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Abstract

The partitioning of genetic material between the nucleus and cytoplasmic (i.e., mitochondrial and 

plastid) genomes within eukaryotic cells necessitates coordinated integration between these 

genomic compartments, with important evolutionary and biomedical implications. Classic 

questions persist about the pervasive reduction of cytoplasmic genomes via a combination of gene 

loss, transfer, and functional replacement — and yet why they are almost always retained in some 

minimal form. One striking consequence of cytonuclear integration is the existence of ‘chimeric’ 

enzyme complexes composed of subunits encoded in two different genomes. Advances in 

structural biology and comparative genomics are yielding important insights into the evolution of 

such complexes, including correlated sequence changes and recruitment of novel subunits. Thus, 

chimeric cytonuclear complexes provide a powerful window into the mechanisms of molecular 

coevolution.

Abstract

Eukaryotic cells must regulate not just their nuclear genomes, but also the intimate functional 

interplay with organelle genomes, such as in mitochondria and plastids. This Review discusses the 

functional and evolutionary implications of cellular genomes being partitioned between the 

nucleus and organelles, including the translocation of genes and gene products, chimeric enzyme 

complexes, and insights into molecular coevolution.
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Introduction

The genetic control of eukaryotic cells is divided between the nucleus and one or more 

cytoplasmic genomes. In one sense, this genomic division of labour is an obvious outcome 

of the endosymbiotic origins of mitochondria and plastids, as these organelles retain 

remnants of ancestral genomes from their respective alphaproteobacterial and cyanobacterial 

progenitors1. Nevertheless, it is remarkable that this complex arrangement of multiple 

genomic compartments has persisted through billions of years of evolution. The genetics of 

nuclear and cytoplasmic genomes differ in nearly every respect, including genome copy 

number, mutation rates, modes of inheritance, and mechanisms of replication and expression 

(Table 1). But they still function in an integrated fashion to maintain arguably the most 

intimate and important symbioses in the history of life.

The functional interactions between nuclear and cytoplasmic genomes have important 

evolutionary consequences. The creation of ‘mismatched’ nuclear and cytoplasmic 

genotypes via hybridization often has notable phenotypic effects, which has sparked recent 

debate as to whether cytonuclear interactions contribute disproportionately to speciation2-5. 

Cytonuclear interactions also have implications for human health. There are numerous 

examples of mitonuclear epistasis, such that the penetrance of disease-causing mitochondrial 

mutations depends upon the nuclear background on which they occur — and vice versa6. 

Here too, however, there has been controversy over the magnitude and biomedical relevance 

of such effects, which is currently playing out in debates about the risks of performing 

mitochondrial replacement therapy as an assisted reproductive technology in humans3,7-9. 

Thus, open questions in multiple fields have created a pressing need to better understand the 

molecular-genetic basis of cytonuclear integration and interactions.

The ultimate source of cytonuclear interactions is the long-term evolutionary process by 

which mitochondria and plastids have transitioned from free-living bacteria to 

endosymbionts to organelles. One of the dominant themes in eukaryotic genome evolution is 

the extreme reduction of cytoplasmic genomes. However, it is rare for mitochondrial 

genomes (mitogenomes) and plastid genomes (plastomes) to be lost entirely despite their 

ancient origins ~1-2 billion years ago. These observations raise two classic questions asked 

from opposite perspectives. First, why has eukaryotic genome evolution asymmetrically 

favoured reduction of cytoplasmic genomes and transfer of genetic control to the nucleus? 

Second, why has this process generally stopped short of complete elimination of 

cytoplasmic genomes?

Because a small number of key genes have been retained in mitogenomes and plastomes, 

one defining outcome of cytonuclear integration is the maintenance of enzyme complexes 

composed of interacting subunits from both cytoplasmic and nuclear genomes10. These 

‘chimeric’ complexes include enzymes involved in cellular respiration and photosynthesis, 

which are central to eukaryotic bioenergetics. Because these enzymes are endosymbiotically 

derived, we can compare them to their bacterial counterparts and dissect their history of 

diversification across eukaryotes.
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Here, we review recent advances and future prospects for understanding cytonuclear 

integration. First, we describe the shift of genetic control from organelle genomes to the 

nucleus. We also consider how recent studies of younger endosymbionts have provided 

insights into the process and why it rarely results in complete loss of organelle genomes. 

Then, we review recent evidence that the chimeric enzyme complexes that now exist within 

organelles often represent arenas for rapid molecular coevolution. We note that having 

interacting gene products from two different genomes enhances our ability to detect and 

dissect general coevolutionary mechanisms that are likely to be playing out in other 

multisubunit complexes throughout the cell. In general, we focus on the molecular-genetic 

basis of these interactions and direct readers to recent reviews on related subjects pertaining 

to cell function, including mechanisms of protein trafficking and import, and intracellular 

(i.e., anterograde or retrograde) signalling11-14.

Transfer of genetic control to the nucleus

Cytoplasmic genome reduction.

The reduction in gene content that occurs when organisms evolve to live exclusively inside 

the cells of other species is a remarkably repeatable phenomenon. In addition to 

mitochondria and plastids, this pattern of reductive genome evolution has occurred in several 

single-celled eukaryotes that have transitioned to an obligately intracellular lifestyle15 and in 

a tremendous diversity of bacterial and archaeal endosymbionts that are independently 

derived from divergent phylogenetic lineages and found in a wide range of hosts16,17. There 

are at least three mechanisms responsible for this pattern: first, outright gene loss owing to 

relaxed selection on genes that are redundant with host/nuclear genes or unnecessary in an 

intracellular context; second, endosymbiotic gene transfer (EGT) to the nucleus (also known 

as intracellular gene transfer (IGT)); and third, recruitment of other nuclear genes to replace 

endosymbiont/organellar functions18-22.

By comparing mitogenome content across the extant diversity of eukaryotes, researchers 

have been able to infer the evolutionary timing of mitochondrial gene loss events in different 

lineages 21-24. Such analyses have divided the history of mitochondrial gene loss into two 

general phases24. The first is a period of extensive reduction preceding the last eukaryotic 

common ancestor (LECA). As such, all known mitogenomes have some subset of a small 

pool of 69 ancestral protein-coding genes (Figure 1), which represents a tiny fraction of the 

>1,000 genes estimated to have been present in the bacterial progenitor of mitochondria25. 

The second phase of mitogenome reduction is a heterogeneous one with variation both 

through time and across phylogenetic lineages, such that extant eukaryotes differ greatly in 

organelle gene content23,24. Sequenced mitogenomes contain anywhere from just two 

protein-coding genes (coxl and cox3) in the alveolate Chromera velicia26,27 to as many as 66 

of the 69 ancestral proteins in the jakobid Andalucia godoyi28 (Figure 1). Some 

mitogenomes encode a full complement of tRNAs, whereas other species have lost all of 

these genes29,30. For individual lineages, current mitochondrial gene content has been 

shaped by long periods of stasis punctuated by episodes of accelerated gene loss. For 

example, prior to the divergence of bilaterian animals, lineage-specific losses and transfers 

led to a highly reduced set of only 13 protein-coding genes in the mitogenome, but this set 
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has remained nearly unchanged for the ensuing hundreds of millions of years. By contrast, 

active loss and EGT are currently occurring in many angiosperm plant lineages31. Plastome 

evolution has exhibited a similar pattern of temporal and phylogenetic variation, with 

plastomes of photosynthetic organisms containing anywhere from 21 protein-coding genes 

in Cladophorales green algae to over 200 in red algae, and anywhere from a complete set of 

tRNA genes to none at all32,33. Even though there is substantial variation in the extent of 

mitochondrial and plastid gene loss among lineages, there is striking parallelism between 

mitogenomes and plastomes with respect to the types of genes that are more or less likely to 

be lost, which even extends down to the level of the specific ribosomal protein subunits that 

have been retained34. Importantly, this parallel and directional history of gene loss may lead 

us to misinterpret some independent losses as resulting from a single, older loss event24. 

Regardless, in extant mitogenomes and plastomes, there is a highly reduced gene content, 

with the retained genes being dominated by the core subunits of cellular-respiration and 

photosynthetic enzyme complexes as well as key components of translational machinery.

Asymmetrical and opposite movement of genes versus gene-products between 
cytoplasmic genomes and the nucleus.

There are two striking asymmetries that have defined the long-term evolution and integration 

of nuclear and cytoplasmic genomes (Figure 2). First, the history of EGT has been almost 

unidirectional from cytoplasmic genomes to the nucleus18,19. Second, the trafficking of gene 

products (i.e., RNAs and proteins) occurs overwhelmingly in the opposite direction — from 

the nucleus and cytosol into the organelles11,14. Neither of these asymmetries is absolute. 

Many mitogenomes have acquired genes from the nucleus or other foreign sources35-39, and 

horizontal gene transfer (HGT) has also introduced novel genes into some plastomes40,41. In 

addition, there is growing recognition that organelle-derived RNAs (including rRNAs42-44, 

tRNAs45,46, other noncoding RNAs47-49, and RNAs encoding small peptides50,51) can be 

released to the cytosol, with likely roles in signalling and other pathways. Nevertheless, it is 

clear that the overall tide of gene movement has been towards the nucleus, with gene 

products generally trafficked in the reverse direction. These patterns often lead to the false 

assumption that all transferred genes encode proteins that are targeted back to the organelles 

or that all imported proteins are encoded by nuclear genes formerly found in cytoplasmic 

genomes. Phylogenetic assessments have strongly rejected this oversimplified view. Many of 

the products of nuclear genes derived from EGT are not targeted to the organelles25,52, and 

major fractions of the mitochondrial and plastid proteomes are derived from pre-existing 

nuclear genes that have been recruited into novel functional roles53-55 (Figure 2).

Doolittle56 argued that the propensity of organellar (and other endosymbiotic) genes to be 

transferred to the nucleus and replace existing functions is not unexpected. Instead, it can be 

viewed as a natural byproduct of asymmetrical opportunities for DNA movement between 

genomes57, likely owing to the high copy number of cytoplasmic genomes and frequent 

release of their DNA into the cytosol58. The logic follows that, even though the vast majority 

of cytoplasmic DNA insertions into the nucleus have no effect and are eventually lost, the 

perpetual transfer of DNA creates the opportunity for occasional insertions to become 

expressed and duplicate the function of an existing nuclear gene. In some of these cases, the 

original (but now redundant) nuclear gene might then be lost, resulting in a functional 
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replacement. Even if replacement events are rare, this model predicts a directional process in 

which transferred genes increasingly take over pre-existing nuclear-encoded functions 

because the paucity of DNA transfer in the opposite direction precludes reversing this trend. 

As such, each functional replacement would amount to the irreversible “clicking” of a 

“gene-transfer ratchet”56.

We suggest that the early evolution of specialized machinery for import of nuclear gene 

products across organelle membranes (i.e., the TIM/TOM59 and TIC/TOC60 translocases in 

mitochondria and plastids, respectively) created an analogous asymmetry that allowed for 

widespread recruitment of existing nuclear gene products into novel functional roles in the 

organelles (Figure 2). In a sense, the establishment of these import mechanisms may have 

created a ‘protein-import ratchet’. Specifically, their presence may result in the persistent 

opportunity for promiscuous or leaky import of nuclear-encoded proteins into the organelles. 

Analogous to Doolittle’s proposed gene-transfer ratchet, background levels of promiscuous 

import of nuclear-encoded proteins may lead to functional redundancy with genes in the 

mitogenome or plastome. In occasional cases where the redundant cytoplasmic genes are 

then lost, the end result would be a ‘locked in’ functional replacement by a pre-existing 

nuclear gene and selection for more specific and sustained import of that nuclear-encoded 

protein. Under a gene-transfer ratchet, the functional replacement process is asymmetrical 

because the raw movement of DNA is biased to go from cytoplasmic genomes to the 

nucleus. Under a protein-import ratchet, the functional replacement process is asymmetrical 

because the early evolution of mitochondrial and plastid import machinery led to greater 

opportunities for non-adaptive import of nuclear-encoded proteins into the organelles than 

for non-adaptive export of cytoplasmically encoded gene products to other parts of the cell.

These proposed ‘ratchets’ are unlikely to fully explain the asymmetrical and opposite 

movement of genes and gene products. But they establish null models for the direction of 

these asymmetries, and the effects of other evolutionary forces can be cast as either 

accelerating or slowing/halting the ratcheting.

Mechanisms and causes of gene transfer to the nucleus.

The initial step in a functional EGT event is the physical insertion of cytoplasmic DNA into 

the nuclear genome. First detected decades ago, mitochondrial and plastid DNA insertions in 

the nucleus are now referred to as nuclear mitochondrial DNAs (NUMTs) and nuclear 

plastid DNAs (NUPTs), respectively61-63. Key advances came with the development of 

methods that used reporter constructs that could only be expressed if they were relocated to 

the nucleus to directly observe the physical movement of mitochondrial and plastid DNA to 

the nuclear genomes. These approaches revealed that DNA transfer is surprisingly 

frequent57,64 and that genomic DNA (rather than cDNA or RNA) is likely to be the most 

common vehicle65,66. These experimental methods have been complemented with 

comparative approaches based on the proliferation of genomic sequence data58, and recent 

bioinformatic advances have helped overcome technical hurdles arising from the filtering of 

organellar sequences during nuclear genome assembly and the duplication and/or 

fragmentation that occurs after initial NUMT or NUPT insertion67. Insertions of cytoplasmic 

DNA can be large and even encompass entire genome copies, such as the 620 kb NUMT on 
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chromosome 2 of Arabidopsis thaliana68. They can also be structurally complex, with 

multiple fragments from different regions of the mitogenome and/or plastome often merged 

into the same location in the nuclear genome65,69,70. Comparative studies have revealed 

enormous variation in the amount of NUMT or NUPT sequence across species, including 

positive associations with nuclear-genome size58 and the number of organelles per cell71. 

The latter observation is consistent with the hypothesis that the lack of organelle breakdown 

in species with only a single organelle per cell creates a barrier to DNA transfer72. Together, 

these observations support a model wherein breakdown of mitochondria and plastids leads to 

release of free organellar DNA into the cytosol, which can then passively enter the nucleus, 

with incorporation into the nuclear genome most likely via mechanisms that repair double-

stranded breaks in nuclear DNA (although alternative mechanisms may also play a role58).

Insertion of cytoplasmic DNA into the nuclear genome is necessary but not sufficient for 

functional EGT. Indeed, the vast majority of NUMT and NUPT insertions are likely to be 

nonfunctional, with either deleterious or neutral consequences, and are eventually deleted 

from the genome. A true functional ‘transfer’ is a multi-step process that involves: first, 

insertion of a copy into the nucleus; second, acquisition of the necessary functional elements 

for expression/targeting; and third, subsequent loss of the original cytoplasmic copy. This 

process can play out over tens of millions of years and include long transitional stages in 

which expressed gene copies persist in both the nucleus and the cytoplasmic genome18,73,74. 

The second step in this process is complex. Nuclear and cytoplasmic genomes rely on 

different machinery for gene expression, so functional EGT requires acquisition of nuclear-

specific promoters and regulatory elements. Moreover, although some proteins have innate 

features that enable mitochondrial or plastid import75,76, the majority of targeting is based 

on an amino-terminal presequence that must also be acquired if transferred genes are to be 

targeted back to the organelle11,14. This process can depend on fortuitous nuclear insertion 

sites and take advantage of existing regulatory or targeting elements in the nuclear 

genome75. In addition, changes that occur post-insertion, including exon shuffling and 

evolution of alternative splicing, can facilitate the acquisition of functional elements75,77.

Compartment-specific features of gene expression also create barriers to functional EGT. 

Many mitogenomes and some plastomes now employ modified genetic codes, and 

cytoplasmic gene expression often involves complex forms of intron splicing and RNA 

editing that do not occur in the nucleus78. In such cases, directly transferred cytoplasmic 

genes would not yield the same protein if expressed in the nucleus, and functional EGT 

often necessitates removal of introns and ‘hardcoding’ of RNA-editing events at the DNA 

level. As such, there has been a long-running debate79 as to whether functional EGT may be 

mediated by movement of cDNAs (i.e., reverse-transcribed mRNAs that have already been 

spliced and edited). This hypothesis has been supported by the fact that many transferred 

genes resemble mature mRNAs, but it is at odds with the fact that cDNA-based movement is 

undetectably rare in experimental studies, whereas movement of genomic DNA is prolific79. 

Experimental techniques have shown that the presence of a single intron or RNA-editing site 

is not prohibitive for functional EGT and can be overcome by promiscuous splicing activity 

or use of alternative start codons66,80, but it is difficult to envision how the highly 

fragmented and/or edited genes found in some cytoplasmic genomes could become 

functional in the nucleus after direct insertion of genomic DNA. A possible reconciliation 
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was proposed almost two decades ago by Henze and Martin81. These authors hypothesized 

that ‘retroprocessing ’ may first occur within mitochondria and/or plastids, resulting in 

mature coding sequences that are incorporated back into cytoplasmic genomes, which are 

then more amenable to functional EGT via conventional mechanisms of genomic-DNA 

transfer. The first empirical support for this hypothesis was provided by two recent 

phylogenetic studies that reconstructed the evolutionary timing of events and showed that 

specific cases of EGT in angiosperms were preceded by retroprocessing within the 

mitogenome73,82. It remains to be seen how widespread this mechanism is and whether the 

derived features of gene expression in many cytoplasmic genomes create a long-term barrier 

to EGT and contribute to the retention of cytoplasmic genomes (Box 1).

Although substantial progress has been made in understanding EGT mechanisms, the role of 

natural selection in driving this process is less clear. It has long been hypothesized that 

relocation of genes to the nucleus confers a benefit by enabling them to escape the high 

mutation rates and/or reduced efficacy of selection found in predominantly asexual organelle 

genomes83-85. However, assessing this hypothesis has proven challenging, and the classic 

assumption that organelle genomes are subject to deleterious mutation accumulation has 

become a source of renewed controversy5,86,87. Therefore, it remains difficult to reject the 

null model that the extensive history of functional EGT is largely the product of a non-

adaptive gene-transfer ratchet56, making this an important area for new empirical and 

theoretical research.

‘Interchangeable parts’: replacement of cytoplasmic genes by nuclear counterparts.

In addition to EGT, the history of cytonuclear integration has also involved extensive 

repurposing of existing nuclear genes to replace cytoplasmically encoded functions. 

Examples include early events in eukaryotic evolution, such as the recruitment of nuclear 

genes to function in mitochondrial protein translocation21 and mitochondrial division88. 

More recent, lineage-specific events have also occurred including the replacement of a 

mitochondrial-encoded subunit of the mitochondrial ribosome in the common ancestor of 

seed plants with its nuclear-encoded counterpart from the cytosolic ribosome89. The 

acquisition of plastids in some eukaryotic lineages has enabled further functional 

replacement via dual-targeting of individual proteins to both mitochondria and plastids90,91. 

HGT from other foreign sources has also led to functional replacement, such as the use of 

phage-like proteins now found in the nucleus for replication and transcription of cytoplasmic 

genomes21. Indeed, recent investigations into the establishment of other obligate bacterial 

endosymbionts has stimulated an active debate about the role of HGT from diverse sources 

in the origin of mitochondria and plastids (Box 2).

Although EGT and functional replacement have both played major roles in the history of 

cytonuclear integration, their relative impacts have differed across functional classes of 

genes. For example, to our knowledge, there are no documented cases of functional transfer 

of a cytoplasmic tRNA gene to the nucleus. Instead, tRNA-gene losses from the mitogenome 

generally coincide with novel import of existing nuclear-encoded, cytosolic tRNAs29,90. 

Moreover, many aminoacyl-tRNA synthetases (aaRSs) have a history of sharing or 

replacement across cytosolic and organellar compartments90. Conversely, EGT has been the 
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dominant mode of cytoplasmic gene loss for subunits in oxidative phosphorylation 

(OXPHOS) and photosynthetic enzyme complexes. One obvious explanation is that some 

molecular systems (e.g., protein translation) have homologous or analogous counterparts 

across cellular compartments to draw from, whereas others (e.g., OXPHOS and 

photosynthesis) do not. This view is consistent with the argument of Woese et al.92 that 

proteins such as aaRSs with relatively modular functions that are shared across different 

systems are most amenable to HGT (and by extension to EGT). Nevertheless, it is striking 

that functional replacement is still feasible and so widespread given the ancient timescales of 

divergence between the mitochondrial (alphaproteobacterial), plastid (cyanobacterial), and 

nuclear (archaeal) compartments — especially when juxtaposed with the observation that 

even single-nucleotide substitutions can be sufficient in some cases to produce major 

cytonuclear incompatibilities among close relatives93,94.

Cytonuclear enzyme complex coevolution

Enzyme complexes composed of subunits from both nuclear and cytoplasmic genomes (e.g., 

organellar ribosomes and many OXPHOS and photosynthetic enzymes) are hallmarks of 

cytonuclear integration10. These complexes are arenas for intimate interactions between 

genes that are subject to different mutation rates, effective population sizes, and modes of 

inheritance. One general hypothesis is that higher mutation rates and/or inefficient selection 

against weakly deleterious mutations lead to rapid evolution in cytoplasmic genomes, 

creating selection for subsequent changes in nuclear-encoded protein sequence and the 

overall structure and composition of enzyme complexes95,96. From this perspective, 

cytoplasmic genomes are viewed as the primary ‘drivers’ of cytonuclear coevolution, 

whereas nuclear genomes are the primary ‘responders’. There is growing evidence for 

components of this model, but many of its key tenets await rigorous testing.

Rates of sequence evolution.

If cytonuclear enzyme complexes are indeed arenas for molecular coevolution, one 

expectation is that nuclear-encoded subunits in these complexes will exhibit faster rates of 

evolution than other nuclear-encoded proteins. A number of studies have found support for 

this prediction97-99. However, alternative interpretations have also been proposed. For 

example, nuclear-encoded subunits may not be subject to strong functional constraint 

because they occupy peripheral positions in the complexes100 or because selection for 

efficiency in some mitochondrial processes such as translation is not very intense compared 

to corresponding nuclear processes29,101,102.

To disentangle these alternatives, recent studies have used eukaryotic lineages with large 

variation in rates of mutation and/or sequence evolution in cytoplasmic genomes101,103-109. 

These studies have found that lineages with rapidly evolving cytoplasmic genomes also 

show elevated rates of amino-acid substitution in interacting nuclear-encoded proteins (but 

not in other nuclear proteins) compared to related lineages with slower rates of cytoplasmic 

evolution. They have also often detected signatures of positive selection. Therefore, 

cytonuclear coevolution appears to be a major determinant of rates of sequence evolution in 

interacting nuclear-encoded proteins. Comparative studies have also taken advantage of 
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classic ‘built-in’ negative controls, such as OXPHOS Complex II (succinate dehydrogenase), 

to show that complexes that are involved in the same functional pathways but are composed 

entirely of nuclear-encoded subunits do not exhibit the same signatures of cytonuclear 

coevolution104,110. Examining patterns of amino-acid substitution in the context of protein 

structures has provided additional support, suggesting that changes occur in a spatially 

correlated fashion at interfaces between cytoplasmic and nuclear proteins95,103,104,109. Using 

a phylogenetic framework to assess timing of sequence changes, Osada and Akashi95 further 

showed that substitutions in mitochondrial-encoded subunits in OXPHOS Complex IV 

(cytochrome c oxidase) often precede changes at interacting sites in nuclear-encoded 

subunits, suggesting that nuclear genomes are responding to cytoplasmic changes.

Collectively, this recent body of work has highlighted the advantages of studying molecular 

coevolution in systems where interacting gene products are encoded in different genomes. 

The above findings have often been interpreted as evidence that coevolutionary changes in 

the nucleus act to compensate for genomic deterioration in mitochondria and plastids. 

However, there is little direct evidence for this specific mode of compensatory coevolution, 

and debates about the efficiency (or inefficiency) of selection on cytoplasmic genomes have 

cast doubt on the generalities of nuclear compensation86,87. Thus, a clear challenge in the 

field is to distinguish cases in which nuclear changes are counteracting deleterious 

cytoplasmic mutations from those in which coevolutionary responses in the nucleus are 

spurred by initially beneficial or neutral cytoplasmic mutations5.

More generally, research in this area often suffers from inconsistent use of the term 

‘coevolution’. First described by Ehrlich and Raven111 in the context of interactions between 

plants and butterflies, the most rigorous definition of coevolution involves reciprocal effects 

of selection on interacting populations (or interacting molecules in the cases we discuss). As 

such, both parties are expected to change in response to selective pressures exhibited by the 

other. However, the term coevolution is often applied in looser ways and sometimes assumed 

based only on co-occurrence and interactions without direct evidence for a history of 

changes in response to selection112. For example, in cases of correlated changes in rates of 

evolution, it is always possible that new selection pressures on the overall function of a 

complex result in correlated responses across all subunits, but such patterns do not 

necessarily mean that the subunits are coevolving in response to the changes in other 

subunits. Therefore, the recent research efforts described above that are examining the 

relative evolutionary timing of changes and their effects on structural interactions are key for 

testing predictions about effects of coevolutionary pressures10 and whether such pressures 

are truly reciprocal or largely unidirectional among interacting subunits. In addition, 

comparisons between chimeric cytonuclear complexes and those encoded solely by nuclear 

genes are an informative way to identify effects that are specific to cytonuclear 

interactions104,110.

Recruitment of novel subunits.

Cytonuclear interactions and the potential for coevolutionary dynamics are also evident at a 

structural level in chimeric multisubunit complexes. Mitochondrial ribosomes and OXPHOS 

complexes have been reshaped and substantially enlarged relative to their ancestral, 
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bacterial-like forms via the acquisition of nuclear-encoded supernumerary subunits (i.e., 

eukaryotic-specific subunits gained since endosymbiosis)21,113,114 (Figure 3). Plastid 

enzymes have also recruited novel subunits, although they have generally done so to a much 

lesser extent and more closely resemble their bacterial counterparts96,115,116 (Figure 3). The 

evolution and function of the novel subunits within cytonuclear complexes have been a 

source of intrigue, and recent progress in comparative genomics and structural biology is 

yielding answers to longstanding questions.

Broad phylogenetic sampling and application of sensitive methods to detect sequence 

homology have revealed that the majority of supernumerary mitochondrial subunits were 

incorporated pre-LECA, coinciding with a period of extensive EGT and functional gene loss 

and replacement in cytoplasmic genomes21,52. For example, mitochondrial OXPHOS 

Complex I (NADH:ubiquinone oxidoreductase) has an especially rich and well-studied 

history of subunit acquisition117,118. The entirety of this complex in many extant bacteria 

consists of only 14 subunits, but it has expanded to a total of 45 and 49 subunits in the 

mitochondria of mammals and angiosperms, respectively (Figure 3). In addition to the 14 

ancestral subunits, at least 26 eukaryotic-specific subunits in this complex appear to have 

been present prior to the radiation of extant eukaryotic lineages117. Nevertheless, a more 

limited rate of recruitment of novel subunits has continued post-LECA, with a variable 

number of gains across eukaryotic lineages21. Many supernumerary subunits are members of 

larger gene families, and it appears that they are often opportunistically recruited from the 

pool of nuclear-encoded proteins that are already targeted to the mitochondria. Indeed, some 

supernumerary subunits can be traced back to duplications from other mitochondrial 

complexes or even other subunits in the same enzyme complex114,118. However, the specific 

origins of many supernumerary subunits remain uncertain. For example, 21 of the acquired 

subunits in mammalian Complex I do not have any identified homologues outside of 

eukaryotes118.

Ever since the discovery of supernumerary subunits in mitochondrial OXPHOS and 

ribosomal complexes, there has been extensive interest and speculation about their 

functional role. These subunits tend to ‘coat’ the periphery of enzyme complexes (Figure 3), 

and one early idea was that they serve as ‘molecular prostheses’. This hypothesis was 

motivated by the observation that rRNAs in mitochondrial ribosomes in metazoans are 

shortened119, and mitochondrial-encoded OXPHOS subunits are also unusually short in 

metazoans96. Thus, it seemed plausible that nuclear-encoded supernumerary subunits filled 

the structural gaps resulting from reductions in these mitochondrial-encoded subunits. 

However, this hypothesis has been discounted based on subsequent structural data, because 

supernumerary subunits do not tend to occupy the spaces left by shortened mitochondrial-

encoded subunits96,120. It is also inconsistent with the timing of subunit gains, as the pre-

LECA incorporation of most supernumerary subunits is well in advance of metazoan-

specific reductions in the size of mitochondrial-encoded subunits21,52,96.

Alternative hypotheses have focused on the possibility that supernumerary subunits may 

confer entirely novel functions to their respective enzyme complexes. For example, the inner 

surface of the membrane arm of OXPHOS Complex I often contains lineage-specific 

supernumerary subunits, including a novel carbonic anhydrase in plants, which has led to the 
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suggestion that this region serves as a ‘workbench’ for attaching proteins with novel 

functions117.

Recent studies have increasingly shifted focus to the role of supernumerary subunits in 

assembly and stability of their respective complexes. For example, Stroud and colleagues121 

individually knocked out 31 supernumerary subunits in human OXPHOS Complex I. They 

found that 25 of these subunits (81%) are required for proper assembly of the complex and 

that subunit loss generally affected the stability of neighbouring subunits. In addition, van 

der Sluis et al.96 modelled structural deficiency in OXPHOS complexes and found that 

models including supernumerary subunits were more stable. These efforts have been 

augmented by publication of the first high-resolution structures of Complex I and related 

‘supercomplexes’, which are higher-order associations involving multiple different 

OXPHOS complexes122-126 and have some assembly features that are widely conserved 

across eukaryotes127.

Complex I is the primary site of electron entry to the respiratory system of eukaryotes, 

reflecting the metabolic simplification of the more linearized mitochondrial electron 

transport system relative to bacteria with many branched, alternative metabolic pathways115. 

Thus, enhanced interactions with downstream complexes may improve the efficiency of 

electron transfer and reduce the formation of reactive oxygen species (ROS), with 

supernumerary subunits playing an important role in supercomplex assembly and stability. 

Formation of these respiratory supercomplexes appears to specifically enhance Complex I 

stability, and may be dynamically regulated to facilitate cellular metabolic adjustments and 

ROS-mediated cell signalling128. A ‘scaffold’ of supernumerary subunits linking the 

peripheral arm and transmembrane domain of complex I129 is thought to confer additional 

complex stability and reduce formation of ROS130, and perhaps regulate the coupling of 

ubiquinone reduction to proton translocation123. At least four supernumerary subunits of 

Complex I appear to facilitate Complex III (cytochrome bc1 complex) dimerization and 

association with Complex I through direct protein-protein interactions that involve 

mitochondrial-encoded subunits124. These interactions might improve the efficiency of 

electron transfer within and between these complexes, and facilitate allosteric regulation of 

Complex I by matrix components131. In addition, a nuclear-encoded Complex IV subunit 

(COX7A2L) is thought to stabilize the interaction of Complex III and Complex IV, as well 

as Complex IV dimerization132.

As the assembly and stability of complexes and supercomplexes emerge as the predominant 

(though not exclusive) roles for supernumerary subunits, questions remain about the 

evolutionary mechanisms that yielded these functions and why the subunits are absent in 

bacteria. It is possible that unique demands of organelle function in eukaryotes have created 

novel selection pressures for altered and augmented mechanisms to assemble and stabilize 

these enzyme complexes. For example, there is evidence for inducible subunits that facilitate 

cellular stress responses, such as regulation of Complex IV activity in hypoxia133. In 

addition, adaptive evolutionary shifts in respiratory complex oligomerization across and 

within taxa134 may enable selective interactions between respiratory chain redox centres and 

electron carriers to facilitate electron entry and channelling from specific substrate oxidation 

pathways135.
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It has also been proposed that recruitment of novel subunits serves as another form of 

compensatory cytonuclear coevolution that offsets the effects of weakly deleterious changes 

in cytoplasmic genes96. Under this model, after weakly deleterious and destabilizing 

changes occur in cytoplasmically encoded subunits, there is selection to recruit entirely new 

subunits to the complex to provide structural stabilization. A third possibility is that the 

expanded subunit composition is a form of ‘constructive neutral evolution’21,136. This 

alternative model proposes that subunit recruitment would have initially been neutral, but it 

would have also altered the fitness landscape for subsequent mutations in core 

mitochondrial-encoded subunits. As such, some mutations that would otherwise have 

disrupted complex stability could then occur and spread neutrally by genetic drift without 

harmful consequences, thereby ‘locking in’ the functional importance of formerly non-

adaptive supernumerary subunits. Such non-adaptive thinking parallels neutral ‘ratchet’ 

arguments that establish null models for the evolutionary history of functional EGT and 

protein import (see “Asymmetrical and opposite movement of genes versus gene-products 

between cytoplasmic genomes and the nucleus”). However, little effort has yet been made to 

distinguish between these various models. Regardless of the initial evolutionary pressures 

that led to recruitment, the presence of nuclear-encoded supernumerary subunits in 

mitochondrial enzyme complexes now provides much of the raw genetic material for 

mitonuclear coevolution.

Gene duplication and tissue-specific paralogues.

Gene duplication represents another key mechanism that has shaped the evolution of 

cytonuclear enzyme complexes. As noted in the preceding section, paralogues have been one 

source of the novel subunits recruited to these complexes. For example, the metazoan 

duplication of the nuclear MRPS10 gene, which encodes a component of the mitochondrial 

small ribosomal subunit, produced a paralogue (MRPL48) that has been incorporated into 

the large ribosomal subunit114. The caseinolytic protease (Clp) complex in plastids offers 

another striking case of gene duplication. In bacteria, the core of this complex typically 

comprises 14 copies of the same subunit encoded by a single gene (clpP). In cyanobacteria, 

the lineage from which plastids were endosymbiotically derived, this ancestral gene has 

expanded into a family of four paralogues. Since the origin of plastids, there has been further 

gene duplication such that the core Clp complex in land plants is encoded by a single plastid 

gene and eight or more related nuclear genes137, which collectively exhibit some of the most 

dramatic examples of correlated evolutionary rates in cytonuclear interactions103.

Another outcome of gene duplication is the generation of tissue-specific paralogues — a 

phenomenon that has occurred repeatedly in metazoans, especially in OXPHOS Complex 

IV. In this complex, related nuclear gene copies encode interchangeable subunits that are 

differentially expressed across tissues, such as heart, skeletal muscle, liver, and testis138. 

Many of these paralogues can be highly divergent in amino-acid sequence. The flexibility of 

OXPHOS complexes to ‘swap’ such divergent subunits across tissue types paints a 

somewhat contrasting view from studies that have focused on the disruptive effects of 

individual amino-acid substitutions on the molecular interactions between mitochondrial and 

nuclear gene products93-95,104. The role of these paralogous subunits is generally thought to 

provide a match to the metabolic demands of their respective tissues138. However, the 
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existence of testis-specific paralogues also raises the intriguing possibility that gene 

duplication may provide a mechanism for the nucleus to compensate for the inherent conflict 

associated with the activity of maternally inherited cytoplasmic genes in male-specific 

functions (i.e., ‘mother’s curse’)139-142. More generally, gene duplication in the nucleus 

creates an additional dimension to cytonuclear coevolution that is still largely 

underappreciated.

Conclusions and future directions

The history of cytonuclear integration has been characterized by two striking asymmetries: 

first, the movement of genes from cytoplasmic genomes to the nucleus, many of which have 

evolved functions outside of mitochondria and plastids; and second, the recruitment of 

nuclear-encoded gene products into mitochondria and plastids, many of which did not 

originate from transferred cytoplasmic genes. These patterns may be partially attributed to 

basic asymmetries between the nuclear and cytoplasmic genomes, including differences in 

genome copy number, which determines relative rates of DNA movement, and the early 

evolution of mitochondrial and plastid protein import (but not export) machinery. The 

outcome of this long-term evolutionary process is an essential set of chimeric enzyme 

complexes composed of both nuclear- and cytoplasmically-encoded subunits. These 

complexes represent active sites of molecular coevolution, exhibiting complementary amino-

acid substitutions and recruitment of novel subunits. Research in this field is taking 

advantage of the opportunity to better separate cause and effect in molecular coevolution 

when genes residing in entirely different genomic contexts must intimately interact.

Our understanding of the historical process of cytonuclear integration and coevolution has 

advanced in recent years thanks to the proliferation in comparative genomic data and key 

achievements in structural biology. Nevertheless, a host of unanswered questions remain, 

offering exciting challenges to shape ongoing research efforts. For example, the history of 

cytonuclear integration has involved remarkable cases of functional replacement between 

anciently divergent genes. Although the evidence for functional replacement is often clear, 

our understanding of the evolutionary process is far more limited. Notably, when 

mitochondrial tRNAs have been lost in favour of importing nuclear-encoded cytosolic 

tRNAs, whole suites of enzymes responsible for maturation and charging of tRNAs have 

also apparently been replaced or retargeted29, raising fascinating questions about the order 

of such changes and how they occurred to entire interacting systems without harmful 

disruptions. Lineages such as angiosperms, in which this turnover of mitochondrial tRNAs is 

actively occurring143, offer attractive models to understand these dynamics.

Another open question pertains to the apparently conservative nature of plastid evolution. 

Smith and Keeling78 have recently argued that, relative to their mitogenome counterparts, 

plastomes generally have not evolved nearly as extreme and unusual genome architectures. 

Plastomes also retain more of their ancestral gene content. This pattern seems to extend to 

the structure of cytonuclear enzyme complexes and recruitment of supernumerary subunits, 

as plastid photosynthetic enzymes and ribosomes have remained far more ‘bacterial-like’ 

(Figure 3). An immediately obvious explanation is that plastids are evolutionarily younger 

organelles and have thus had less time to diverge. However, this argument appears weak 
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when confronted with evidence that most of the radical changes in mitochondrial gene 

content and enzyme composition arose in the earliest stages of mitonuclear 

integration21,24,144. Researchers are thus left to ponder features of plastid biology, such as 

the extreme levels of protein expression and intense selection on photosynthetic efficiency, 

that might explain the imperfectly parallel trajectories of mitochondrial and plastid 

evolution.

Our focus in this Review has been on chimeric cytonuclear enzyme complexes. They are 

obvious arenas for cytonuclear interactions, and they are an exquisite model for investigating 

general processes of molecular coevolution. But that does not mean they are the sole or even 

the most important source of epistatic interactions in cytonuclear genetics. Cytonuclear 

incompatibilities may involve nuclear-encoded proteins that function outside of these 

complexes or even outside of mitochondria and plastids entirely. Therefore, the interactions 

within chimeric cytonuclear enzyme complexes may only be the tip of the iceberg when it 

comes to the functional, biomedical, and evolutionary consequences of divided genetic 

control in the eukaryotic cell. We eagerly await efforts to measure the relative importance of 

these chimeric complexes within the full scope of cytonuclear genetic interactions.
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Glossary

Plastids
Organelles that were endosymbiotically derived from cyanobacteria and can differentiate 

into multiple functional types, the most well-known of which is the chloroplast.

Endosymbiotic gene transfer (EGT).
The process by which genes are functionally transferred from cytoplasmic genomes to the 

nucleus (also known as intracellular gene transfer).

Last eukaryotic common ancestor (LECA).
The most recent common ancestor of all extant eukaryotes — an organism that is thought to 

have already acquired mitochondria and undergone substantial cytonuclear integration.

TIM/TOM
The translocase of the inner mitochondrial membrane (TIM) and translocase of the outer 

mitochondrial membrane (TOM) mediate import of nuclear-encoded proteins into the 

mitochondria.

TIC/TOC
The translocase of the inner chloroplast membrane (TIC) and translocase of the outer 

chloroplast membrane (TOC) mediate import of nuclear-encoded proteins into the plastids.
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Nuclear mitochondrial DNAs (NUMTs).
Insertions of mitochondrial DNA into the nucleus (usually non-functional).

Nuclear plastid DNAs (NUPTs).
Insertions of plastid DNA into the nucleus (usually non-functional).

Double-stranded breaks
Breaks in DNA molecules, that when subsequently repaired by processes such as non-

homologous end-joining can result in incorporation of other DNA sequences.

Retroprocessing
The process by which a mature RNA transcript is reverse transcribed and recombined back 

into the genome.

Oxidative phosphorylation
A biochemical process that occurs in the mitochondria and is mediated by a set of 

cytonuclear enzyme complexes, in which energy generated by electron transfer results in the 

synthesis of adenosine triphosphate (ATP).

Supernumerary subunits
Protein subunits within cytonuclear enzyme complexes that were not present in the bacterial 

progenitors of mitochondria or plastids and have been recruited to these complexes during 

eukaryotic evolution.

Paralogues
Genes that are related to each other as the result of an earlier gene duplication event within a 

genome.

Mother’s curse
The concept articulated by Frank and Hurst139 and later named by Gemmell et al.140that 

cytoplasmic alleles that are harmful to male reproduction may persist in populations because 

strict maternal inheritance shields these effects from selection.
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Box 1: The stubborn retention of cytoplasmic genomes: constraint or 
adaptation?

Given the prolific rates of cytoplasmic gene loss, replacement, and transfer during 

eukaryotic evolution, why have cytoplasmic genomes been retained at all? Proposed 

answers to this classic question fall into two broad categories. The first focuses on 

constraints, including the genetic barriers that impede functional expression of 

cytoplasmic DNA in the nucleus (see “Mechanisms and causes of gene transfer to the 

nucleus” in the main text). Other constraint-based hypotheses invoke gene-specific effects 

of biochemical and targeting mechanisms. The ‘hydrophobicity hypothesis’ is based on 

the observation that retained cytoplasmic genes preferentially encode highly 

hydrophobic, membrane-bound subunits within oxidative phosphorylation (OXPHOS) 

and photosynthetic enzymes, which may be prohibitive to transport across organelle 

membranes18,145. Related arguments contend that hydrophobic proteins are likely to be 

mistargeted to the endoplasmic reticulum146 or have toxic effects in the cytosol147,148. 

The second broad group of hypotheses to explain cytoplasmic genome retention focuses 

on beneficial consequences rather than constraints. The most prominent of these is the 

‘co-location for redox regulation’ (CoRR) hypothesis149,150, which argues that locally 

expressing the core components of OXPHOS and photosynthetic enzyme complexes 

allows for fine-tuned response to redox state in individual organelles — a necessity when 

there are numerous organelles per cell. As such, the CoRR hypothesis provides an 

alternative explanation for the preferential retention of ‘core’ subunits.

An extensive comparative analysis of mitochondrial gene loss versus retention recently 

arrived at the pluralistic conclusion that GC nucleotide content, protein hydrophobicity, 

and ‘energetic centrality’ all have explanatory power when predicting gene retention22. 

Experimental strategies to relocate cytoplasmic genes to the nucleus146,148,151 have also 

been valuable in testing predictions associated with the above hypotheses. To date, 

however, such studies have been limited to only one or a few genes at a time. Given 

improvements in genetic-engineering throughput, there are tantalizing prospects to 

comprehensively catalogue the effects of relocating each individual mitochondrial and 

plastid gene on targeting fidelity, complex assembly, organelle function, and organismal 

phenotypes.

Of course, there are always exceptions to the rule, and some cytoplasmic genomes have 

been lost entirely, such as those in mitochondrial-derived organelles that have lost the 

capacity for cellular respiration (e.g., hydrogenosomes and mitosomes)144. In many 

mitogenomes, all remaining protein-coding genes are for OXPHOS subunits, so it is 

unsurprising that loss of cellular respiration eliminates any selection to retain a 

mitogenome. However, mitochondrial-like organelles are generally still retained in these 

cases, which may be largely explained by their essential role in iron-sulfur cluster 

assembly144,152,153. This interpretation is supported by the recent report of a eukaryote 

(the oxymonad Monocercomonoides sp. PA 203) that appears to lack any mitochondrial-

like organelle and is likely to have replaced the mitochondrial-based iron-sulfur cluster 

system with a cytosolic sulfur mobilization system acquired via horizontal gene transfer 

(HGT) from bacteria154. In plastids, loss of photosynthesis does not appear to be 
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sufficient for complete plastome loss. Most parasitic plants retain a plastome, probably 

because of the roles of just a few genes in essential biosynthetic pathways72. However, 

none of these key non-photosynthetic genes are universally retained within plastomes, 

and the first likely examples of complete plastome loss have been identified in a parasitic 

alga155 and an angiosperm156.

Sloan et al. Page 26

Nat Rev Genet. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Box 2: What can be learned from younger endosymbiotic events?

Genomic and functional analyses of obligate bacterial endosymbionts found in eukaryotic 

hosts16,17 have blurred, if not entirely obliterated, the boundary between ‘organelles’ and 

‘endosymbionts’. Endosymbionts have been identified that are smaller in genome size 

and/or gene content than some mitochondria and plastids157. Direct gene transfer has 

occurred from endosymbionts to their hosts158,159, and endosymbionts can import host-

encoded proteins160,161. Many intimate endosymbiotic relationships have evolved over 

more recent timescales (tens to hundreds of millions of years) compared to mitochondria 

and plastids (billions of years), allowing for more accurate reconstruction of evolutionary 

processes that likely apply more broadly to cytonuclear integration.

One emerging theme is the role of horizontal gene transfer (HGT) to the host nucleus 

from multiple bacterial sources during endosymbiont establishment. In organisms such as 

sap-feeding insects and the photosynthetic protist Paulinella chromatophora, many of the 

host nuclear genes that play a role in maintaining relationships with obligate bacterial 

endosymbionts are of bacterial origin themselves, but they derive from a heterogeneous 

pool of donors158,162,163. Additionally, many lineages have experienced a history of serial 

endosymbiotic replacement, in which a long-term bacterial endosymbiont is lost and 

functionally replaced by an independently derived partner164,165. These observations of 

endosymbiont evolution have fuelled a debate about the origins of mitochondrial 

proteomes. Phylogenetic analyses have long struggled to trace the majority of 

mitochondrial proteins back to their presumed origins within the alphaproteobacteria. 

Such studies have often pointed to diverse clades of bacteria outside the 

alphaproteobacteria. Observations from younger endosymbionts, in which phylogenetic 

analyses are more statistically robust, may be seen as support for arguments that the 

establishment of mitochondria involved multiple genetic contributors and perhaps 

multiple endosymbiotic partners52. There have been similar (albeit controversial) 

arguments that the establishment of plastids involved an additional symbiotic partner 

from within the Chlamydiales166,167. The so-called ‘shopping bag’ model168 posits that 

host cells were able to acquire many of the key genetic pieces that eventually led to the 

stable, long-term incorporation of an organelle through a series of endosymbionts 

(loosely analogous to purchasing items from a series of stores that all wind up in the 

same shopping bag). This model offers an explanation for the heterogeneous 

phylogenetic signals within organellar proteomes and for how eukaryotes may have 

overcome major early barriers to cytonuclear integration. However, these interpretations 

have been vehemently disputed by other researchers169,170, who argue that the 

phylogenetic patterns can be explained by: first, the statistical artefacts associated with 

reconstructing trees for individual genes across such deep timescales, and second, a 

rampant history of HGT among diverse lineages of bacteria that may have affected the 

mitochondrial ancestor prior to eukaryogenesis. This ongoing debate highlights one of 

the central uncertainties about the earliest stages of cytonuclear integration.
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Figure 1. 
Variation in mitochondrial gene content across eukaryotic lineages. Filled squares indicate 

the presence of the gene in the mitogenome of the corresponding species. Gene ordering 

reflects analysis of gene retention rates by Johnston and Williams22 (with the exception of 

the four left-most genes, which were not included in that analysis). Genes are colour-coded 

by functional category. Gene content is based on summary by Roger et al.144, incorporating 

additional sampling and reannotations by Janouškovec et al.24. In all known eukaryotes, the 

large complement of proteincoding genes ancestrally found in the mitochondrial progenitor 

has been reduced to some subset of these 69 genes, reflecting massive gene loss early in the 

evolution of eukaryotes. The extent of the reduction in gene content varies considerably 

across eukaryotic lineages, but genes encoding certain key subunits of OXPHOS complexes 

are almost always retained in the mitogenome. Taxonomic abbreviations are as follows. Am, 

Amoebozoa; Crypt, Cryptophyta; Gla, Glaucophyta; Hap, Haptophyta; Ma, Malawimonas; 
Rhiz, Rhizaria; Rho, Rhodophyta; Stramen, Stramenopiles. OXPHOS, oxidative 

phosphorylation.
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Figure 2. 
Opposite trends in the cytonuclear movement of genes versus gene products. a | Schematic 

summary of the asymmetrical and opposite movement of genes versus gene products 

between cytoplasmic organelles and the nucleus during the history of cytonuclear 

integration. As described in the main text, non-adaptive ratchet-like processes related to 

functional gene-transfer and protein-import may contribute to these two asymmetries. b | 

Categorization of functional gene classes in the nucleus, highlighting the fact that not all 

cytoplasmically derived genes are targeted back to the mitochondria and plastids, and that 

not all nuclear genes with mitochondrial or plastid function originated from cytoplasmic 

genomes. Representative examples are provided for each category. OXPHOS, oxidative 

phosphorylation.
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Figure 3. 
Acquisition of supernumerary subunits in chimeric cytonuclear enzyme complexes. Subunits 

drawn with grey spheres are eukaryotic-specific (i.e., nuclear-encoded supernumerary 

subunits). Structures drawn with ribbons are ‘core’ subunits that were ancestrally present in 

bacteria. Red subunits correspond to genes that are still retained in cytoplasmic genomes, 

whereas yellow subunits correspond to genes that have been transferred to the nucleus. The 

same coloration is applied to homologous subunits in bacteria for the sake of comparison, 

even though there is no division into genomic compartments in bacteria. Subunits drawn 

with black ribbons in the cyanobacterial structure (PsaM and PsaX) have been lost from the 

eukaryotic structure. Complexes from both mitochondria and plastids were selected to 

illustrate the much more extensive recruitment of supernumerary subunits in mitochondria. 

Structures are based on the following Protein Data Bank (PDB) accessions. OXPHOS 

Complex I: Ovis aries (5LNK) and Thermus thermophilus (4HEA); Photosystem 1: Pisum 
sativum (4XK8) and Synechococcus elongatus (1JB0).
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Table 1.

Contrasting features that differentiate nuclear and cytoplasmic genomes

Nuclear Mitochondrial or plastid

Genome copy number Typically two copies (diploidy) Highly multicopy

Genome size Typically >10 Mb and often >1 Gb Typically <500 kb

Genome structure Linear chromosomes Highly variable (linear, circular, branched, 
singlechromosome versus multichromosomal, etc.)

Inheritance Typically biparental Often uniparental (typically maternal)

Sex/recombination Typically sexual Often effectively asexual

Independent DNA replication machineries Host (archaeal) origins Bacterial (endosymbiotic) origins and functional 
replacement with phage-derived machinery

Independent transcription machineries Host (archaeal) origins Bacterial (endosymbiotic) origins and functional 
replacement with phage-derived machinery

Independent translation machineries Host (archaeal) origins Mostly bacterial (endosymbiotic) origins with 
occasional functional replacement and 
supernumerary subunits

Mutation rates Highly variable in both nuclear and cytoplasmic genomes. Cytoplasmic mutation rates can be 
much higher than in the nucleus (e.g., in bilaterian animals) or much lower than in the nucleus 
(e.g., in land plants).
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