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Mitochondrial and plastid genomes show a wide array of archi-
tectures, varying immensely in size, structure, and content. Some
organelle DNAs have even developed elaborate eccentricities, such
as scrambled coding regions, nonstandard genetic codes, and convo-
lutedmodes of posttranscriptional modification and editing. Here, we
compare and contrast the breadth of genomic complexity between
mitochondrial and plastid chromosomes. Both organelle genomes
have independently evolvedmany of the same features and taken on
similar genomic embellishments, often within the same species or
lineage. This trend is most likely because the nuclear-encoded pro-
teins mediating these processes eventually leak from one organelle
into the other, leading to a high likelihood of processes appearing in
both compartments in parallel. However, the complexity and inten-
sity of genomic embellishments are consistently more pronounced for
mitochondria than for plastids, even when they are found in both
compartments. We explore the evolutionary forces responsible for
these patterns and argue that organelle DNA repair processes, muta-
tion rates, and population genetic landscapes are all important factors
leading to the observed convergence and divergence in organelle
genome architecture.
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Endosymbiosis can dramatically impact cellular and genomic
architectures. Mitochondria and plastids exemplify this point.

Each of these two types of energy-producing eukaryotic organ-
elle independently arose from the endosymbiosis, retention, and
integration of a free-living bacterium into a host cell more than
1.4 billion years ago. Mitochondria came first, evolving from an
alphaproteobacterial endosymbiont in an ancestor of all known
living eukaryotes, and still exist, in one form or another (1), in all
its descendants (2). Plastids came later, via the “primary” en-
dosymbiosis of a cyanobacterium by the eukaryotic ancestor of
the Archaeplastida, and then spread laterally to disparate groups
through eukaryote-eukaryote endosymbioses (3). Consequently,
a significant proportion of the identified eukaryotic diversity has
a plastid.
With few exceptions (1, 4), mitochondria and plastids contain

genomes—chromosomal relics of the bacterial endosymbionts
from which they evolved (2, 5). Mitochondrial and plastid DNAs
(mtDNAs and ptDNAs) have many traits in common, which is
not surprising given their similar evolutionary histories. Both are
highly reduced relative to the genomes of extant, free-living
alphaproteobacteria and cyanobacteria (2, 5), and both have
transferred most of their genes to the host nuclear genome and
are therefore reliant on nuclear-encoded, organelle-targeted
proteins for the preservation of crucial biochemical pathways and
many repair-, replication-, and expression-related functions (6).
Both also show a wide and perplexing assortment of genomic
architectures (7, 8), which has spurred various evolutionary ex-
planations, ranging from ancient inheritance from the RNA world
to selection for greater “evolvability” (9, 10).

At first glance, genomic complexity within mitochondria mir-
rors that of plastids (9, 11). Indeed, both organelle genomes
have, in many instances, taken parallel evolutionary roads, in-
dependently adopting almost identical architectures (12), as well
as similar mutational patterns (13), replication and gene expres-
sion strategies (14, 15), and modes of inheritance (16). There are,
however, some major differences between mitochondrial and
plastid genomes, including structures and/or embellishments
present in one but not the other. But genomic architectural di-
versity has rarely been directly compared between plastids and
mitochondria, and only with the recent characterization of or-
ganelle genomes from remote eukaryotic lineages (Fig. 1) can
their similarities and differences be adequately addressed and fully
appreciated.
Here, we compare the architectural diversity of mitochondrial

genomes with those of plastids. First, we survey the available
organelle genome sequence data across the eukaryotic domain,
showing that for plastid-bearing taxa ptDNA diversity is as well
or better sampled than that of mtDNA. We then assess the range
of genomic complexity within mitochondria and plastids, high-
lighting examples of convergent evolution between these two
genetic compartments, as well as illuminating features unique to
one or the other. Ultimately, we argue that mitochondrial genomes
harbor a greater breadth of complexity and consistently more pro-
nounced eccentricities than plastid genomes and evaluate the po-
tential evolutionary forces responsible for these patterns.

Three Decades of Organelle Genomics
Not surprisingly, the human and mouse mitochondrial genomes
were the first organelle DNAs, and the first nonviral chromo-
somes, to be completely sequenced (1981) (17, 18). Five years
later (1986), the first plastid genomes were deciphered—those of
Marchantia polymorpha (19) and tobacco (20). In the approxi-
mately three decades following these molecular milestones,
thousands of other organelle genomes were sequenced. As of
1 August 2014, there were ∼5,000 complete mtDNA and ptDNA
sequences in GenBank (Fig. 1), making organelle genomes among
the most highly sequenced types of chromosome. Moreover, the
rate of organelle genome sequencing is increasing (Fig. 1), with
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nearly 400 new organelle genomes deposited in GenBank in the
first half of 2014.
This sample, however, is highly biased: ∼82% of sequenced

organelle genomes are metazoan mtDNAs, and only 11% are
ptDNAs (Fig. 1). Nevertheless, in terms of diversity, ptDNAs are
equally or better sampled than mtDNAs for many major eukary-
otic lineages, including land plants, green algae, rhodophytes,
diatoms, and other plastid-bearing protists (Fig. 1). Therefore, al-
though mtDNA sequence data outnumber those of plastids by al-
most an order of magnitude, our understanding of plastid genomes
is as good as, and in some cases better than, that of mitochondrial
genomes (3, 5, 21). Thus, given the data at hand, it is possible to
make meaningful and broad-level comparisons between mito-
chondrial and plastid genomes across the eukaryotic tree.
In addition to sequence information, there are large amounts

of data on other aspects of organelle chromosomes, including
their conformations (22, 23), replication strategies and inheritance
patterns (15, 16), transcriptional and translational architectures
(24, 25), mutational and population genetic landscapes (26, 27),
and proclivity for horizontal gene transfer (6, 28).
Together, these data have helped shape our understanding of

eukaryotic evolution (3, 29), and been pivotal in the fields of ar-
chaeology (30), forensics (31), industry (32), and medicine (33).
Above all, mitochondria and plastids have been an endless res-
ervoir for interesting and unconventional genomes: genomes that
have broken or changed established rules in genetics (34–36),
contributed to leading contemporary hypotheses on molecular
evolution (26, 37), and initiated discussions about the roles of
adaptive vs. nonadaptive processes in shaping cellular and geno-
mic complexity (38).

A Multiplicity of Mitochondrial and Plastid Genome
Architectures
Organelle genomes were once thought to be simple, circular
molecules with homogeneous size classes, contents, and organ-
izations (11, 39), but they have proven to be anything but ordi-
nary (7). From the enormous, multichromosomal mtDNAs of
various angiosperms (40) to the baffling miniature fragmented
ptDNAs of dinoflagellates (8), many organelle DNAs are com-
plex and dynamic, making the genome hard to define and leading
to intense debates on the evolutionary explanations for such
tremendous genomic variance (37, 38). Although it is infeasible

to describe the full extent of this complexity in a single review,
the following paragraphs summarize the main architectural
themes and extremes of mitochondrial and plastid chromosomes,
underlining parallels between both systems, but also the greater
tendency for things to go awry in mitochondria than in plastids
(Fig. 2 and Table S1).

Nucleotide Composition. There is a near-universal adenine (A)
and thymine (T) bias in organelle genomes throughout the
eukaryotic domain (41), the most extreme of which (∼90% AT)
is in the mitochondria of yeasts and arthropods. Plastid genomes
can also be very AT rich, reaching 87% in Plasmodium falcipa-
rum, but overall, they have less severe nucleotide biases than
mtDNAs (41). Although rare, guanine and cytosine (GC)-rich
organelle DNAs do exist, occurring in euglenozoans, green plants,
animals, and fungi. The highest documented mitochondrial GC
content (68%) is from the lycophyte Selaginella moellendorffii
(42) and is significantly greater than the record for plastids (58%),
belonging to a trebouxiophyte green alga. Remarkably, all known
species with GC-biased ptDNA also have GC-rich mtDNA. The
reverse, however, is not true (41).

Structure. Although widely depicted as circular chromosomes,
organelle DNAs usually have more multifarious structures. Land
plant mitochondrial and plastid genomes and yeast mtDNAs typ-
ically assemble as circles but are thought to exist in vivo as multi-
genomic, linear-branched structures (23). Linear-mapping mito-
chondrial genomes with defined telomeres are found within
various green algae, protists, animals, and fungi (22, 43). The
telomeres of linear mtDNAs can have ornate conformations (22),
such as hairpin loops (44), single-stranded overhangs (45), and/or
covalently attached proteins (46), which likely preserve the chro-
mosome ends independent of telomerase (22). The alveolate
Chromera velia boasts the only known linear-mapping plastid ge-
nome, which has a telomeric arrangement mirroring those of many
linear mitochondrial chromosomes (47).

Chromosome Number. The shift from a single to a multipartite
chromosomal architecture has happened many times in mtDNA
evolution but is a surprisingly rare event for ptDNAs (12). No
fewer than 12 eukaryotic lineages are known to contain frag-
mented mitochondrial genomes, and mtDNA splintering has
transpired more than once within certain groups, including cni-
darians (48), chlamydomonadalean algae (44), and vascular
plants (13, 49). Sometimes the levels of fragmentation are minor:
the mtDNA of the colorless green alga Polytomella piriformis is
divided into two small (<15 kb) linear chromosomes (44). In
other instances, the fragmentation is extensive: human head
louse mtDNA is broken into 20 miniature (1.5–3 kb) circular
chromosomes, each encoding one to three genes (50), and the
euglenozoan Diplonema papillatum mtDNA comprises >75 small
(6–7 kb) circular DNAs with single-gene modules (51). Try-
panosome mtDNAs form giant, intertwined networks (kineto-
plasts) comprising thousands of small (0.5–10 kb) and a few
dozen large (20–40 kb) circular chromosomes (52), and the
Amoebidium parasiticum mtDNA is made up of hundreds of
0.3- to 8.3-kb linear pieces (53). Fragmented plastid genomes
are currently restricted to dinoflagellates (8, 54), including per-
idinin-containing dinoflagellates, whose ptDNAs have shattered
into ∼2- to 3-kb minicircles with one to a few genes apiece (8).

Genome Size. Mitochondrial and plastid genome size can vary by
orders of magnitude, but mtDNAs exhibit a wider range of sizes,
both among and within lineages, than ptDNAs (40, 55). At one
extreme are the giant mtDNAs of seed plants, like cucumber
(∼1.6 Mb) (49) and Silene conica (∼11 Mb) (40), as well as those
of diplonemids, which can exceed 500 kb (51). At the other end
of the spectrum are the 6-kb mtDNAs of certain apicomplexans
(56) and the fragmented mtDNA of their close relative C. velia,
which is even smaller (57). Diminutive mtDNAs (<13 kb) have
also been uncovered in green algae (44), ctenophores (58), and
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Fig. 1. Number and taxonomic distribution of all complete mitochondrial
and plastid DNA (mtDNA and ptDNA) sequences at the National Center for
Biotechnology Information (NCBI) Database. (A) Annual number deposited
from 2003 to 2013. (B) Total number of sequences (4,965) as of 1 August
2014. Statistics taken from the NCBI Organelle Genome Resources site: www.
ncbi.nlm.nih.gov/genomes/GenomesHome.cgi?taxid=2759&hopt=html.
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fungi (59). Although narrower than that of mtDNAs, the size
range for ptDNAs is nonetheless astounding. Prodigious ptDNAs
have been sequenced from the chlorophycean algae Volvox carteri
(∼525 kb) (27) and Floydiella terrestris (∼520 kb) (60) and the
ulvophyte Acetabularia acetabulum (≥1 Mb) (61). The smallest
plastid genomes are found in peridinin dinoflagellates, whose
fragmented ptDNAs are ∼30 kb (e.g., Symbiodinium) (62), as well
as in nonphotosynthetic algae, such as Plasmodium species
(∼35 kb) (63) and Helicosporidium sp. (37.5 kb) (64).

Noncoding Nucleotides.Most of the variation in organelle genome
size is due to differences in noncoding DNA content (26), which
varies from ∼1% to 99% for mtDNAs (40) and from ∼5% to
80% for ptDNAs (55). Small organelle genomes, such as verte-
brate mtDNAs and apicomplexan ptDNAs, are usually coding-
dense and devoid of introns, whereas large genomes, including
the S. conica mtDNA and V. carteri ptDNA, are distended with
noncoding nucleotides. These noncoding regions are often riddled
with repeats, introns, mobile elements, and, for mitochondrial
genomes, foreign DNA (6, 26, 55). The number of introns within
organelle genomes can differ from none (e.g., human mtDNA)
to >150 (65), and mitochondria generally display more intronic
variability than plastids (26), although euglenid plastids are
a notable exception. The cox1 gene of the button mushroom
Agaricus bisporus has 19 introns, making it the largest (29.9 kb)
and most intron-rich organelle gene from all eukaryotes (66).
The types and arrangements of introns within organelle DNAs
can be quite bizarre: the Euglena gracilis plastid genome contains
15 twintrons (introns within introns), which must be removed
sequentially for accurate splicing (65); in the S. moellendorffii
mtDNA, nad4L is located within an intron of nad1 (42).

Gene Number. As with size and structure, mtDNAs show greater
variation in gene number and organization than ptDNAs (12). The
jakobid Andalucia godoyi has the largest, least-derived mitochondrial

gene content (100 genes, ∼66 of which encode proteins) (67),
whereas dinoflagellates, apicomplexans, and their close relatives
have the most reduced: three or fewer proteins, no tRNAs, and
in some instances (e.g., C. velia) even lack complete rRNAs
(36, 56, 57, 68). Chlamydomonadalean mtDNAs also have di-
minished coding contents (10–13 genes) (44), and some land
plants (e.g., S. moellendorffii), animals (e.g., the winged box jel-
lyfish), and trypanosomes have lost all or most of their mito-
chondrial tRNA-coding regions (39, 42, 48). Plastid genomes are
typically more gene-rich than mtDNAs (12), maxing out at ∼250
genes in red algae (69). Plants and algae that have lost pho-
tosynthetic capabilities have reduced plastid gene contents
(<75) (63, 64, 70), but the absolute lowest are in the photosyn-
thetic, peridinin plastids of dinoflagellates, which encode <20
genes (62).

Genome Loss. Some organelles have lost their genome entirely.
This loss can occur following the disappearance of oxidative
phosphorylation in mitochondria or photosynthesis in plastids
but is not inevitable and once again is more common in mito-
chondria than in plastids. Genome-lacking mitochondria-derived
organelles (mitosomes and hydrogenosomes) are known from
several anaerobes and microaerophiles, such as Giardia, Tricho-
monas, Mikrocytos, and Entamoeba (1). In contrast, nonphoto-
synthetic plastids are relatively common, but in almost all known
cases retain a reduced genome (4), exemplified by the parasitic
plant Epifagus (70) and the parasitic algae Plasmodium and Heli-
cosporidium (63, 64). Well-supported examples of genome-lacking
plastids are currently only known from the green algal genus
Polytomella (3).

Gene Fragmentation. In a number of eukaryotes, mitochondrial-
encoded genes are fragmented and scrambled (12), a feature
unmatched in most of the ptDNAs sequenced to date (5).
Well-studied examples include the discontinuous and jumbled
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Fig. 2. Organelle genome architectural diversity.
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shown in pink and green, respectively. Genome maps
are not to scale, unless stated otherwise on fig-
ure. Alantina image courtesy of Dr. Andre Seale
(Hawaii Institute of Marine Biology, Kaneohe, HI);
Amborella image courtesy of Wikimedia Commons/
bff; Andalucia © Alastair Simpson; Chromera image
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image courtesy of the CDC.
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mitochondrial rRNA- and/or protein-coding genes of various
green algae (44, 71), alveolates (36, 63), and euglenozoans (51, 52,
72). The large- and small-subunit (LSU and SSU) rRNA genes of
Chlamydomonas reinhardtii, for example, have split into eight and
four unordered coding segments, respectively, which come to-
gether after transcription through secondary-pairing interactions
(71). RNA splintering has gone even further in the P. falciparum
mtDNA, where at least 27 distinct modules encode the LSU and
SSU rRNAs (73). Fragmented ptDNA-located genes are un-
common (5) but have been documented in chlamydomonadalean
algae (55), peridinin dinoflagellates (74), C. velia (47), and the
haptophyte-derived plastid of the dinoflagellate Karlodinium
veneficum (54). Also, rps12 is transspliced in the plastids of
various land plants (13).

Noncanonical Genetic Codes. Among animal mtDNAs, there have
been at least 12 unique changes to the “universal genetic code,”
with up to five codon reassignments in certain groups (34, 39),
and most microbial eukaryotes have experienced one or two
mtDNA codon alterations (7), as well as the occasional loss of
start and stop codons (36, 68). Overall, mitochondria that retain
the universal code are relatively rare exceptions. In contrast, no
noncanonical genetic codes have been observed in primary
plastids, and there are only a few reports from other types of
plastids, including some from aplicomplexans, C. velia, and the
dinoflagellate Lepidodinium chlorophorum (47, 75, 76).

RNA Editing. Mitochondrial RNA editing has evolved in diverse
eukaryotes, including slime molds (77), land plants (14), and
dinoflagellates (36). The most elaborate display of editing occurs
in kinetoplast mitochondria, where ∼90% of codons experience
uracil-insertion/deletion editing (52, 78). Plastid transcript edit-
ing has only been reported in land plants and in peridinin and
fucoxanthin dinoflagellates (8, 14, 79, 80). The extent of plastid
editing in each of these groups is not as widespread and elabo-
rate as that in the mitochondrial compartment (12).

Foreign DNA. Many mitochondrial genomes abound with hori-
zontally acquired sequences, whereas plastid genomes are con-
spicuously lacking in foreign DNA (6, 81). For instance, ∼13%
(∼130 kb) of the zucchini mtDNA is represented by plastid- and
nuclear-derived sequences, almost all of which are noncoding (82).
Other angiosperms, like Plantago and ginger species, contain mi-
tochondrial gene mosaics, formed by gene conversion between
native and foreign homologs (83). Even more impressive is the
mtDNA of the shrub Amborella trichopoda, which harbors the
equivalent of six horizontally acquired mitochondrial genomes
(84). Until recently, it was thought that plastids were impenetrable
to foreign DNA (85, 86). However, new data from various angio-
sperms uncovered mitochondrion-to-plastid (87, 88) and nucleus-
to-plastid DNA migration events (89), and there are also examples
of plastids, including those of some diatoms and the red alga
Gracilaria tenuistipitata, acquiring genes from plasmid or bacterial
genomes (69, 90). Foreign DNA can also come in the form of
extrachromosomal elements. Plasmids have been characterized
from the mitochondria of land plants, fungi, and various protists
(43, 91), but are near absent from plastids, with some notable
exceptions (92).

Convergent Organelle Genome Evolution
As touched on in the previous section, convergent evolution can
be observed between mtDNAs and ptDNAs of distantly related
species, between those within the same lineages, and even the
same cell (Fig. 2 and Table S1). Below we examine in more detail
parallels in mitochondrial and plastid genomic architecture,
emphasizing that among and within species, mtDNAs tend to
attain greater levels of complexity than ptDNAs.
Selaginella moellendorffii is an excellent illustration of how mi-

tochondrial and plastid genomes can arrive at similar extremes in
a single organism (Table S2). Both the mtDNA and ptDNA of
this seedless vascular plant have some of the highest observed

organelle GC contents, severely reduced gene (particularly tRNA)
repertoires, inflated numbers of introns, record levels of C-to-U
RNA editing, and accelerated rates of structural rearrangements
(42, 93). However, for each of these different traits, the mtDNA
has been pushed to a greater extreme than the ptDNA (Table S2).
It has a stronger GC bias (68% vs. 52%), fewer tRNA regions (0
vs. 13), more introns (37 vs. 11), and a larger number and ratio of
RNA-editing sites (thousands vs. hundreds). Moreover, the
mtDNA has peculiarities not found in the ptDNA, such as
standard genes situated within introns, repetitive elements,
and a recombinant structure (42). Not all land plant organelle
genomes are as unconventional as those of S. moellendorffii, but
across land plants, there is a general tendency toward higher levels
of RNA editing, higher intron densities, and larger, more com-
plex genomic structures in mtDNA vs. ptDNA (21, 26, 40).
Similar trends emerge from dinoflagellates. The genomes

within their mitochondria and peridinin plastids are remarkable
examples of convergent evolution (Table S2). Both organelle
DNAs have complicated and fragmented organizations, among
the lowest gene contents of all eukaryotes, aberrant gene se-
quences, and undergo large amounts of posttranscriptional
modification, which can include A-to-G editing and 5′ and/or 3′
processing (8, 36, 68). However, although the mitochondrial and
plastid genomes have followed similar evolutionary paths, the
mtDNA has consistently gone further (Table S2). It has more
severe gene losses, more widespread and elaborate forms of
posttranscriptional editing and processing, more gene isoforms,
and more extensive gene fragmentations. Unlike their plastid
counterparts, dinoflagellate mtDNAs can contain noncanonical
start and stop codons (or none at all), transspliced genes, and
oligonucleotide caps at both the 5′ and 3′ ends of transcripts (36,
68). Many of these tendencies are consistent across other major
alveolate groups as well (47, 56, 63, 73).
The mtDNAs and ptDNAs of green algae are also paragons of

parallel evolution. In Dunaliella salina and Volvox carteri, both
the mitochondrial and plastid genomes have undergone massive
expansions, resulting in uncharacteristically long intergenic regions
and large amounts of repetitive DNA (Table S2) (27, 55). What’s
more, similar repeats exist in the mtDNA and ptDNA of each alga
(27, 55). In the prasinophyte Ostreococcus tauri the reverse has
occurred: both organelle genomes have contracted, and conse-
quently they have very little noncoding DNA (94). However, the
degree of genome reduction within the mitochondrion (zero
introns; ∼92% coding) surpasses that of the plastid (one intron;
∼80% coding) (55, 94). The coexpansion/cocontraction of mito-
chondrial and plastid genomes is observed in a variety of other
species (55) (Table S2), and in most instances, the ptDNA is
outdone by the mtDNA.

Evolution of Characteristics Mediated by Intrinsic vs.
Extrinsic Factors
Similar genomic eccentricities in both the plastid and mito-
chondrial genomes of the same species may at first seem to be
remarkable parallelisms; however, it may rather be that one system
evolved from the other. Unlike endosymbionts or parasites, the
evolution of specific host-to-organelle protein targeting systems
means that organelle genetic information is partitioned between
two genomes. Factors that govern organelle processes can, there-
fore, be considered “intrinsic” if they reside within the organelle
genome or “extrinsic” if they reside within the nuclear genome, and
the processes themselves may be dominated by one or the other
type of factor. For example, RNA editing in trypanosome mito-
chondria is governed by intrinsic factors: the editing process is
mediated by mitochondrial-encoded guide RNAs (52). In contrast,
mitochondrial RNA editing in land plants, and probably dino-
flagellates, is governed by extrinsic factors: nuclear-encoded pro-
teins identify the editing sites (14, 35, 37). Noncanonical genetic
codes can similarly be intrinsic (if the tRNAs in question are or-
ganelle-encoded) or extrinsic (if the tRNAs or release factors are
imported). This is an important distinction because targeting can be
“leaky,” and both dual-targeted and retargeted proteins have led to
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the specific import of new proteins into organelles (95, 96). Con-
sequently, predominantly extrinsic processes that evolved in one
compartment could spread if key proteins found their way into
another compartment.
The appearance of rare and apparently complex genomic ec-

centricities in both the plastid and mitochondrion of the same
species is, therefore, not that surprising if they are mediated by
extrinsic factors. To continue with the example of RNA editing,
even though essentially all of the enzymes involved in editing
processes are nuclear encoded, the fact that trypanosome
editing is mediated by intrinsic information and plant editing by
extrinsic information means that plant editing is more likely to
spread to other genetic systems within the same cell, as it ap-
parently has in plants and dinoflagellates (12, 14). Unfortunately,
we do not know the direction, and as trypanosomes lack a plas-
tid, the corollary is also not testable. A spatial spread of genomic
characteristics might explain many of the other shared tenden-
cies of plastids and mitochondria within the same lineages de-
scribed in the proceeding section, and might also explain the
recent description of RNA editing in the tertiary plastid of a di-
noflagellate (97). Finally, there is increasing evidence for mo-
lecular crosstalk between mitochondria and plastids (98), so
certain mtDNA-ptDNA correlations could be due to a direct link
between the organelles. Some mitochondrial mutations, for in-
stance, can have major effects on chloroplast properties (98).

Understanding Mitochondrial and Plastid Genome Evolution
Many explanations have been put forward to explain the strange
nature of plastid and especially mitochondrial genomes (26), but
in most cases, they focus on a specific trait and do not take into
account the similarities and differences of both kinds of organ-
elle genome. Even when mitochondrial and plastid genomes
acquire similar traits in a given group or species, the eccentric-
ities tend to be more pronounced in mtDNAs than in ptDNAs.
Accordingly, if there is a root cause of these characteristics, it
must reflect the similarities and differences of both organelles.
One could argue that the range of plastid genomic complexity
might be equivalent to or greater than that of mitochondria but
that it has not yet been sufficiently explored and documented.
However, as discussed earlier, ptDNAs are equally or better
sampled than mtDNAs for many major lineages (Fig. 1). Never-
theless, the oversampling of mitochondrial genomes within some
clades has contributed to the range of observed organelle genome
diversity. For example, an excess of arthropod mitochondrial ge-
nome sequencing resulted in the discovery of the abnormal
mtDNAs from lice (50). There are, of course, many eukaryotic
lineages that harbor mitochondria but not plastids, so even if
plastids genomes are well sampled in the lineages that contain
plastids, there are still more mitochondrial lineages to sample (52).
It could also be argued that because the endosymbiotic event

that led to mitochondria occurred hundreds of millions of years
before that which gave rise to plastids, mtDNAs have had more
time than ptDNAs to become complex. However, many genomic
eccentricities observed within mtDNAs and ptDNAs are believed
to have arisen at approximately the same time in both compart-
ments. For example, within the green lineage, mitochondrial and
plastid RNA editing is thought to have evolved concurrently in the
common ancestor of land plants (14), yet editing is still more
elaborate in mitochondria than in plastids. Similar cases can
be made for the GC biases within Selaginella mtDNA and
ptDNA or organelle genome compaction within Ostreococcus.
Besides, many of the most peculiar mitochondrial genomic fea-
tures, such as the fragmented, scrambled rRNA-coding genes of
Chlamydomonadalean algae, arose relatively recently in evolution-
ary time, long after the establishment and diversification of plastids.
Thus, there appears to be a genuine tendency for mitochondrial
genomes to reach greater extremes than those of plastids.
One of the many reasons for this could be linked to the fact

that mitochondria contain fewer genes than plastids. For exam-
ple, changes to the genetic code are expected to occur more
frequently in genomes with a small amount of protein-coding

sequence (99). Likewise, a smaller gene complement could also
allow for larger fluctuations in mutation rates because selection
against a mutator allele would be proportional to its effect on the
rate of functionally deleterious mutations per genome (not per
nucleotide).
Structural and physiological differences between the organ-

elles could also cause extreme architectures. Unlike plastids,
mitochondria regularly fuse in vivo, potentially exposing them-
selves to foreign elements. The fusion between domestic and
foreign mitochondria is likely how Amborella acquired mtDNA
sequences from mosses, green algae, and other angiosperms
(84). Another possible reason for the presence of exogenous
sequences in mtDNAs and their absence from ptDNAs is that
mitochondria (at least those of land plants and mammals) have
an active DNA import system (85, 100, 101), whereas no such
system has been identified in plastids. However, these explan-
ations focus on only a few aspects of mitochondrial vs. plastid
genome complexity. A broader understanding of organelle ge-
nome evolution requires knowledge of the underlying pro-
cesses that fashion chromosomes, namely mutation, recombi-
nation, natural selection, and random genetic drift (10).

Mutations, Populations, and Nonadaptive Hypotheses
There is growing evidence that many aspects of organelle ge-
nome complexity are not the direct product of natural selection
but instead have their roots in nonadaptive processes (10), par-
ticularly neutral evolutionary ratchets (37). Lynch put forward
a universal hypothesis, called the mutational hazard hypothesis
(MHH), explaining organelle genomic architecture (10, 26). The
hypothesis proposed that genomic embellishments, such as
introns, fragmented genes, and RNA editing sites, are mutation-
ally burdensome and therefore have a greater tendency to accu-
mulate in systems with low mutation rates and small effective
population sizes, where random genetic drift can overpower se-
lection (10, 26). This theory is supported by the exceptionally low
mutation rate estimates from the massive, highly embellished
mitochondrial genomes of many land plants (26). Similarly, the
giant plastid genomes of some volvocine green algae, like V. carteri,
harbor very little genetic diversity, suggesting that their inflated,
repeat-rich structures might be made possible by their low muta-
tion rates and/or increased random genetic drift (27). Other
studies, however, have found the opposite trend: the enormous
mtDNAs of the angiosperms Silene noctiflora and S. conica appear
to have unprecedentedly high mutation rates and no obvious
reductions in effective population size relative to species with
smaller mtDNAs, which contradicts the MHH (40). It is thought
that changes in mtDNA recombinational processes rather than
increased genetic drift are driving the evolution of Silene mtDNAs
(40). There is little doubt, however, that the irremediable com-
plexity of some organelle genetic systems is the result of neutral
processes. For example, mutational ratchets, which can be exac-
erbated by increased genetic drift, eloquently explain the gratu-
itous levels of posttranscriptional editing in mitochondria and
plastids (37) and could equally be applied to a variety of other
complex embellishments.
Whether neutral or not, investigations on mtDNA and ptDNA

evolution have also shown that there is a strong link between
extreme organelle genomic architectures and extreme rates of
mutation and recombination, be they high or low. For a range of
different eukaryotes, high predicted mutation rates and elevated
levels of recombination and gene conversion correlate with
structural and sequence upheaval of organelle chromosomes (43,
51, 102). Embellished genomic features, such as extensive post-
transcriptional modification and/or dramatic departures in ge-
nome organization, content, and structure, also occur alongside
extraordinarily low rates of organelle mutation (103, 104). The
tulip tree has one of the most mutationally quiescent but most
heavily RNA-edited mitochondrial genomes of any plastid-bearing
eukaryote (104), and the unprecedentedly low mitochondrial
mutation rates of corals concurs with intron accumulation, en-
larged intergenic regions, and a paucity of tRNA genes (103).
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Once again, these patterns are sometimes observed in the mtDNA
and ptDNA of a single species. For example, the extraordinarily
high mitochondrial mutation rates of S. noctiflora and S. conica
coincide with accelerated ptDNA sequence and structural evolu-
tion (13). For V. carteri, low plastid genetic diversity and a dis-
tended ptDNA structure is accompanied by equally low mtDNA
diversity and genomic expansion (27).
Organelle mutation and recombination rates are a reflection

of the underlying organelle DNA maintenance pathways, virtu-
ally all of which are nuclear encoded (95). In land plants and
algae, many of the DNA replication, recombination, and repair
proteins targeted to the mitochondrion have plastid-targeted
paralogs (95), and a significant proportion is targeted to both
organelles (96). The extrinsic nature of these factors could
therefore explain why some species have similar mitochondrial
and plastid mutation rates (13, 105) and genomic architectures.
That said, the proficiency of organelle DNA maintenance can
vary substantially between species and compartments (95), which
is not surprising because the evolution of these processes
involves a complex history of gene transfer, co-option, duplica-
tion, and replacement events, leading to patterns of general
tendencies rather than absolutes.
Indeed, organelle repair mechanisms can even differ across

a single chromosome, a trait that has provided fundamental
insights into organelle genome evolution. After discovering that
the rates of mutation and modes of molecular evolution differ
drastically between coding and noncoding regions in the Arabi-
dopsis thaliana mitochondrial genome, Christensen (106) pro-
posed that land plants use two types of mtDNA repair, each of
which has shaped mitochondrial genomic architecture: “Within
genes, a bias toward gene conversion would keep measured
mutation rates low, whereas in noncoding regions, break-induced
replication (BIR) explains the expansion[s] and rearrangements.
Both processes are types of double-strand break repair, but en-
hanced second-strand capture in transcribed regions versus BIR
in non-transcribed regions can explain the two seemingly con-
tradictory features of plant mitochondrial genome evolution—the
low mutation rates in genes and the striking expansions of non-
coding sequences” (106). Differences in DNA repair between and
within mitochondria and plastid lineages might also account for
much broader patterns in organelle genome evolution (107),
including why mtDNAs are more architecturally varied than
ptDNAs. If repair processes are impacting organelle genomic
diversity, there should be observable differences between mito-
chondrial and plastid mutational spectrums, with mitochondria
exhibiting more severe and wide-ranging mutational features
than plastids. Likewise, mitochondrial and plastid genomes with
similar degrees of complexity should also show similar muta-
tional trends, especially when housed in the same cell.

Mitochondrial Mutation Rates Are More Variable and Often
Much Higher or Lower Than Those of Plastids
Data on mitochondrial and plastid mutation rates are slowly
accumulating for diverse species, and a general trend is emerg-
ing: the mtDNA mutational spectrum is broader and more var-
iable than that of ptDNA (26). Mitochondria boast some of the
highest (108) and lowest (104) mutation rate estimates from any
eukaryotic or bacterial genome. For angiosperms alone there is
a 5,000-fold range in the absolute rate of synonymous site sub-
stitutions (dS) among explored mitochondrial genomes (104), and
up to a 340-fold range among genes within a single mtDNA (109).
The mitochondrial synonymous substitution rate range is almost as
staggering for cnidarians (103), sponges (110), and other animals
(111), as well as for various protists, including alveolates (112, 113)
and amoebozoans (114). Plastid genome mutation rate estimates,
on the other hand, are less variable within and across lineages and
do not display such extreme values as those for mtDNAs (115,
116). Even for the few lineages with notably high or low rates of
ptDNA synonymous site substitution, such as the olive tree, Silene,
legumes, and the dinoflagellate Symbiodinium, the rate increases/
decreases are generally localized to a subset of genes (13, 117–

119), and the levels of synonymous site divergence in the mito-
chondrial compartment are often equally as high or low (13, 118,
119) (Fig. 3).
Much of our knowledge on mitochondrial vs. plastid mutations

comes from studies on relative (as opposed to absolute) levels
of synonymous site substitution within mtDNA and ptDNA
of closely related species (120) (Fig. 3). When looking across
eukaryotes, there is a propensity toward higher rates of mutation
in mtDNA compared with ptDNA and nuclear DNA (nucDNA)
(113, 116), with notable exceptions from seed plants, which can
have exceptionally small mitochondrial-to-plastid (and mito-
chondrial-to-nuclear) mutation rate ratios (120). Studies on
glaucophytes, rhodophytes, and streptophyte green algae have
revealed a 2- to 10-fold higher mutation rate in mtDNA com-
pared with ptDNA and in some cases nucDNA (116). A higher
mutation rate in mtDNA vs. ptDNA is consistently observed in
plastid-bearing taxa outside the Archaeplastida as well: diverse
photosynthetic eukaryotes with red algal-derived plastids,
including haptophyte and stramenopile algae, have ∼5–20
times greater mutation rates in mtDNA relative to ptDNA and
nucDNA (116). A similar pattern has also been exposed in api-
complexan parasites (113). In fact, one of the few known lineages
with higher levels of substitution in ptDNA relative to mtDNA
and nucDNA is the peridinin dinoflagellate Symbiodinium (118),
which has among the most bizarre plastid genome structures ever
described (62). Some chlorophyte green algae are also excep-
tional in that they appear to have similar rates of mutation in all
three genetic compartments (27, 105), which might explain why
they can have very similar mitochondrial and plastid genomic
architectures (105).
Given all of this, it is hard to ignore that mitochondrial mu-

tation rate estimates are wider-ranging and more erratic than
those of ptDNAs and that an mtDNA/ptDNA mutation rate ratio
of »1 or «1 is seen in a diversity of plastid-bearing species. Ulti-
mately, the highly variable and extreme mutation rates of mito-
chondrial genomes are consistent with there being major differ-
ences, incongruences, and/or inefficiencies in the underlying DNA
maintenance processes among mitochondrial lineages, much more
so than for ptDNA. These incongruences, in turn, could help ac-
count for the large breadth of and severities in mitochondrial
genomic complexity compared with plastid genomes, but raises
additional questions as to what underlying forces might have led to
the evolution and maintenance of such differences.
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Fig. 3. Synonymous substitution rates in the organelle and nuclear
genomes from various plastid-bearing lineages. Plastid DNA (ptDNA) is
green, mitochondrial DNA (mtDNA) is pink, and nuclear DNA (nucDNA) is
orange. The Archaeplastida (i.e., Plantae) comprises glaucophytes, red algae,
green algae, and land plants, all of which have primary plastids. The hap-
tophyte Phaeocystis and the dinoflagellate Symbiodinium have secondary,
red algal-derived plastid. Synonymous site substitution rates come from ref.
113 and references therein. Data for Symbiodinium come from ref. 118 and
were calculated by comparing species A2 to species C90.
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Conclusion
Organelle genomes are truly a playground for genomic diversity,
but we have yet to see if there is a unifying explanation for the
bizarre array of changes to structure, function, and content that
they have sustained. Alternatively, the desire to find a single
explanation for a suite of related characteristics in diverse lineages
might be an oversimplistic trap, and in reality, their evolution is
the sum of a combination of many factors. By comprehensively
comparing the architectures of mtDNAs and ptDNAs, however,
we can add another piece to the puzzle of organelle genome
evolution. For all their similarities, mitochondrial genomes have
a greater proclivity than ptDNAs for genomic embellishments,
adornments, and eccentricities of all types. A recurring narrative is
the crucial role that DNA repair, replication, and recombination
have in fashioning organelle chromosomes. The DNA mainte-
nance machineries of mitochondria and plastids often have

common origins and shared parts, which can help account for
convergent organelle genome evolution within and among spe-
cies, and the nuclear location of genes that mediate other strange
processes could explain the apparent parallel distribution of
other eccentric features as well. Nucleotide substitution rate data
from across the eukaryotic tree suggest that DNA maintenance
in mitochondrial systems is more capricious and variable than
those of plastids, which could lead to mitochondrial chromo-
somes being more structurally varied than ptDNAs, but why this
is the case remains unknown. Future studies on organelle DNA
maintenance and mutation from diverse eukaryotes should help
explain the outstanding array of organelle genomic architectures.
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Table S1. Mitochondrial and plastid genome architectural diversity and its extremes

Genomic trait

Mitochondrial genomes Plastid genomes

Species (lineage) Notable feature Species (lineage) Notable feature

Nucleotide
content

Nakaseomyces bacillisporus
(pathogenic yeast)

GC poor (11%) Leucocytozoon caulleryi
(apicomplexan parasite)

GC poor (15%)

Selaginella moellendorffii
(lycophyte)

GC rich (68%) Trebouxiophyceae sp. MX-
AZ01 (trebouxiophyte green
alga)

GC rich (58%)

Conformation Ochromonas danica
(stramenopile alga)

Linear-mapping genome with
inverted-repeat telomeres

Chromera velia (autotrophic
alveolate)

Linear-mapping genome with
inverted repeat telomeres

Chlamydomonas moewusii
(chlorophycean green
alga)

Circular monomeric genome Nicotiana tabacum
(angiosperm)

Multigenomic, linear-branched
chromosomal structure

Chromosome
number

Diplonema papillatum
(euglenozoan)

>75 small (6–7 kb) circular
DNAs with
single-gene modules

Karlodinium veneficum
(dinoflagellate with
haptophyte-derived plastid)

Conventional plastid genome
with a satellite fraction of
fragmented miniature
chromosomes

Amoebidium parasiticum
(ichthyosporean protist)

Several hundred (0.3–8.3 kb)
linear chromosomes with
one to multiple genes apiece

Symbiodinium sp. clade C3
(dinoflagellate with
peridinin-containing plastid)

Multiple mini (2–3 kb) circular
chromosomes with one to
a few genes each

Size Silene conica (angiosperm) 11,318-kb genome, ∼99%
noncoding

Floydiella terrestris
(chlorophycean green alga)

521 kb genome, ∼80%
noncoding DNA

Babesia bovis
(apicomplexan parasite)

6-kb genome, >90% coding Helicosporidium sp.
(nonphotosynthetic,
parasitic trebouxiophyte)

37.5 kb genome, ∼95% coding

Introns Agaricus bisporus (button
mushroom)

43 group I and 3 group II
introns distributed in 8 of 15
protein-coding genes.
Introns represent 45% of the
mtDNA sequence

Euglena gracilis (euglenozoan
alga)

>150 introns, including 72
group II and 46 group III
introns, many of which are
twintrons (introns within
introns). Introns represent
∼40% of the ptDNA
sequence

Genes Andalucia godoyi (jakobid) MtDNA encodes 66 proteins
and 34 functional RNAs; no
introns

Porphyra purpurea
(multicellular red alga)

PtDNA encodes 212 proteins
and 41 functional RNAs; no
introns

Hematodinium sp. (deep-
branching, parasitic
dinoflagellate)

MtDNA encodes three proteins
and two functional RNAs; no
introns

Heterocapsa triquetra
(dinoflagellate with
peridinin-containing plastid)

PtDNA encodes 10 proteins, ∼3
functional RNAs; no introns

Fragmented
genes

Plasmodium falciparum
(apicomplexan parasite)

LSU and SSU rRNA genes are
fragmented and scrambled
into ≥27 coding modules

Chlamydomonas reinhardtii
(chlorophycean green alga)

psaA gene is split in three
separate exons in distant loci
of the plastid genome

Gene
expression

Saccharomyces cerevisiae
(yeast)

Deviant genetic code: AUA is
read as methionine, UGA as
tryptophan, and CUN as
threonine

Lepidodinium chlorophorum
(dinoflagellate with green
algal-derived plastid)

One codon reassignment: AUA
is read as methionine instead
of isoleucine

Trypanosoma brucei
(kinetoplastid)

∼90% of codons experience
uracil-insertion/deletion
editing

Anthoceros formosae
(hornwort)

509 C-to-U and 433 U-to-C
editing sites

Foreign DNA Amborella trichopoda
(angiosperm)

Contains six genome
equivalents of foreign
mtDNA, acquired from
green algae, mosses, and
other angiosperms

Daucus carota (carrot) Contains an ∼1.5 kb of
potential mitochondrial
origin

Physarum polycephalum
(amboebozoan)

14.5-kb linear plasmid with
defined telomeres in the
mitochondrion

Ernodesmis verticillata
(ulvophycean green alga)

Putative ∼2.2-kb plasmid
within the chloroplast
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Table S1. Cont.

Genomic trait

Mitochondrial genomes Plastid genomes

Species (lineage) Notable feature Species (lineage) Notable feature

Genome loss Encephalitozoon cuniculi
(microsporidian fungus)

Mitochondrial-derived
organelle (mitosome)
without DNA

Polytomella spp.
(nonphotosynthetic
chlorophycean green algae)

Genome and transcriptome
sequencing suggest
complete loss of plastid
genome

Trichomonas vaginalis
(parabasalid excavate)

Mitochondrial-derived
organelle (hydrogenosome)
without DNA

Rafflesia lagascae
(nonphotosynthetic,
parasitic angiosperm)

Genome sequencing data
suggest complete loss of
plastid genome

Table S2. Convergent mitochondrial and plastid genomic architectures within the same lineage or species

Species (lineage) Mitochondrial genomic architecture Plastid genomic architecture

Selaginella
moellendorffii
(lycophyte)

Elevated GC content (68%). Reduced tRNA
repertoire (none). Intron rich (37). Large number
of C-to-U RNA-editing sites (thousands).
Recombinant structure (dynamic organization,
currently too complex to define).

Elevated GC content (52%). Reduced
tRNA repertoire (13). Intron rich (11).
Large number of C-to-U RNA-editing
sites (hundreds). Recombinant structure
(circular-mapping chromosome that is
highly rearranged compared with ptDNAs
of close relatives).

Amphidinium carterae
strain CCAP 1102/6
(dinoflagellate with
peridinin-containing plastid)

Complex structure (dynamic organization
of highly recombinant heterogeneous
mtDNA molecules). Reduced gene
repertoire (3 proteins, no identifiable
rRNAs, tRNAs, or introns). Fragmented
genes. Extensive posttranscriptional
modifications (Six types of RNA editing,
transsplicing, and poly-A tails).

Complex structure (multiple miniature
circular ptDNA molecules). Reduced gene
repertoire (12 proteins, 3 functional RNAs,
no introns). Fragmented genes. Extensive
posttranscriptional modifications
(poly-U tails, 5′ processing).

Cyanidioschyzon merolae
(unicellular red alga)

Genomic compaction (∼99% coding and
no introns or repeats). AT rich (27.1%).
Conventional architecture (circular-mapping
monomeric genome, standard genetic
code, and intact genes).

Genomic compaction (∼90% coding
and no introns or repeats). AT rich (37.6%).
Conventional architecture (circular-mapping
monomeric genome, standard genetic code,
and intact genes).

Dunaliella salina (chlorophycean
green alga)

Genomic expansion (∼60% noncoding).
Large numbers of introns (∼1.5 introns/gene).
Repeat rich (similar repeats in mtDNA
and ptDNA). Gene fragmentation
(rRNA genes). AT rich (34.4%).

Genomic expansion (∼65% noncoding).
Large numbers of introns (∼0.4 introns/gene).
Repeat rich (similar repeats in mtDNA
and ptDNA). Gene fragmentation
(psaA). AT rich (32.1%).
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