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1. ABSTRACT

Plants possess mitochondrial genomes that 
are large and complex compared to animals. Nearly 
all animal mitochondrial genomes are about 16.5. kbp 
in length, whereas plant mitochondrial genomes range 
between 200-2,000 kbp. This is curious if we assume 
modern mitochondria originated from a common alpha-
proteobacterial ancestor. Despite their size, plant 
mitochondrial genomes do not contain significantly 
more genes than their animal counterparts. Most of the 
additional DNA found in plant mitochondrial genomes 
consists of large introns, repeats and non-coding 
regions. Furthermore, plant mtDNA does not exist as 
large circular DNA molecules but mostly as a collection 
of linear DNA with combinations of smaller circular 
and branched molecules. Studies into these highly 
fragmented genomes heavily imply that recombination is 
the main mechanism driving replication of plant mtDNA.

2. INTRODUCTION

Plant and animal mitochondria look very similar 
to each other. In 1917, the botanist N. H. Cowdry wrote 
about the differences of plant versus animal mitochondria: 
“Their morphology is identical in plants and in animals. 
They assume no forms in the one, which are not present 
in the other. They undergo similar variations in size and 
shape in different tissues and in different cells in both. If it 
were possible to view mitochondria dissociated from their 
environment, it would be impossible to decide whether 
they came from plant or animal tissues, provided that 
they did not contain starch, pigment or some other easily 
recognizable substance, to serve as a clue. We have 
every reason to suppose that their chemical composition 
is much the same in both plants and animals, but here our 
knowledge is for the most part supposition and inference, 
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since direct chemical analyses are obviously out of the 
question (1).” Although plant and animal mitochondria 
were obtained through similar endosymbiotic events, the 
genetic content of these organelles is very different. We 
now have access to tools which reveal that although plant 
and animal mitochondria look similar on the outside, they 
are very different on the inside.

Eukaryotic cells rely on mitochondria as they 
are the location for biological energy (ATP) production. 
Mitochondria, as well as chloroplasts, were once believed 
to be independent free living organisms that were 
engulfed by larger cells. After being engulfed, ancient 
mitochondria formed a symbiotic relationship with their 
host. A  similar process can be observed currently in 
root-nodule systems of many land plants (2). Over time, 
ancient mitochondria lost more and more of their DNA as 
its genes were moved and incorporated into the nuclear 
genome of the hosts they inhabited. At some point, these 
changes caused mitochondria to lose the ability to survive 
on their own. Today, mitochondria and chloroplasts still 
possess and maintain their own DNA, remnants of their 
independent pasts. This residual DNA encodes only some 
of the genes required for respiration, photosynthesis, and 
other organelle functions (3, 4). Other proteins required 
for organelle function are encoded in the nucleus and 
must be imported. These include the machinery required 
for DNA replication, gene transcription and some proteins 
and tRNAs needed for translation.

3. PHYLOGENY

As mentioned above, mitochondria were 
once independent, free-living organisms. Comparisons 
between present-day mitochondria and Rickettsiales, an 
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order of small proteobacteria, are often made because 
analyses of Rickettsiales indicate high similarity to 
mitochondrial DNA patterns (5). This makes Rickettsiales 
the closest known living extant relative of present-day 
mitochondria (6). The most likely ancestor of modern 
mitochondria is an alpha-proteobacteria with an oxidative 
respiratory chain system. This predecessor likely evolved 
monophyletically into the mitochondria we recognize 
today (7).

In contrast to Rickettsiales many researchers 
believe that Chlamydomonas, unicellular green algae, 
possesses mitochondria that evolved separately from 
the mitochondria in plant systems. Analysis of plant 
mtDNA with Chlamydomonas mtDNA shows large 
sequence variations. The two mtDNAs are most likely 
unrelated and evolved independently of each other  (8). 
However, comparing the mtDNA of the green alga 
Chara vulgaris with the moss Marchantia polymorpha 
shows remarkable similarity and provides evidence that 
Charales forms a sister group to mitochondria in land 
plants. The study further infers that the common ancestor 
to plant mitochondria harbored a gene-rich, intron-poor 
genome (3).

Analysis of plant mitochondrial rRNA 
sequences shows a closer relationship with eubacteria 
and chloroplasts than with mitochondria from other 
organisms  (9). Unique rRNA genes have been 
discovered in plant mtDNA that are not found in non-plant 
mtDNA (10, 11).

If an organism similar to Rickettsiales was the 
progenitor of modern day mitochondria, it is interesting 
to see how the pattern of genome evolution differed in 
plants versus animals, which has been reviewed in detail 
by Knoop (3). Animals reduced the genome of the ancient 
proto-mitochondria to what it is today: gene-dense and 
intron poor. The opposite occurred in plants; the genome 
became gene-poor and intron rich. If the ancestor of plant 
mitochondria possessed a gene-rich genome, this implies 
an increase rather than reduction of introns in plant 
mtDNA. This may be in part due to a higher occurrence 
of recombination-driven DNA replication rather than the 
typical bi-directional replication from an origin sequence.

4. GENES AND GENOME SIZE

The most puzzling difference between plant 
and animal mitochondria is the relatively large size of 
plant mitochondrial genomes. Mitochondrial genomes 
are about 16.5. kb in almost all animals. These genomes 
have been heavily reduced, are very gene dense with 
no or few introns and little non-coding DNA. Plants, 
on the other hand, have large mitochondrial genomes 
that can vary anywhere from 200-2,000 kbp in size 
(Figure 1) (12, 13). Much of the increased sizes are due in 
part to repeated sequences, AT-rich non-coding regions, 

and large introns and non-coding sequences (2, 14). Plant 
mitochondrial genomes also contain fairly significant 
amounts of relatively short nuclear and chloroplast 
genomic sequences that appear to have been integrated 
at some time during evolution (2,3,8,9). Although these 
large plant mitochondrial genomes are mapped as 
circular DNA molecules, scientists have yet to observe 
a single circular molecule large enough to constitute the 
entire genome (15). Instead, mtDNA has primarily been 
observed as a collection of smaller linear or branched 
molecules (15-17).

Using mostly nuclear-encoded proteins, 
mitochondria contain all of the machinery for transcribing 
and translating genes encoded in the mtDNA. John Allen 
has proposed that the reason that mitochondria (and 
chloroplasts) retain their own genomes is for local control 
of gene expression in response to the unique local redox 
state within the organelle(s) (18). Despite the large size 
differences, plants do not encode a significantly greater 
number of genes in their mitochondrial genomes than 
animals do. Furthermore, while one plant may have 
a mitochondrial genome much larger or smaller than 
another, the number of genes encoded by each genome 
is fairly similar (Table  1). The genes that are encoded 
consist of rRNAs, tRNAs, ribosome synthesis proteins, 
and oxidative phosphorylation proteins (14, 19). Many 
plant mtDNA-encoded genes undergo RNA editing 
where specific C’s in the RNA transcripts are deaminated 
to U’s. In each of these cases the new sequence follows 
the universal genetic code to facilitate translation of the 
proper amino acid sequence. Mitochondrial RNA editing 
does not occur in mammals, and requires specific and 
complex mechanisms to create mature mRNAs for 
translation (2).

The fragmented nature of plant mitochondrial 
genomes also leads to frequent DNA recombination 
events. In addition, some mitochondrial encoded genes 
are split in the genome, requiring trans-splicing to join 
two separate transcripts together to create mature mRNA 
capable of being translated (3). In some instances, mtDNA 
rearrangements result in cytoplasmic male sterility, 
causing plants to lose the ability to make pollen (20).

Unlike nuclei, a single mitochondrion possesses 
many copies of its own genome. The number of copies 
per organelle can vary between 50-500 and depends 
on the tissue type and age of the plant (21, 22). For 
example, studies in maize have shown that as plants 
age, mtDNA copy numbers decline (23). Interestingly, 
human mtDNA copy numbers were shown to remain 
constant with age (24). An example of tissue dependency 
is root tissue which often contains many more genome 
copies per mitochondria versus leaf tissue, which often 
has a reduced copy number (25). Mitochondria also fuse 
together forming large tubular networks, allowing for easy 
transfer of genetic material from one mitochondrion to 
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another. This results in individual mitochondria within the 
same cell having different genome copy numbers (26).

5. PLANT MTDNA STRUCTURE

A great deal of variation exists in the actual 
structure of mtDNA. Due to the large size of these 
molecules a variety of techniques have been utilized 
in an attempt to determine the structure, including 
pulsed field gel electrophoresis (PFGE) and electron 
microscopy (15, 17, 27). In the vast majority of publications 
mtDNA is observed as a collection of linear molecules 
in varying sizes (15). In fact, there have only been two 
instances where circular DNA molecules large enough to 
be mitochondrial genomes have been observed at very 
low levels in the lower plant liverwort (28) and in Vicia 
faba (29).

A study performed by Lo et  al. went into 
extensive detail concerning the structure of DNA in mung 
bean mitochondrial nucleoids. They observed plant 
mtDNA as supercoiled molecules, sub-genomic open 
circles of variable size, linear molecules, and other highly 
complex structures (30). It is worth noting that although 

all of these structures were observed, nearly 50% of 
all observed DNA took on the form of highly complex 
structures, followed by nearly 30% in linear form, 15% as 
variable sized open circles, and 5% as supercoiled DNA 
molecules. Similar observations were made in cultured 
tobacco cells (31).

6. NUCLEOIDS

Mitochondria and plastids lack nuclei but possess 
proto-nuclear structures called nucleoids. Nucleoids are 
a loose association of organellar DNA molecules, RNA 
transcripts, and DNA compacting proteins. Because they 
are simpler than nuclear chromatin, nucleoids are mostly 
homogenous, but individual nucleoids can consist of 
different subgenomic DNA molecules and proteins that 
differ from other nucleoids (30).

Mitochondria are unequally distributed, and 
many fail to stain with the DAPI DNA stain (32). In fact, 
it has been determined that some mitochondria contain 
less than a full genome equivalent (on an average 
basis) (33). If there was no mechanism in place to ensure 
that each mitochondrion received the appropriate DNA 

Figure  1. Scale comparison of mitochondrial genome size between different organisms. The two outermost circles represent the size of two plant 
mitochondrial genomes, Nicotiana tabacum and Arabidopsis thaliana. Note the great size disparity between plants and other organisms from different 
phyla such as yeast, insects, mammals, and humans. Most animal mitochondrial genomes are 16.5. kbp in length, and while larger size variation can 
occur in some organisms, plants still possess the largest known mitochondrial genomes of all living organisms.
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and proteins, they would be in danger of losing genetic 
information which could lead to death or malfunction of 
the mitochondria. To remedy this problem, mitochondria 
frequently divide and fuse, sharing nucleoid molecules 
and ensuring that the proteins needed for normal function 
localize to the correct organelle (26). This process allows 
mitochondria to maintain their shape and size even if 
they do not possess an entire genome. This also permits 
healthy mitochondria to complement the activity of 
defective mitochondria.

7. REPLICATION MECHANISMS OF PLANT 
MTDNA

Because of the size and complexity of plant 
mitochondrial genomes, the exact mechanism for plant 
mtDNA replication remains unclear. Organellar DNA 
levels vary significantly in different ages and tissues 
depending on energy needs, tissue type, and stage of 
development (34-36). This suggests tightly controlled 
regulation of mtDNA and ctDNA replication and genome 
copy number. This regulation is not yet understood, but 
is likely distinct from mechanisms that tightly control 
replication of bacterial and eukaryotic nuclear genomes.

Plants most likely utilize multiple strategies in 
tandem to replicate their mitochondrial genomes (37). 
Some of these mechanisms include recombination-
dependent replication (RDR) and/or a rolling circle 
mechanism similar to bacteriophage T4 DNA 
replication (23, 37, 38) as well as traditional bi-directional 
replication from specific origins of replication (Figure 2). 
This is much more complex than replication of animal 
mtDNA, which has been characterized in detail as a 
displacement-loop mechanism (39). Oftentimes, plant 
mtDNA can be observed as ‘rosette’ or ‘starburst’ 
structures. The leading theory is that these structures 
occur due to a high frequency of recombination and 
replication initiated from recombination events. Another 
theory poses that the center of the rosettes contain 
origins of replication, but rather than serving as sites for 
traditional bi-directional replication they are instead sites 
for initiation of DNA recombination (27).

With growing evidence that RDR may be a major 
mechanism for DNA replication in plant mitochondria, 
this infers that one or more recombinases facilitates DNA 
synthesis. Three bacterial RecA orthologs have been 
identified in the Arabidopsis nuclear genome; RecA1, 

Table 1. Size and number of genes in various organism’s mitochondrial genomes
Species mtDNA genome size Genes encoded Reference

Protein rRNA tRNA

Land plants

Arabidopsis thaliana 366,924 33/117* 3 21 (14)

Beta vulgaris 368,801 27/140* 5 26 (51)

Brassica rapa 219,747 34/78* 3 18 (52)

Glycine Max 402,558 36/88* 3 19 (53)

Gossypium raimondii 676,078 39 6 30 (54)

Nicotiana tabacum 430,597 37/156* 4 23 (55)

Oryza sativa 491,515 33/54* 6 33 (56)

Triticum aestivum 452,528 35/39* 9 25 (57)

Zea Mays 569,630 39/163* 4 29 (58)

Fungi

Ashbya gossypii 23,564 8 2 23 (59)

Neurospora crassa 64,840 22/28* ‑ 28 (60)

Saccharomyces cerevisiae 78,917 8 2 24 (61)

Schizosaccharomyces pombe 19,431 6/10* 2 25 (62)

Algae

Chlamydomonas reinhardtii 15,758 8 14 3 (63)

Dictyostelium discoideum 55,564 33/42* 2 18 (64)

Animal

Homo sapiens 16,569 13 2 22 (65)

Mus Musculus 16,299 13 2 22 (66)
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RecA2, and RecA3  (40, 41). RecA1 is localized to the 
chloroplasts, RecA2 is dual-localized to mitochondria and 
chloroplasts, and RecA3 is found only in mitochondria. 
Strand invasion catalyzed by one of the RecA homologs 
followed by extension of new DNA synthesis by a 
mtDNA polymerase may be directly involved in plant 
mitochondrial genome replication.

Replication of mtDNA utilizes a bacteria-
like, single subunit  DNA polymerase. Structural and 
phylogenetic analysis of plant mtDNA polymerases 
reveal a similarity to bacterial DNA polymerase I (42). 
Most plants possess two nuclear-encoded copies of the 
DNA polymerase gene. In all plants where localization 
has been examined these enzymes are dual targeted to 
both mitochondria and chloroplasts (37).

8. SEGREGATION OF MTDNA MOLECULES 
DURING MITOCHONDRIAL DIVISION

As mentioned above, plant mitochondria 
frequently divide and fuse. Because of the subgenomic 
nature of plant mitochondrial genomes, totally random 
or stochastic distribution of mtDNA to new mitochondria 
would lead to many defective mitochondria that lack a 
complete genome. Mitochondria move along the actin 
cytoskeleton, and fuse to form networks that allow for 
mixing of the genetic information. Studies conducted 

by Sheahan et  al. (32, 43) and reviewed by David 
Logan  (44) suggest that massive mitochondrial fusion 
allows mixing and recombination of the mitochondrial 
genome prior to cell division, thus ensuring continuity of 
genetic information.

Regulation of genome copy number and 
division/transmission is under nuclear regulation. 
This has been demonstrated in yeast (45, 46) as well 
as Arabidopsis (47) and the common bean (48). In 
Arabidopsis, mutation of the gene MSH1 generally 
leads to an increased number of gene copies compared 
to wild-type plants (49). Interestingly, mutations in 
MSH1 lead to epigenetic changes that cause plants to 
grow larger compared to wild-type. This phenotype is 
passed down to progeny and the epigenetic changes 
persist even when cross-pollination removes the MSH1 
mutation (50).

9. SUMMARY

Mitochondria are the remnants of an alpha-
proteobacterial ancestor that was engulfed and 
incorporated into larger cells. Over time, this alpha-
proteobacterium lost more and more of its genes to 
the nuclear genome of the larger host cell. Eventually, 
this occurred to the point that the bacterial cell could no 
longer survive on its own.

Figure 2. Methods commonly employed during replication of mitochondrial DNA. Rolling circle replication begins by nicking one of the double strands of 
DNA. Replication continues along the circle displacing one strand while synthesizing a single-stranded copy of the other DNA strand. When replication 
reaches the original origin it continues to displace DNA, creating a long concatameric DNA molecule that has many copies of the original genome end-
to-end (A). In a displacement loop (B), replication occurs uni-directionally, displacing one strand of DNA until reaching the original origin of replication. 
At this point, double stranded and single stranded circular DNA molecules exist. The single stranded DNA circle is replicated soon after the first strand 
finishes or will begin replicating part way through the replication of the first displacement loop. This method is commonly observed in animal mitochondria. 
Recombination occurs when single stranded homologous regions of DNA invade double stranded DNA molecules causing the DNA to form a replication 
bubble. Recombination of plant mitochondrial DNA often leads to complex branched or looped replicating structures (C). The structures are often seen 
as DNA ‘rosettes’ in EM images (D) (unpublished image from the Nielsen laboratory).
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In animals, mtDNA has been heavily edited to 
become gene dense with little or no introns or non-coding 
DNA. Plants on the other hand have had an increase in 
the number of introns and non-coding DNA within their 
mitochondrial genomes. As a result, plant mitochondrial 
genomes are relatively huge compared to their animal 
counterparts. Despite their size, plant mitochondrial 
genomes code for relatively few genes. The number of 
genes does not go up with the increase in mitochondrial 
genome size.

Plant mitochondrial genomes have not been 
observed as circular DNA molecules. Instead they exist 
as a collection of linear pieces and smaller circular 
molecules. These subgenomic fragments most likely 
require recombination to be the main driver of plant 
mtDNA replication. A  rolling circle or other mechanism 
may also be involved in replicating plant mtDNA.

10. ACKNOWLEDGEMENT

SAM has been supported by a graduate research 
fellowship from the BYU graduate studies, and work in 
the BLN lab has been supported in part by a Brigham 
Young University Mentoring Environment Grant and by 
the National Institutes of Health (USA) (R15GM066787).

11. REFERENCES

1.	 N. H. Cowdry: A comparison of mitochondria 
in plant and animal cells. Biol Bull, 33(3), 
196-228 (1917)
DOI: 10.2307/1536370

2.	 M. Schultze and A. Kondorosi: Regulation 
of symbiotic root nodule development. Annu 
Rev Genet, 32, 33-57 (1998)
DOI: 10.1146/annurev.genet.32.1.33

3.	 W. Schuster and A. Brennicke: The plant 
mitochondrial genome: physical structure, 
information content, RNA editing, and gene 
migration to the nucleus. Annu Rev Plant 
Physiol Plant Mol Biol, 45, 61-78 (1994)
DOI: 10.1146/annurev.pp.45.060194.000425

4.	 V. Knoop: The mitochondrial DNA of land plants: 
peculiarities in phylogenetic perspective. Curr 
Genet, 46(3), 123-139 (2004)
DOI: 10.1007/s00294-004-0522-8

5.	 V. V. Emelyanov: Mitochondrial connection 
to the origin of the eukaryotic cell. Eur J 
Biochem, 270(8), 1599-1618 (2003)
DOI: 10.1046/j.1432-1033.2003.03499.x

6.	 M. W. Gray, B. F. Lang, R. Cedergren, G. B. 
Golding, C. Lemieux, D. Sankoff, M. Turmel, 
N. Brossard, E. Delage, T. G. Littlejohn, I. 

Plante, P. Rioux, D. Saint-Louis, Y. Zhu and G. 
Burger: Genome structure and gene content 
in protist mitochondrial DNAs. Nucleic Acids 
Res, 26(4), 865-78 (1998)
DOI: 10.1093/nar/26.4.865

7.	 S. G. Andersson and C. G. Kurland: Origins 
of mitochondria and hydrogenosomes. Curr 
Opin Microbiol, 2(5), 535-41 (1999)
DOI: 10.1016/S1369-5274(99)00013-2

8.	 V. Knoop and A. Brennicke: Molecular biology 
of the plant mitochondrion. CRC Crit Rev 
Plant Sci, 21(2), 111-126 (2002)
DOI: 10.1080/0735-260291044205

9.	 M. W. Gray, R. Cedergren, Y. Abel and D. 
Sankoff: On the evolutionary origin of the 
plant mitochondrion and its genome. Proc 
Natl Acad Sci U S A, 86(7), 2267-2271 (1989)
DOI: 10.1073/pnas.86.7.2267

10.	 D. F. Spencer, L. Bonen and M. W. Gray: 
Organization and expression of the 
mitochondrial genome of plants 3. Primary 
sequence of wheat mitochondrial 5S 
ribosomal ribonucleic-acid: functional and 
evolutionary implications. Biochemistry, 
20(14), 4022-4029 (1981)
DOI: 10.1021/bi00517a011

11.	 L. Bonen and M. W. Gray: Organization and 
expression of the mitochondrial genome 
of plants 1. Genes for wheat mitochondrial 
ribosomal and transfer-RNA: evidence for 
an unusual arrangement. Nucleic Acids Res, 
8(2), 319-335 (1980)
DOI: 10.1093/nar/8.2.319

12.	 J. M. Gualberto, D. Mileshina, C. Wallet, A. 
K. Niazi, F. Weber-Lotfi and A. Dietrich: The 
plant mitochondrial genome: dynamics and 
maintenance. Biochimie, 100, 107-120 (2014)
DOI: 10.1016/j.biochi.2013.09.016

13.	 A. A. Kolesnikov and E. S. Gerasimov: 
Diversity of mitochondrial genome 
organization. Biochemistry-Moscow, 77(13), 
1424-1435 (2012)
DOI: 10.1134/S0006297912130020

14.	 M. Unseld, J. R. Marienfeld, P. Brandt and 
A. Brennicke: The mitochondrial genome 
of Arabidopsis thaliana contains 57 genes 
in 366,924 nucleotides. Nat Genet, 15(1), 
57-61 (1997)
DOI: 10.1038/ng0197-57

15.	 S. Backert, B. L. Nielsen and T. Borner: The 

http://dx.doi.org/10.2307/1536370
http://dx.doi.org/10.1146/annurev.genet.32.1.33
http://dx.doi.org/10.1146/annurev.pp.45.060194.000425
http://dx.doi.org/10.1007/s00294-004-0522-8
http://dx.doi.org/10.1046/j.1432-1033.2003.03499.x
http://dx.doi.org/10.1093/nar/26.4.865
http://dx.doi.org/10.1016/S1369-5274%2899%2900013-2
http://dx.doi.org/10.1080/0735-260291044205
http://dx.doi.org/10.1073/pnas.86.7.2267
http://dx.doi.org/10.1021/bi00517a011
http://dx.doi.org/10.1093/nar/8.2.319
http://dx.doi.org/10.1016/j.biochi.2013.09.016
http://dx.doi.org/10.1134/S0006297912130020
http://dx.doi.org/10.1038/ng0197-57


Plant mitochondrial DNA

	 1029� © 1996-2017

mystery of the rings: structure and replication 
of mitochondrial genomes from higher plants. 
Trends Plant Sci, 2(12), 477-483 (1997)
DOI: 10.1016/S1360-1385(97)01148-5

16.	 D. J. Oldenburg and A. J. Bendich: 
Mitochondrial DNA from the liverwort 
Marchantia polymorpha: circularly permuted 
linear molecules, head-to-tail concatemers, 
and a 5 ‘ protein. J  Mol Biol, 310(3), 
549-562 (2001)
DOI: 10.1006/jmbi.2001.4783

17.	 A. J. Bendich: Reaching for the ring: the 
study of mitochondrial genome structure. Curr 
Genet, 24(4), 279-290 (1993)
DOI: 10.1007/BF00336777

18.	 J. F. Allen: Why chloroplasts and mitochondria 
retain their own genomes and genetic 
systems: colocation for redox regulation of 
gene expression. Proc Natl Acad Sci U S A, 
112(33), 10231-10238 (2015)
DOI: 10.1073/pnas.1500012112

19.	 G. Burger, M. W. Gray and B. F. Lang: 
Mitochondrial genomes: anything goes. 
Trends Genet, 19(12), 709-716 (2003)
DOI: 10.1016/j.tig.2003.10.012

20.	 S. Mackenzie and L. McIntosh: Higher 
plant mitochondria. Plant Cell, 11(4), 
571-585 (1999)
DOI: 10.1105/tpc.11.4.571

21.	 T. Preuten, E. Cincu, J. Fuchs, R. Zoschke, 
K. Liere and T. Borner: Fewer genes than 
organelles: extremely low and variable gene 
copy numbers in mitochondria of somatic 
plant cells. Plant J, 64(6), 948-959 (2010)
DOI: 10.1111/j.1365-313X.2010.04389.x

22.	 M. Woloszynska, B. Kmiec, P. Mackiewicz 
and H. Janska: Copy number of bean 
mitochondrial genes estimated by real-time 
PCR does not correlate with the number of 
gene loci and transcript levels. Plant Mol Biol, 
61(1-2), 1-12 (2006)
DOI: 10.1007/s11103-005-5773-3

23.	 D. J. Oldenburg, R. A. Kumar and A. J. 
Bendich: The amount and integrity of mtDNA 
in maize decline with development. Planta, 
237(2), 603-617 (2013)
DOI: 10.1007/s00425-012-1802-z

24.	 F. J. Miller, F. L. Rosenfeldt, C. F. Zhang, A. W. 
Linnane and P. Nagley: Precise determination 
of mitochondrial DNA copy number in human 

skeletal and cardiac muscle by a PCR-based 
assay: lack of change of copy number with 
age. Nucleic Acids Res, 31(11) (2003)
DOI: 10.1093/nar/gng060

25.	 R. A. Kumar, D. J. Oldenburg and A. J. 
Bendich: Changes in DNA damage, molecular 
integrity, and copy number for plastid DNA and 
mitochondrial DNA during maize development. 
J Exp Bot, 65(22), 6425-6439 (2014)
DOI: 10.1093/jxb/eru359

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

27.	 N. Cheng, Y. S. Lo, M. I. Ansari, K. C. Ho, S. T. 
Jeng, N. S. Lin and H. Dai: Correlation between 
mtDNA complexity and mtDNA replication 
mode in developing cotyledon mitochondria 
during mung bean seed germination. New 
Phytol (2016)
DOI: 10.1111/nph.14158

28.	 K. Oda, K. Yamato, E. Ohta, Y. Nakamura, M. 
Takemura, N. Nozato, K. Akashi, T. Kanegae, 
Y. Ogura, T. Kohchi and K. Ohyama: Gene 
organization deduced from the complete 
sequence of liverwort Marchantia polymorpha 
mitochondrial DNA: a primitive form of plant 
mitochondrial genome. J  Mol Biol, 223(1), 
1-7 (1992)
DOI: 10.1016/0022-2836(92)90708-R

29.	 V. I. Negruk, G. I. Eisner, T. D. Redichkina, N. N. 
Dumanskaya, D. I. Cherny, A. A. Alexandrov, 
M. F. Shemyakin and R. G. Butenko: Diversity 
of Vicia faba circular mtDNA in whole plants 
and suspension cultures. Theor Appl Genet, 
72(4), 541-547 (1986)
DOI: 10.1007/BF00289538

30.	 Y. S. Lo, L. J. Hsiao, N. Cheng, A. Litvinchuk 
and H. Dai: Characterization of the structure 
and DNA complexity of mung bean 
mitochondrial nucleoids. Mol Cells, 31(3), 
217-24 (2011)
DOI: 10.1007/s10059-011-0036-4

31.	 D. J. Oldenburg and A. J. Bendich: Size and 
structure of replicating mitochondrial DNA 
in cultured tobacco cells. Plant Cell, 8(3), 
447-461 (1996)
DOI: 10.1105/tpc.8.3.447

32.	 M. B. Sheahan, D. W. McCurdy and R. J. Rose: 

http://dx.doi.org/10.1016/S1360-1385%2897%2901148-5
http://dx.doi.org/10.1006/jmbi.2001.4783
http://dx.doi.org/10.1007/BF00336777
http://dx.doi.org/10.1073/pnas.1500012112
http://dx.doi.org/10.1016/j.tig.2003.10.012
http://dx.doi.org/10.1105/tpc.11.4.571
http://dx.doi.org/10.1111/j.1365-313X.2010.04389.x
http://dx.doi.org/10.1007/s11103-005-5773-3
http://dx.doi.org/10.1007/s00425-012-1802-z
http://dx.doi.org/10.1093/nar/gng060
http://dx.doi.org/10.1093/jxb/eru359
http://dx.doi.org/10.1073/pnas.0401077101
http://dx.doi.org/10.1111/nph.14158
http://dx.doi.org/10.1016/0022-2836%2892%2990708-R
http://dx.doi.org/10.1007/BF00289538
http://dx.doi.org/10.1007/s10059-011-0036-4
http://dx.doi.org/10.1105/tpc.8.3.447


Plant mitochondrial DNA

	 1030� © 1996-2017

Mitochondria as a connected population: 
ensuring continuity of the mitochondrial 
genome during plant cell dedifferentiation 
through massive mitochondrial fusion. Plant 
J, 44(5), 744-755 (2005)
DOI: 10.1111/j.1365-313X.2005.02561.x

33.	 A. Kanazawa, N. Tsutsumi and A. Hirai: 
Reversible changes in the composition of the 
population of mtDNAs during dedifferentiation 
and regeneration in tobacco. Genetics, 
138(3), 865-870 (1994)

34.	 D. J. Oldenburg, B. A. Rowan, R. A. Kumar 
and A. J. Bendich: On the fate of plastid DNA 
molecules during leaf development: response 
to the Golczyk et al. commentary. Plant Cell, 
26(3), 855-861 (2014)
DOI: 10.1105/tpc.113.121772

35.	 K. Liere and T. Börner: Development-
dependent changes in the amount and 
structural organization of plastid DNA. In: 
Plastid Development in Leaves During Growth 
and Senescence. Ed B. Biswal, K. Krupinska 
& C. U. Biswal. Springer Netherlands, 
Dordrecht, 215-237 (2013)
DOI: 10.1007/978-94-007-5724-0_11

36.	 U. Rauwolf, H. Golczyk, S. Greiner and R. G. 
Herrmann: Variable amounts of DNA related 
to the size of chloroplasts III. Biochemical 
determinations of DNA amounts per organelle. 
Mol Genet Genomics, 283(1), 35-47 (2010)
DOI: 10.1007/s00438-009-0491-1

37.	 J. D. Cupp and B. L. Nielsen: Minireview: 
DNA replication in plant mitochondria. 
Mitochondrion, 19, 231-237 (2014)
DOI: 10.1016/j.mito.2014.03.008

38.	 S. Backert and T. Borner: Phage T4-like 
intermediates of DNA replication and 
recombination in the mitochondria of the 
higher plant Chenopodium album (L.). Curr 
Genet, 37(5), 304-314 (2000)
DOI: 10.1007/s002940050532

39.	 D. F. Bogenhagen and D. A. Clayton: The 
mitochondrial DNA replication bubble has 
not burst. Trends Biochem Sci, 28(7), 
357-60 (2003)
DOI: 10.1016/S0968-0004(03)00132-4

40.	 F. R. Khazi, A. C. Edmondson and B. L. Nielsen: 
An Arabidopsis homologue of bacterial RecA 
that complements an E. coli recA deletion is 
targeted to plant mitochondria. Mol Genet 
Genomics, 269(4), 454-463 (2003)

DOI: 10.1007/s00438-003-0859-6
41.	 V. Shedge, M. Arrieta-Montiel, A. C. 

Christensen and S. A. Mackenzie: Plant 
mitochondrial recombination surveillance 
requires unusual RecA and MutS homologs. 
Plant Cell, 19(4), 1251-1264 (2007)
DOI: 10.1105/tpc.106.048355

42.	 T. Moriyama and N. Sato: Enzymes involved 
in organellar DNA replication in photosynthetic 
eukaryotes. Front Plant Sci, 5 (2014)
DOI: 10.3389/fpls.2014.00480

43.	 M. B. Sheahan, R. J. Rose and D. W. McCurdy: 
Organelle inheritance in plant cell division: the 
actin cytoskeleton is required for unbiased 
inheritance of chloroplasts, mitochondria and 
endoplasmic reticulum in dividing protoplasts. 
Plant J, 37(3), 379-390 (2004)
DOI: 10.1046/j.1365-313X.2003.01967.x

44.	 D. C. Logan: Plant mitochondrial dynamics. 
Biochim Biophys Acta, 1763(5-6), 
430-441 (2006)
DOI: 10.1016/j.bbamcr.2006.01.003

45.	 S. G. Zweifel and W. L. Fangman: A nuclear 
mutation reversing a biased transmission of 
yeast mitochondrial DNA. Genetics, 128(2), 
241-249 (1991)

46.	 D. Lockshon, S. G. Zweifel, L. L. Freemancook, 
H. E. Lorimer, B. J. Brewer and W. L. 
Fangman: A  role for recombination junctions 
in the segregation of mitochondrial DNA in 
yeast. Cell, 81(6), 947-955 (1995)
DOI: 10.1016/0092-8674(95)90014-4

47.	 J. M. Martinezzapater, P. Gil, J. Capel and C. 
R. Somerville: Mutations at the Arabidopsis 
CHM locus promote rearrangements of the 
mitochondrial genome. Plant Cell, 4(8), 
889-899 (1992)
DOI: 10.1105/tpc.4.8.889

48.	 S. A. Mackenzie and C. D. Chase: Fertility 
restoration is associated with loss of a portion 
of the mitochondrial genome in cytoplasmic 
male-sterile common bean. Plant Cell, 2(9), 
905-912 (1990)
DOI: 10.1105/tpc.2.9.905

49.	 V. Shedge, J. Davila, M. P. Arrieta-Montiel, 
S. Mohammed and S. A. Mackenzie: 
Extensive rearrangement of the Arabidopsis 
mitochondrial genome elicits cellular 
conditions for thermotolerance. Plant Physiol, 
152(4), 1960-70 (2010)

http://dx.doi.org/10.1111/j.1365-313X.2005.02561.x
http://dx.doi.org/10.1105/tpc.113.121772
http://dx.doi.org/10.1007/978-94-007-5724-0_11
http://dx.doi.org/10.1007/s00438-009-0491-1
http://dx.doi.org/10.1016/j.mito.2014.03.008
http://dx.doi.org/10.1007/s002940050532
http://dx.doi.org/10.1016/S0968-0004%2803%2900132-4
http://dx.doi.org/10.1007/s00438-003-0859-6
http://dx.doi.org/10.1105/tpc.106.048355
http://dx.doi.org/10.3389/fpls.2014.00480
http://dx.doi.org/10.1046/j.1365-313X.2003.01967.x
http://dx.doi.org/10.1016/j.bbamcr.2006.01.003
http://dx.doi.org/10.1016/0092-8674%2895%2990014-4
http://dx.doi.org/10.1105/tpc.4.8.889
http://dx.doi.org/10.1105/tpc.2.9.905


Plant mitochondrial DNA

	 1031� © 1996-2017

DOI: 10.1104/pp.109.152827
50.	 K. S. Virdi, J. D. Laurie, Y. Z. Xu, J. Yu, M. 

R. Shao, R. Sanchez, H. Kundariya, D. Wang, 
J. J. Riethoven, Y. Wamboldt, M. P. Arrieta-
Montiel, V. Shedge and S. A. Mackenzie: 
Arabidopsis MSH1 mutation alters the 
epigenome and produces heritable changes 
in plant growth. Nat Commun, 6, 6386 (2015)
DOI: 10.1038/ncomms7386

51.	 T. Kubo, S. Nishizawa, A. Sugawara, N. 
Itchoda, A. Estiati and T. Mikami: The complete 
nucleotide sequence of the mitochondrial 
genome of sugar beet (Beta vulgaris L.) 
reveals a novel gene for tRNA(Cys)(GCA). 
Nucleic Acids Res, 28(13), 2571-2576 (2000)
DOI: 10.1093/nar/28.13.2571

52.	 S. X. Chang, T. T. Yang, T. Q. Du, Y. J. Huang, 
J. M. Chen, J. Y. Yan, J. B. He and R. Z. 
Guan: Mitochondrial genome sequencing 
helps show the evolutionary mechanism of 
mitochondrial genome formation in Brassica. 
BMC Genomics, 12 (2011)

53.	 S. X. Chang, Y. K. Wang, J. J. Lu, J. Y. Gai, 
J. J. Li, P. Chu, R. Z. Guan and T. J. Zhao: 
The mitochondrial genome of soybean 
reveals complex genome structures and gene 
evolution at intercellular and phylogenetic 
levels. PLoS One, 8(2) (2013)
DOI: 10.1371/journal.pone.0056502

54.	 G. Z. Liu, D. D. Cao, S. S. Li, A. G. Su, J. 
N. Geng, C. E. Grover, S. N. Hu and J. P. 
Hua: The complete mitochondrial genome of 
Gossypium hirsutum and evolutionary analysis 
of higher plant mitochondrial genomes. PLoS 
One, 8(8) (2013)
DOI: 10.1371/journal.pone.0069476

55.	 Y. Sugiyama, Y. Watase, M. Nagase, N. 
Makita, S. Yagura, A. Hirai and M. Sugiura: 
The complete nucleotide sequence and 
multipartite organization of the tobacco 
mitochondrial genome: comparative analysis 
of mitochondrial genomes in higher plants. 
Mol Genet Genomics, 272(6), 603-615 (2005)
DOI: 10.1007/s00438-004-1075-8

56.	 X. J. Tian, J. Zheng, S. N. Hu and J. Yu: The rice 
mitochondrial genomes and their variations. 
Plant Physiol, 140(2), 401-410 (2006)
DOI: 10.1104/pp.105.070060

57.	 Y. Ogihara, Y. Yamazaki, K. Murai, A. Kanno, T. 
Terachi, T. Shiina, N. Miyashita, S. Nasuda, C. 
Nakamura, N. Mori, S. Takumi, M. Murata, S. 

Futo and K. Tsunewaki: Structural dynamics 
of cereal mitochondrial genomes as revealed 
by complete nucleotide sequencing of the 
wheat mitochondrial genome. Nucleic Acids 
Res, 33(19), 6235-6250 (2005)
DOI: 10.1093/nar/gki925

58.	 S. W. Clifton, P. Minx, C. M. R. Fauron, M. 
Gibson, J. O. Allen, H. Sun, M. Thompson, 
W. B. Barbazuk, S. Kanuganti, C. Tayloe, 
L. Meyer, R. K. Wilson and K. J. Newton: 
Sequence and comparative analysis of the 
maize NB mitochondrial genome. Plant 
Physiol, 136(3), 3486-3503 (2004)
DOI: 10.1104/pp.104.044602

59.	 F. S. Dietrich, S. Voegeli, S. Brachat, A. Lerch, 
K. Gates, S. Steiner, C. Mohr, R. Pohlmann, 
P. Luedi, S. D. Choi, R. A. Wing, A. Flavier, 
T. D. Gaffney and P. Phillippsen: The Ashbya 
gossypii genome as a tool for mapping the 
ancient Saccharomyces cerevisiae genome. 
Science, 304(5668), 304-307 (2004)
DOI: 10.1126/science.1095781

60.	 M. Nowrousian, J. E. Stajich, M. L. Chu, I. Engh, 
E. Espagne, K. Halliday, J. Kamerewerd, F. 
Kempken, B. Knab, H. C. Kuo, H. D. Osiewacz, 
S. Poggeler, N. D. Read, S. Seiler, K. M. Smith, 
D. Zickler, U. Kuck and M. Freitag: De novo 
assembly of a 40 Mb eukaryotic genome from 
short sequence reads: Sordaria macrospora, 
a model organism for fungal morphogenesis. 
PLoS Genet, 6(4) (2010)
DOI: 10.1371/journal.pgen.1000891

61.	 Y. Nakao, T. Kanamori, T. Itoh, Y. Kodama, 
S. Rainieri, N. Nakamura, T. Shimonaga, M. 
Hattori and T. Ashikari: Genome sequence 
of the lager brewing yeast, an interspecies 
hybrid. DNA Res, 16(2), 115-129 (2009)
DOI: 10.1093/dnares/dsp003

62.	 B. F. Lang: The mitochondrial genome of the 
fission yeast Schizosaccharomyces-pombe: 
highly homologous introns are inserted at the 
same position of the otherwise less conserved 
Coxl genes in Schizosaccharomyces pombe 
and Aspergillus nidulans. Embo J, 3(9), 
2129-2136 (1984)

63.	 C. Vahrenholz, G. Riemen, E. Pratje, B. 
Dujon and G. Michaelis: Mitochondrial DNA 
of Chlamydomonas reinhardtii: the structure 
of the ends of the linear 15.8  kb genome 
suggests mechanisms for DNA-replication. 
Curr Genet, 24(3), 241-247 (1993)

http://dx.doi.org/10.1104/pp.109.152827
http://dx.doi.org/10.1038/ncomms7386
http://dx.doi.org/10.1093/nar/28.13.2571
http://dx.doi.org/10.1371/journal.pone.0056502
http://dx.doi.org/10.1371/journal.pone.0069476
http://dx.doi.org/10.1007/s00438-004-1075-8
http://dx.doi.org/10.1104/pp.105.070060
http://dx.doi.org/10.1093/nar/gki925
http://dx.doi.org/10.1104/pp.104.044602
http://dx.doi.org/10.1126/science.1095781
http://dx.doi.org/10.1371/journal.pgen.1000891
http://dx.doi.org/10.1093/dnares/dsp003


Plant mitochondrial DNA

	 1032� © 1996-2017

DOI: 10.1007/BF00351798
64.	 S. Ogawa, R. Yoshino, K. Angata, M. 

Iwamoto, M. Pi, K. Kuroe, K. Matsuo, T. Morio, 
H. Urushihara, K. Yanagisawa and Y. Tanaka: 
The mitochondrial DNA of Dictyostelium 
discoideum: complete sequence, gene 
content and genome organization. Mol Gen 
Genet, 263(3), 514-519 (2000)
DOI: 10.1007/pl00008685

65.	 S. Anderson, A. T. Bankier, B. G. Barrell, M. 
H. L. Debruijn, A. R. Coulson, J. Drouin, I. C. 
Eperon, D. P. Nierlich, B. A. Roe, F. Sanger, 
P. H. Schreier, A. J. H. Smith, R. Staden and 
I. G. Young: Sequence and organization of 
the human mitochondrial genome. Nature, 
290(5806), 457-465 (1981)
DOI: 10.1038/290457a0

66.	 M. P. Bayona-Bafaluy, R. Acin-Perez, J. C. 
Mullikin, J. S. Park, R. Moreno-Loshuertos, P. 
Q. Hu, A. Perez-Martos, P. Fernandez-Silva, 
Y. D. Bai and J. A. Enriquez: Revisiting the 
mouse mitochondrial DNA sequence. Nucleic 
Acids Res, 31(18), 5349-5355 (2003)
DOI: 10.1093/nar/gkg739

Key Words: Mitochondria, Plant Mitochondrial 
DNA, Recombination-dependent Replication, RDR, 
DNA Replication, Mitochondrion Phylogeny, Review

Send correspondence to: Brent L. Nielsen, 
Department of Microbiology & Molecular Biology, 
4007 LSB, Brigham Young University, Provo, Utah 
84602, USA, Tel: 801-422-1102, Fax: 801-422-0519, 
E-mail: brentnielsen@byu.edu

http://dx.doi.org/10.1007/BF00351798
http://dx.doi.org/10.1007/pl00008685
http://dx.doi.org/10.1038/290457a0
http://dx.doi.org/10.1093/nar/gkg739
mailto:brentnielsen@byu.edu

