcp/pcaa162
https://doi.org/10.1104/pp.18.00444
https://doi.org/10.1104/pp.18.00444
https://doi.org/10.1007/BF01343371
https://doi.org/10.1007/BF01343371
https://doi.org/10.1139/x86-205
https://doi.org/10.1016/j.devcel.2021.02.009
https://doi.org/10.1016/j.devcel.2021.02.009
https://doi.org/10.1007/s10265-009-0292-y
https://doi.org/10.1007/s10265-009-0292-y
https://doi.org/10.1101/gad.979902
https://doi.org/10.1101/gad.979902
https://doi.org/10.1073/pnas.96.22.12577
https://doi.org/10.1105/tpc.112.097865
https://doi.org/10.1534/genetics.110.118265
https://doi.org/10.1534/genetics.110.118265
https://doi.org/10.1534/genetics.104.030775
https://doi.org/10.1038/306400a0
https://doi.org/10.1038/306400a0
https://doi.org/10.1093/jxb/erx234
https://doi.org/10.1093/jxb/erx234
https://doi.org/10.1111/j.1365-313X.2005.02346.x
https://doi.org/10.1111/j.1365-313X.2005.02346.x
https://doi.org/10.1002/j.1537-2197.1990.tb13574.x
https://doi.org/10.1002/j.1537-2197.1990.tb13574.x
https://doi.org/10.1002/j.1537-2197.1991.tb11431.x
https://doi.org/10.1002/j.1537-2197.1991.tb11431.x


Pacini E, Taylor P, Singh M, Knox R. Development of plastids in pollen 

and tapetum of rye-grass, Lolium perenne L. Ann Bot. 1992:70(2): 

179–188. https://doi.org/10.1093/oxfordjournals.aob.a088455
Palozzi JM, Jeedigunta SP, Hurd TR. Mitochondrial DNA purifying se

lection in mammals and invertebrates. J Mol Biol. 2018:430(24): 

4834–4848. https://doi.org/10.1016/j.jmb.2018.10.019
Parakatselaki M-E, Ladoukakis ED. mtDNA heteroplasmy: origin, de

tection, significance, and evolutionary consequences. Life. 

2021:11(7):633. https://doi.org/10.3390/life11070633
Peñafiel-Ayala A, Peralta-Castro A, Mora-Garduño J, García-Medel P, 

Zambrano-Pereira AG, Díaz-Quezada C, Abraham-Juárez MJ, 

Benítez-Cardoza CG, Sloan DB, Brieba LG. Plant organellar 

MSH1 is a displacement loop-specific endonuclease. Plant Cell 

Physiol. 2024:65(4):560–575. https://doi.org/10.1093/pcp/pcad112
Phillips WS, Coleman-Hulbert AL, Weiss ES, Howe DK, Ping S, 

Wernick RI, Estes S, Denver DR. Selfish mitochondrial DNA prolif

erates and diversifies in small, but not large, experimental popu

lations of Caenorhabditis briggsae. Genome Biol Evol. 2015:7(7): 

2023–2037. https://doi.org/10.1093/gbe/evv116
Pickles S, Vigié P, Youle RJ. Mitophagy and quality control mecha

nisms in mitochondrial maintenance. Curr Biol. 2018:28(4): 

R170–R185. https://doi.org/10.1016/j.cub.2018.01.004
Politi Y, Gal L, Kalifa Y, Ravid L, Elazar Z, Arama E. Paternal mito

chondrial destruction after fertilization is mediated by a common 

endocytic and autophagic pathway in Drosophila. Dev Cell. 

2014:29(3):305–320. https://doi.org/10.1016/j.devcel.2014.04.005
Postel Z, Touzet P. Cytonuclear genetic incompatibilities in plant 

speciation. Plants. 2020:9(4):487. https://doi.org/10.3390/ 

plants9040487
Postel Z, Van Rossum F, Godé C, Schmitt E, Touzet P. Paternal leakage 

of plastids rescues inter-lineage hybrids in Silene nutans. Ann Bot. 

2024:133(3):427–434. https://doi.org/10.1093/aob/mcad196
Preuten T, Cincu E, Fuchs J, Zoschke R, Liere K, Börner T. Fewer genes 

than organelles: extremely low and variable gene copy numbers 

in mitochondria of somatic plant cells. Plant J. 2010:64(6): 

948–959. https://doi.org/10.1111/j.1365-313X.2010.04389.x
Primavesi LF, Wu H, Mudd EA, Day A, Jones HD. Visualisation of 

plastid degradation in sperm cells of wheat pollen. 

Protoplasma. 2017:254(1):229–237. https://doi.org/10.1007/ 

s00709-015-0935-x
Radzvilavicius AL, Johnston IG. Organelle bottlenecks facilitate 

evolvability by traversing heteroplasmic fitness valleys. Front 

Genet. 2022:13:974472. https://doi.org/10.3389/fgene.2022.974472
Rajasimha HK, Chinnery PF, Samuels DC. Selection against patho

genic mtDNA mutations in a stem cell population leads to the 

loss of the 3243A→ G mutation in blood. Am J Hum Genet. 

2008:82(2):333–343. https://doi.org/10.1016/j.ajhg.2007.10.007
Reboud X, Zeyl C. Organelle inheritance in plants. Heredity (Edinb). 

1994:72(2):132–140. https://doi.org/10.1038/hdy.1994.19
Redei G. Extra-chromosomal mutability determined by a nuclear 

gene locus in Arabidopsis. Mutat Res. 1973:18(2):149–162. https:// 

doi.org/10.1016/0027-5107(73)90031-6
Rochaix J-D, Ramundo S. Chloroplast signaling and quality control. 

Essays Biochem. 2017:62(1):13–20. https://doi.org/10.1042/ 

EBC20170048
Romberger JA, Hejnowicz Z, Hill JF. Plant structure: function and de

velopment. A treatise on anatomy and vegetative development 

with special reference to woody plants. Biol Plant. 1993:37:272. 

https://doi.org/10.1007/BF02913225
Rose RJ, McCurdy DW. New beginnings: mitochondrial renewal by 

massive mitochondrial fusion. Trends Plant Sci. 2017:22(8): 

641–643. https://doi.org/10.1016/j.tplants.2017.06.005

Rossignol R, Faustin B, Rocher C, Malgat M, Mazat J-P, Letellier T. 
Mitochondrial threshold effects. Biochem J. 2003:370(3):751–762. 
https://doi.org/10.1042/bj20021594

Roussou R, Metzler D, Padovani F, Thoma F, Schwarz R, Shraiman B, 
Schmoller KM, Osman C. Real-time assessment of mitochondrial 
DNA heteroplasmy dynamics at the single-cell level. EMBO J. 

2024:43(22):5340–5359. https://doi.org/10.1038/s44318-024- 
00183-5

Royer H-D, Sager R. Methylation of chloroplast DNAs in the life cycle 
of Chlamydomonas. Proc Natl Acad Sci U S A. 1979:76(11): 
5794–5798. https://doi.org/10.1073/pnas.76.11.5794

Ruf S, Karcher D, Bock R. Determining the transgene containment 
level provided by chloroplast transformation. Proc Natl Acad Sci 

U S A. 2007:104(17):6998–7002. https://doi.org/10.1073/pnas. 
0700008104

Rusche ML, Mogensen H, Zhu T, Smith S. The zygote and proembryo 
of alfalfa: quantitative, three-dimensional analysis and implica
tions for biparental plastid inheritance. Protoplasma. 
1995:189(1-2):88–100. https://doi.org/10.1007/BF01280294

Russell S. Quantitative cytology of the egg and central cell of 

Plumbago zeylanica and its impact on cytoplasmic inheritance 
patterns. Theor Appl Genet. 1987:74(6):693–699. https://doi.org/10. 
1007/BF00247543

Russell S, Rougier M, Dumas C. Organization of the early post- 
fertilization megagametophyte of Populus deltoides: ultrastruc
ture and implications for male cytoplasmic transmission. 

Protoplasma. 1990:155(1-3):153–165. https://doi.org/10.1007/ 
BF01322625

Russell SD. Ultrastructure of the sperm of Plumbago zeylanica: II. 
Quantitative cytology and three-dimensional organization. 
Planta. 1984:162(5):385–391. https://doi.org/10.1007/BF00393450

Russell SD. Preferential fertilization in Plumbago: ultrastructural 
evidence for gamete-level recognition in an angiosperm. Proc 

Natl Acad Sci U S A. 1985:82(18):6129–6132. https://doi.org/10. 
1073/pnas.82.18.6129

Russell SD. Isolation and characterization of sperm cells in flowering 
plants. Annu Rev Plant Physiol Plant Mol Biol. 1991:42(1):189–204. 
https://doi.org/10.1146/annurev.pp.42.060191.001201

Sager R, Lane D. Molecular basis of maternal inheritance. Proc Natl 
Acad Sci U S A. 1972:69(9):2410–2413. https://doi.org/10.1073/ 

pnas.69.9.2410
Sager R, Ramanis Z. The mechanism of maternal inheritance 

in Chlamydomonas: biochemical and genetic studies. Theor 
Appl Genet. 1973:43(3-4):101–108. https://doi.org/10.1007/ 
BF00306558

Saito C, Nagata N, Sakai A, Kuroiwa H, Kuroiwa T. Behavior of plastid 
nucleoids during male gametogenesis in Plumbago auriculata. 

Protoplasma. 2001:216(3-4):143–154. https://doi.org/10.1007/ 
BF02673866

Saito C, Nagata N, Sakai A, Mori K, Kuroiwa H, Kuroiwa T. 
Angiosperm species that produce sperm cell pairs or generative 
cells with polarized distribution of DNA-containing organelles. 
Sex Plant Reprod. 2002:15(4):167–178. https://doi.org/10.1007/ 

s00497-002-0152-6
Sakamoto W, Takami T. Plastid inheritance revisited: emerging role 

of organelle DNA degradation in angiosperms. Plant Cell Physiol. 
2024:65(4):484–492. https://doi.org/10.1093/pcp/pcad104

Schaffner SH, Patel MR. Plant organellar genomes utilize gene 
conversion to drive heteroplasmic sorting. Proc Natl Acad Sci 
U S A. 2022:119(37):e2213014119. https://doi.org/10.1073/pnas. 

2213014119
Schatz-Daas D, Fertet A, Lotfi F, Gualberto JM. Assessment of mito

chondrial DNA copy number, stability, and repair in 

Cytoplasmic inheritance in plants and algae | 19

https://doi.org/10.1093/oxfordjournals.aob.a088455
https://doi.org/10.1016/j.jmb.2018.10.019
https://doi.org/10.3390/life11070633
https://doi.org/10.1093/pcp/pcad112
https://doi.org/10.1093/gbe/evv116
https://doi.org/10.1016/j.cub.2018.01.004
https://doi.org/10.1016/j.devcel.2014.04.005
https://doi.org/10.3390/plants9040487
https://doi.org/10.3390/plants9040487
https://doi.org/10.1093/aob/mcad196
https://doi.org/10.1111/j.1365-313X.2010.04389.x
https://doi.org/10.1007/s00709-015-0935-x
https://doi.org/10.1007/s00709-015-0935-x
https://doi.org/10.3389/fgene.2022.974472
https://doi.org/10.1016/j.ajhg.2007.10.007
https://doi.org/10.1038/hdy.1994.19
https://doi.org/10.1016/0027-5107(73)90031-6
https://doi.org/10.1016/0027-5107(73)90031-6
https://doi.org/10.1042/EBC20170048
https://doi.org/10.1042/EBC20170048
https://doi.org/10.1007/BF02913225
https://doi.org/10.1016/j.tplants.2017.06.005
https://doi.org/10.1042/bj20021594
https://doi.org/10.1038/s44318-024-00183-5
https://doi.org/10.1038/s44318-024-00183-5
https://doi.org/10.1073/pnas.76.11.5794
https://doi.org/10.1073/pnas.0700008104
https://doi.org/10.1073/pnas.0700008104
https://doi.org/10.1007/BF01280294
https://doi.org/10.1007/BF00247543
https://doi.org/10.1007/BF00247543
https://doi.org/10.1007/BF01322625
https://doi.org/10.1007/BF01322625
https://doi.org/10.1007/BF00393450
https://doi.org/10.1073/pnas.82.18.6129
https://doi.org/10.1073/pnas.82.18.6129
https://doi.org/10.1146/annurev.pp.42.060191.001201
https://doi.org/10.1073/pnas.69.9.2410
https://doi.org/10.1073/pnas.69.9.2410
https://doi.org/10.1007/BF00306558
https://doi.org/10.1007/BF00306558
https://doi.org/10.1007/BF02673866
https://doi.org/10.1007/BF02673866
https://doi.org/10.1007/s00497-002-0152-6
https://doi.org/10.1007/s00497-002-0152-6
https://doi.org/10.1093/pcp/pcad104
https://doi.org/10.1073/pnas.2213014119
https://doi.org/10.1073/pnas.2213014119


Arabidopsis. Plant Mitochondria: Methods and Protocols. 2022:2363: 
301–319. https://doi.org/10.1007/978-1-0716-1653-6_20

Schmitz UK, Kowallik KV. Why are plastids maternally inherited in 
epilobium? Ultrastructural observations during microgameto
genesis. Plant Sci. 1987:53(2):139–145. https://doi.org/10.1016/ 
0168-9452(87)90123-3

Schneider A. Organelle inheritance: understanding the basis of 

plastid transmission for transgenic engineering. J Mitochondria 
Plast Endosymbiosis. 2023:1(1):2261790. https://doi.org/10.1080/ 
28347056.2023.2261790

Schroder M, Van Lammeren A, Kieft H. The intracellular arrange
ment of cytoskeletal components and organelles in pollen grains 
of Gasteria verrucosa (Mill.) H. Duval. Annales Scientifiques. 

1988:23:80.
Schröder M-B. Ultrastructural studies on plastids of generative 

and vegetative cells in Liliaceae 3. Plastid distribution during 
the pollen development in Gasteria verrucosa (Mill.) Duval. 
Protoplasma. 1985:124(1-2):123–129. https://doi.org/10.1007/ 
BF01279731

Schröder MB. Ultrastructural studies on plastids of generative and 

vegetative cells in Liliaceae. IV: Plastid degeneration during gen
erative cell maturation in Convallaria majalis L. Biologisches 
Zentralblatt. 1986:105(4):427–433.

Schröder M-B, Oldenburg H. Ultrastructural studies on plastids of 
generative and vegetative cells in Liliaceae. 7. Plastid distribution 
during generative cell development in Tulbaghia violacea 
Harv. Flora. 1990:184(2):131–136. https://doi.org/10.1016/S0367- 

2530(17)31601-8
Sears BB. Elimination of plastids during spermatogenesis and fertil

ization in the plant kingdom. Plasmid. 1980:4(3):233–255. https:// 
doi.org/10.1016/0147-619X(80)90063-3

Segui-Simarro JM, Coronado MAJ, Staehelin LA. The mitochondrial 
cycle of Arabidopsis shoot apical meristem and leaf primordium 
meristematic cells is defined by a perinuclear tentaculate/cage- 

like mitochondrion. Plant Physiol. 2008:148(3):1380–1393. https:// 
doi.org/10.1104/pp.108.126953

Seguí-Simarro JM, Staehelin LA. Mitochondrial reticulation in shoot 
apical meristem cells of Arabidopsis provides a mechanism for 
homogenization of mtDNA prior to gamete formation. Plant 
Signal Behav. 2009:4(3):168–171. https://doi.org/10.4161/psb.4.3. 

7755
Sen A, Kallabis S, Gaedke F, Jüngst C, Boix J, Nüchel J, Maliphol K, 

Hofmann J, Schauss AC, Krüger M. Mitochondrial membrane pro
teins and VPS35 orchestrate selective removal of mtDNA. Nat 
Commun. 2022:13(1):6704. https://doi.org/10.1038/s41467-022- 
34205-9

Shao M-R, Kumar Kenchanmane Raju S, Laurie JD, Sanchez R, 

Mackenzie SA. Stress-responsive pathways and small RNA 
changes distinguish variable developmental phenotypes caused 
by MSH1 loss. BMC Plant Biol. 2017:17(1):47. https://doi.org/10. 
1186/s12870-017-0996-4

Sharpley MS, Marciniak C, Eckel-Mahan K, McManus M, Crimi M, 
Waymire K, Lin CS, Masubuchi S, Friend N, Koike M. 

Heteroplasmy of mouse mtDNA is genetically unstable and re
sults in altered behavior and cognition. Cell. 2012:151(2): 
333–343. https://doi.org/10.1016/j.cell.2012.09.004

Shaver JM, Oldenburg DJ, Bendich AJ. Changes in chloroplast DNA 
during development in tobacco, Medicago truncatula, pea, and 
maize. Planta. 2006:224(1):72–82. https://doi.org/10.1007/s00425- 

005-0195-7
Sheahan MB, Rose RJ, McCurdy DW. Organelle inheritance in plant 

cell division: the actin cytoskeleton is required for unbiased in
heritance of chloroplasts, mitochondria and endoplasmic 

reticulum in dividing protoplasts. Plant J. 2004:37(3):379–390. 

https://doi.org/10.1046/j.1365-313X.2003.01967.x
Shedge V, Arrieta-Montiel M, Christensen AC, Mackenzie SA. Plant 

mitochondrial recombination surveillance requires unusual 

RecA and MutS homologs. Plant Cell. 2007:19(4):1251–1264. 

https://doi.org/10.1105/tpc.106.048355
Shen J, Zhao J, Bartoszewski G, Malepszy S, Havey M, Chen J. 

Persistence and protection of mitochondrial DNA in the genera

tive cell of cucumber is consistent with its paternal transmission. 

Plant Cell Physiol. 2015:56(11):2271–2282. https://doi.org/10.1093/ 

pcp/pcv140
Shoubridge EA, Wai T. Mitochondrial DNA and the mammalian oo

cyte. Curr Top Dev Biol. 2007:77:87–111. https://doi.org/10.1016/ 

S0070-2153(06)77004-1
Shrestha B, Gilbert LE, Ruhlman TA, Jansen RK. Clade-specific plastid 

inheritance patterns including frequent biparental inheritance in 

passiflora interspecific crosses. Int J Mol Sci. 2021:22(5):2278. 

https://doi.org/10.3390/ijms22052278
Sierra J, Escobar-Tovar L, Leon P. Plastids: diving into their diversity, 

their functions, and their role in plant development. J Exp Bot. 

2023:74(8):2508–2526. https://doi.org/10.1093/jxb/erad044
Skibinski DO, Gallagher C, Beynon CM. Mitochondrial DNA inheri

tance. Nature. 1994:368(6474):817–818. https://doi.org/10.1038/ 

368817b0
Sloan DB, Broz AK, Kuster SA, Muthye V, Peñafiel-Ayala A, Marron JR, 

Lavrov DV, Brieba LG. Expansion of the MutS gene family in 

plants. Plant Cell. 2024:koae277. https://doi.org/10.1093/plcell/ 

koae277
Sobanski J, Giavalisco P, Fischer A, Kreiner JM, Walther D, Schöttler 

MA, Pellizzer T, Golczyk H, Obata T, Bock R. Chloroplast competi

tion is controlled by lipid biosynthesis in evening primroses. Proc 

Natl Acad Sci U S A. 2019:116(12):5665–5674. https://doi.org/10. 

1073/pnas.1811661116
Sodmergen, Suzuki T, Kawano S, Nakamura S, Tano S, Kuroiwa T. 

Behavior of organelle nuclei (nucleoids) in generative and vegeta

tive cells during maturation of pollen in Lilium longiflorum and 

Pelargonium zonale. Protoplasma. 1992:168(1-2):73–81. https:// 

doi.org/10.1007/BF01332652
Song W-H, Yi Y-J, Sutovsky M, Meyers S, Sutovsky P. Autophagy 

and ubiquitin–proteasome system contribute to sperm mitopha

gy after mammalian fertilization. Proc Natl Acad Sci U S A. 

2016:113(36):E5261–E5270. https://doi.org/10.1073/pnas. 

1605844113
Spinazzola A, Perez-Rodriguez D, Ježek J, Holt IJ. Mitochondrial DNA 

competition: starving out the mutant genome. Trends Pharmacol 

Sci. 2024:45:225–242. https://doi.org/10.1016/j.tips.2024.01.011
Stewart JB, Chinnery PF. The dynamics of mitochondrial DNA heter

oplasmy: implications for human health and disease. Nat Rev 

Genet. 2015:16(9):530–542. https://doi.org/10.1038/nrg3966
Stewart JB, Chinnery PF. Extreme heterogeneity of human 

mitochondrial DNA from organelles to populations. Nat Rev 

Genet. 2021:22(2):106–118. https://doi.org/10.1038/s41576-020- 

00284-x
Stewart JB, Freyer C, Elson JL, Wredenberg A, Cansu Z, Trifunovic A, 

Larsson N-G. Strong purifying selection in transmission of mam

malian mitochondrial DNA. PLoS Biol. 2008:6(1):e10. https://doi. 

org/10.1371/journal.pbio.0060010
Stewart JB, Larsson N-G. Keeping mtDNA in shape between genera

tions. PLoS Genet. 2014:10(10):e1004670. https://doi.org/10.1371/ 

journal.pgen.1004670
Stubbe W. Extrem disharmonische genom-plastom-kombinationen 

und väterliche plastidenvererbung bei Oenothera. Zeitschrift für 

20 | Plant Physiology, 2025, Vol. 198, No. 1

https://doi.org/10.1007/978-1-0716-1653-6_20
https://doi.org/10.1016/0168-9452(87)90123-3
https://doi.org/10.1016/0168-9452(87)90123-3
https://doi.org/10.1080/28347056.2023.2261790
https://doi.org/10.1080/28347056.2023.2261790
https://doi.org/10.1007/BF01279731
https://doi.org/10.1007/BF01279731
https://doi.org/10.1016/S0367-2530(17)31601-8
https://doi.org/10.1016/S0367-2530(17)31601-8
https://doi.org/10.1016/0147-619X(80)90063-3
https://doi.org/10.1016/0147-619X(80)90063-3
https://doi.org/10.1104/pp.108.126953
https://doi.org/10.1104/pp.108.126953
https://doi.org/10.4161/psb.4.3.7755
https://doi.org/10.4161/psb.4.3.7755
https://doi.org/10.1038/s41467-022-34205-9
https://doi.org/10.1038/s41467-022-34205-9
https://doi.org/10.1186/s12870-017-0996-4
https://doi.org/10.1186/s12870-017-0996-4
https://doi.org/10.1016/j.cell.2012.09.004
https://doi.org/10.1007/s00425-005-0195-7
https://doi.org/10.1007/s00425-005-0195-7
https://doi.org/10.1046/j.1365-313X.2003.01967.x
https://doi.org/10.1105/tpc.106.048355
https://doi.org/10.1093/pcp/pcv140
https://doi.org/10.1093/pcp/pcv140
https://doi.org/10.1016/S0070-2153(06)77004-1
https://doi.org/10.1016/S0070-2153(06)77004-1
https://doi.org/10.3390/ijms22052278
https://doi.org/10.1093/jxb/erad044
https://doi.org/10.1038/368817b0
https://doi.org/10.1038/368817b0
https://doi.org/10.1093/plcell/koae277
https://doi.org/10.1093/plcell/koae277
https://doi.org/10.1073/pnas.1811661116
https://doi.org/10.1073/pnas.1811661116
https://doi.org/10.1007/BF01332652
https://doi.org/10.1007/BF01332652
https://doi.org/10.1073/pnas.1605844113
https://doi.org/10.1073/pnas.1605844113
https://doi.org/10.1016/j.tips.2024.01.011
https://doi.org/10.1038/nrg3966
https://doi.org/10.1038/s41576-020-00284-x
https://doi.org/10.1038/s41576-020-00284-x
https://doi.org/10.1371/journal.pbio.0060010
https://doi.org/10.1371/journal.pbio.0060010
https://doi.org/10.1371/journal.pgen.1004670
https://doi.org/10.1371/journal.pgen.1004670


Vererbungslehre. 1963:94:392–411. https://doi.org/10.1007/ 
bf00897596 

Sun J-L, Li J-Y, Wang M-J, Song Z-T, Liu J-X. Protein quality control in 
plant organelles: current progress and future perspectives. 
Mol Plant. 2021:14(1):95–114. https://doi.org/10.1016/j.molp.2020. 
10.011

Sutovsky P, Moreno RD, Ramalho-Santos J, Dominko T, Simerly C, 

Schatten G. Ubiquitin tag for sperm mitochondria. Nature. 
1999:402(6760):371–372. https://doi.org/10.1038/46466

Tábara LC, Burr SP, Frison M, Chowdhury SR, Paupe V, Nie Y, Johnson 
M, Villar-Azpillaga J, Viegas F, Segawa M. MTFP1 controls mito
chondrial fusion to regulate inner membrane quality control 
and maintain mtDNA levels. Cell. 2024:187(14):3619–3637.e27. 

https://doi.org/10.1016/j.cell.2024.05.017
Takami T, Ohnishi N, Kurita Y, Iwamura S, Ohnishi M, Kusaba M, 

Mimura T, Sakamoto W. Organelle DNA degradation contrib
utes to the efficient use of phosphate in seed plants. Nat 
Plants. 2018:4(12):1044–1055. https://doi.org/10.1038/s41477- 
018-0291-x

Tanaka I. Microtubule-determined plastid distribution during micro

sporogenesis in Lilium longiflorum. J Cell Sci. 1991:99(1):21–31. 
https://doi.org/10.1242/jcs.99.1.21

Tang LY, Sakamoto W. Tissue-specific organelle DNA degradation 
mediated by DPD1 exonuclease. Plant Signal Behav. 2011:6(9): 
1391–1393. https://doi.org/10.4161/psb.6.9.16595

Tian HQ, Zhang Z, Russell SD. Sperm dimorphism in Nicotiana taba

cum L. Sex Plant Reprod. 2001:14(1-2):123–125. https://doi.org/10. 
1007/s004970100080

Tilney-Bassett R. The control of plastid inheritance in Pelargonium 
II. Heredity (Edinb). 1973:30(1):1–13. https://doi.org/10.1038/hdy. 
1973.1

Timmis JN, Ayliffe MA, Huang CY, Martin W. Endosymbiotic gene 
transfer: organelle genomes forge eukaryotic chromosomes. Nat 

Rev Genet. 2004:5(2):123–135. https://doi.org/10.1038/nrg1271
Tsang WY, Lemire BD. Stable heteroplasmy but differential inheri

tance of a large mitochondrial DNA deletion in nematodes. 
Biochem Cell Biol. 2002:80(5):645–654. https://doi.org/10.1139/o02- 
135

Twig G, Hyde B, Shirihai OS. Mitochondrial fusion, fission and au
tophagy as a quality control axis: the bioenergetic view. 

Biochimica et Biophysica Acta (BBA)-Bioenergetics. 2008:1777(9): 
1092–1097. https://doi.org/10.1016/j.bbabio.2008.05.001

Umen JG, Goodenough UW. Chloroplast DNA methylation and inher
itance in Chlamydomonas. Genes Dev. 2001:15(19):2585–2597. 
https://doi.org/10.1101/gad.906701

Van Aken O, Van Breusegem F. Licensed to kill: mitochondria, chlor
oplasts, and cell death. Trends Plant Sci. 2015:20(11):754–766. 

https://doi.org/10.1016/j.tplants.2015.08.002
Van den Ameele J, Li AY, Ma H, Chinnery PF. Mitochondrial hetero

plasmy beyond the oocyte bottleneck. Semin Cell Dev Biol. 
2020:97:156–166. https://doi.org/10.1016/j.semcdb.2019.10.001

Vander Heiden MG, Cantley LC, Thompson CB. Understanding the 
warburg effect: the metabolic requirements of cell proliferation. 
Science. 2009:324(5930):1029–1033. https://doi.org/10.1126/ 

science.1160809
Van Went J. Unequal distribution of plastids during generative cell 

formation in Impatiens. Theor Appl Genet. 1984:68(4):305–309. 
https://doi.org/10.1007/BF00267882

VanWinkle-Swift K, Hoffman R, Shi L, Parker S. A suppressor of 
a mating-type limited zygotic lethal allele also suppresses uni
parental chloroplast gene transmission in Chlamydomonas 

monoica. Genetics. 1994:136(3):867–877. https://doi.org/10.1093/ 
genetics/136.3.867

Vaughn KC, DeBonte LR, Wilson KG, Schaffer GW. Organelle altera
tion as a mechanism for maternal inheritance. Science. 1980: 
208(4440):196–198. https://doi.org/10.1126/science.208.4440.196

Veeraragavan S, Johansen M, Johnston IG. Evolution and mainte
nance of mtDNA gene content across eukaryotes. Biochem J. 
2024:481(15):1015–1042. https://doi.org/10.1042/BCJ20230415

Virdi KS, Wamboldt Y, Kundariya H, Laurie JD, Keren I, Kumar KS, 

Block A, Basset G, Luebker S, Elowsky C. MSH1 is a plant organel
lar DNA binding and thylakoid protein under precise spatial reg
ulation to alter development. Mol Plant. 2016:9(2):245–260. https:// 
doi.org/10.1016/j.molp.2015.10.011

Wai T, Teoli D, Shoubridge EA. The mitochondrial DNA genetic bot
tleneck results from replication of a subpopulation of genomes. 

Nat Genet. 2008:40(12):1484–1488. https://doi.org/10.1038/ng.258
Wallace DC, Chalkia D. Mitochondrial DNA genetics and the 

heteroplasmy conundrum in evolution and disease. Cold Spring 
Harb Perspect Biol. 2013:5(11):a021220. https://doi.org/10.1101/ 
cshperspect.a021220

Wang D-Y, Zhang Q, Liu Y, Lin Z-F, Zhang S-X, Sun M-X, Sodmergen 
XXXXX. The levels of male gametic mitochondrial DNA are highly 

regulated in angiosperms with regard to mitochondrial inheri
tance. Plant Cell. 2010:22(7):2402–2416. https://doi.org/10.1105/ 
tpc.109.071902

Wang S, Blumwald E. Stress-induced chloroplast degradation in 
Arabidopsis is regulated via a process independent of autophagy 
and senescence-associated vacuoles. Plant Cell. 2014:26(12): 

4875–4888. https://doi.org/10.1105/tpc.114.133116
Watson JM, Platzer A, Kazda A, Akimcheva S, Valuchova S, 

Nizhynska V, Nordborg M, Riha K. Germline replications and so
matic mutation accumulation are independent of vegetative life 
span in Arabidopsis. Proc Natl Acad Sci U S A. 2016:113(43):12226–
12231. https://doi.org/10.1073/pnas.1609686113

Welchen E, Canal MV, Gras DE, Gonzalez DH. Cross-talk between mi

tochondrial function, growth, and stress signalling pathways in 
plants. J Exp Bot. 2021:72(11):4102–4118. https://doi.org/10.1093/ 
jxb/eraa608

Weterings K, Russell SD. Experimental analysis of the fertilization 
process. Plant Cell. 2004:16(suppl_1):S107–S118. https://doi.org/ 
10.1105/tpc.016873

Whatley JM. Ultrastructure of plastid inheritance: green algae to an

giosperms. Biol Rev Camb Philos Soc. 1982:57(4):527–569. https:// 
doi.org/10.1111/j.1469-185X.1982.tb00373.x

Wilms H. Pollen tube penetration and fertilization in spinach. Acta 
Bot Neerl. 1981:30(1-2):101–122. https://doi.org/10.1111/j.1438- 
8677.1981.tb00390.x

Woloszynska M. Heteroplasmy and stoichiometric complexity of 
plant mitochondrial genomes—though this be madness, yet 

there’s method in’t. J Exp Bot. 2010:61(3):657–671. https://doi. 
org/10.1093/jxb/erp361

Woodson JD. Chloroplast quality control–balancing energy produc
tion and stress. New Phytol. 2016:212(1):36–41. https://doi.org/10. 
1111/nph.14134

Woodson JD. Control of chloroplast degradation and cell death in re
sponse to stress. Trends Biochem Sci. 2022:47(10):851–864. https:// 

doi.org/10.1016/j.tibs.2022.03.010
Woodson JD, Joens MS, Sinson AB, Gilkerson J, Salomé PA, Weigel D, 

Fitzpatrick JA, Chory J. Ubiquitin facilitates a quality-control 
pathway that removes damaged chloroplasts. Science. 2015: 
350(6259):450–454. https://doi.org/10.1126/science.aac7444

Wu Z, Waneka G, Broz AK, King CR, Sloan DB. MSH1 is required 
for maintenance of the low mutation rates in plant mitochondrial 

and plastid genomes. Proc Natl Acad Sci U S A. 2020:117(28): 
16448–16455. https://doi.org/10.1073/pnas.2001998117

Cytoplasmic inheritance in plants and algae | 21

https://doi.org/10.1007/bf00897596
https://doi.org/10.1007/bf00897596
https://doi.org/10.1016/j.molp.2020.10.011
https://doi.org/10.1016/j.molp.2020.10.011
https://doi.org/10.1038/46466
https://doi.org/10.1016/j.cell.2024.05.017
https://doi.org/10.1038/s41477-018-0291-x
https://doi.org/10.1038/s41477-018-0291-x
https://doi.org/10.1242/jcs.99.1.21
https://doi.org/10.4161/psb.6.9.16595
https://doi.org/10.1007/s004970100080
https://doi.org/10.1007/s004970100080
https://doi.org/10.1038/hdy.1973.1
https://doi.org/10.1038/hdy.1973.1
https://doi.org/10.1038/nrg1271
https://doi.org/10.1139/o02-135
https://doi.org/10.1139/o02-135
https://doi.org/10.1016/j.bbabio.2008.05.001
https://doi.org/10.1101/gad.906701
https://doi.org/10.1016/j.tplants.2015.08.002
https://doi.org/10.1016/j.semcdb.2019.10.001
https://doi.org/10.1126/science.1160809
https://doi.org/10.1126/science.1160809
https://doi.org/10.1007/BF00267882
https://doi.org/10.1093/genetics/136.3.867
https://doi.org/10.1093/genetics/136.3.867
https://doi.org/10.1126/science.208.4440.196
https://doi.org/10.1042/BCJ20230415
https://doi.org/10.1016/j.molp.2015.10.011
https://doi.org/10.1016/j.molp.2015.10.011
https://doi.org/10.1038/ng.258
https://doi.org/10.1101/cshperspect.a021220
https://doi.org/10.1101/cshperspect.a021220
https://doi.org/10.1105/tpc.109.071902
https://doi.org/10.1105/tpc.109.071902
https://doi.org/10.1105/tpc.114.133116
https://doi.org/10.1073/pnas.1609686113
https://doi.org/10.1093/jxb/eraa608
https://doi.org/10.1093/jxb/eraa608
https://doi.org/10.1105/tpc.016873
https://doi.org/10.1105/tpc.016873
https://doi.org/10.1111/j.1469-185X.1982.tb00373.x
https://doi.org/10.1111/j.1469-185X.1982.tb00373.x
https://doi.org/10.1111/j.1438-8677.1981.tb00390.x
https://doi.org/10.1111/j.1438-8677.1981.tb00390.x
https://doi.org/10.1093/jxb/erp361
https://doi.org/10.1093/jxb/erp361
https://doi.org/10.1111/nph.14134
https://doi.org/10.1111/nph.14134
https://doi.org/10.1016/j.tibs.2022.03.010
https://doi.org/10.1016/j.tibs.2022.03.010
https://doi.org/10.1126/science.aac7444
https://doi.org/10.1073/pnas.2001998117


Wurtz EA, Boynton JE, Gillham NW. Perturbation of chloroplast 
DNA amounts and chloroplast gene transmission in 
Chlamydomonas reinhardtii by 5-fluorodeoxyuridine. Proc Natl 
Acad Sci U S A. 1977:74(10):4552–4556. https://doi.org/10.1073/ 
pnas.74.10.4552

Xu J. The inheritance of organelle genes and genomes: patterns and 
mechanisms. Genome. 2005:48(6):951–958. https://doi.org/10. 
1139/g05-082

Xu Y-Z, Santamaria RDLR, Virdi KS, Arrieta-Montiel MP, Razvi F, Li S, 
Ren G, Yu B, Alexander D, Guo L. The chloroplast triggers devel
opmental reprogramming when MUTS HOMOLOG1 is suppressed 
in plants. Plant Physiol. 2012:159(2):710–720. https://doi.org/10. 
1104/pp.112.196055

Yang Q, Liu P, Anderson NS, Shpilka T, Du Y, Naresh NU, Li R, Zhu LJ, 
Luk K, Lavelle J. LONP-1 and ATFS-1 sustain deleterious hetero
plasmy by promoting mtDNA replication in dysfunctional mito
chondria. Nat Cell Biol. 2022:24(2):181–193. https://doi.org/10. 
1038/s41556-021-00840-5

Yang YH, Qiu YL, Xie CT, Tian HQ, Zhang Z, Russell SD. Isolation of 
two populations of sperm cells and microelectrophoresis of pairs 
of sperm cells from pollen tubes of tobacco (Nicotiana tabacum). 
Sex Plant Reprod. 2005:18(2):47–53. https://doi.org/10.1007/s00497- 
005-0248-x

Yu HS, Hu SY, Russell SD. Sperm cells in pollen tubes of Nicotians 
tabacum L.: three-dimensional reconstruction, cytoplasmic di
minution, and quantitative cytology. Protoplasma. 1992: 
168(3-4):172–183. https://doi.org/10.1007/BF01666263

Yu H-S, Russell SD. Populations of plastids and mitochondria during 
male reproductive cell maturation in Nicotiana tabacum L.: a cy
tological basis for occasional biparental inheritance. Planta. 

1994:193(1):115–122. https://doi.org/10.1007/BF00191614
Zaegel V, Guermann B, Le Ret M, Andres C, Meyer D, Erhardt M, 

Canaday J, Gualberto JM, Imbault P. The plant-specific ssDNA 

binding protein OSB1 is involved in the stoichiometric transmis
sion of mitochondrial DNA in Arabidopsis. Plant Cell. 
2006:18(12):3548–3563. https://doi.org/10.1105/tpc.106.042028

Zakirova EG, Muzyka VV, Mazunin IO, Orishchenko KE. Natural and 
artificial mechanisms of mitochondrial genome elimination. Life. 
2021:11(2):76. https://doi.org/10.3390/life11020076

Zhang H, Burr SP, Chinnery PF. The mitochondrial DNA genetic bot
tleneck: inheritance and beyond. Essays Biochem. 2018:62(3): 
225–234. https://doi.org/10.1042/EBC20170096

Zhang Q, Liu Y, Sodmergen. Examination of the cytoplasmic DNA in 
male reproductive cells to determine the potential for cytoplas
mic inheritance in 295 angiosperm species. Plant Cell Physiol. 
2003:44(9):941–951. https://doi.org/10.1093/pcp/pcg121

Zhao N, Xu X, Wamboldt Y, Mackenzie SA, Yang X, Hu Z, Yang J, 
Zhang M. Muts HOMOLOG1 silencing mediates ORF220 substoi
chiometric shifting and causes male sterility in Brassica juncea. 
J Exp Bot. 2016:67(1):435–444. https://doi.org/10.1093/jxb/erv480

Zhu T, Mogensen HL, Smith SE. Quantitative, three-dimensional 
analysis of alfalfa egg cells in two genotypes: implications for bi
parental plastid inheritance. Planta. 1993:190(2):143–150. https:// 
doi.org/10.1007/BF00196605

Zhuang X, Jiang L. Chloroplast degradation: multiple routes into the 
vacuole. Front Plant Sci. 2019:10:359. https://doi.org/10.3389/fpls. 
2019.00359

Zoschke R, Liere K, Börner T. From seedling to mature plant: arabi
dopsis plastidial genome copy number, RNA accumulation and 
transcription are differentially regulated during leaf develop
ment. Plant J. 2007:50(4):710–722. https://doi.org/10.1111/j.1365- 
313X.2007.03084.x

Zouros E, Oberhauser Ball A, Saavedra C, Freeman KR. An unusual 

type of mitochondrial DNA inheritance in the blue mussel 
Mytilus. Proc Natl Acad Sci U S A. 1994:91(16):7463–7467. https:// 
doi.org/10.1073/pnas.91.16.7463

22 | Plant Physiology, 2025, Vol. 198, No. 1

https://doi.org/10.1073/pnas.74.10.4552
https://doi.org/10.1073/pnas.74.10.4552
https://doi.org/10.1139/g05-082
https://doi.org/10.1139/g05-082
https://doi.org/10.1104/pp.112.196055
https://doi.org/10.1104/pp.112.196055
https://doi.org/10.1038/s41556-021-00840-5
https://doi.org/10.1038/s41556-021-00840-5
https://doi.org/10.1007/s00497-005-0248-x
https://doi.org/10.1007/s00497-005-0248-x
https://doi.org/10.1007/BF01666263
https://doi.org/10.1007/BF00191614
https://doi.org/10.1105/tpc.106.042028
https://doi.org/10.3390/life11020076
https://doi.org/10.1042/EBC20170096
https://doi.org/10.1093/pcp/pcg121
https://doi.org/10.1093/jxb/erv480
https://doi.org/10.1007/BF00196605
https://doi.org/10.1007/BF00196605
https://doi.org/10.3389/fpls.2019.00359
https://doi.org/10.3389/fpls.2019.00359
https://doi.org/10.1111/j.1365-313X.2007.03084.x
https://doi.org/10.1111/j.1365-313X.2007.03084.x
https://doi.org/10.1073/pnas.91.16.7463
https://doi.org/10.1073/pnas.91.16.7463

	Cytoplasmic inheritance: The transmission of plastid and mitochondrial genomes across cells and generations
	Introduction
	Laws of cytoplasmic inheritance
	Vegetative segregation
	Relaxed replication of cytoplasmic genomes
	Random partitioning of organelles during cell division

	Uniparental inheritance
	The interplay between vegetative segregation and uniparental inheritance
	Obstacle course race: paternal vs maternal cytoplasmic genomes
	The starting line—parental gametes set off
	Exclusion of plastids and mitochondria from gametes
	Degradation of plastids and mitochondria in gametes
	Degradation of cytoplasmic genomes in gametes

	Syngamy hurdles—the journey from gametes to zygotes
	Cytoplasmic stripping
	Sperm dimorphism and preferential fertilization

	Zygotic crossroads—diverging fates of parental genomes
	Selective degradation of cytoplasmic genomes in zygotes
	Preferential replication of cytoplasmic genomes
	Positioning of plastids and mitochondria in zygotes

	Embryogenesis and beyond—relentless segregation of cytoplasmic genomes
	Steering the segregation direction
	At the genome level
	At the organelle level
	At the cellular level
	Modulating the segregation rate

	The finish line—arriving at progeny gametes

	Concluding remarks and future perspectives
	Acknowledgments
	Author contributions
	Funding
	References




