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Preface to "Plant Organelle DNA Maintenance”

Plastids and mitochondria contain their own genomes that encode genes required for function of
these organelles. These genomes vary greatly in size. Organelle DNA is found at high copy numbers
per mitochondria or chloroplast, and this number varies greatly in different tissues during plant
development. It is not yet clear how the genome replication, repair, and overall maintenance activities
of mitochondria and chloroplasts are coordinated in response to cellular and environmental cues. The
relationships between genome copy number variation and the mechanism(s) by which the genomes
are maintained through different developmental stages are yet to be fully understood. This Special
Issue comprises several contributions that address the current knowledge of higher plant organelle
genome sequence and structural analysis, along with reports about DNA replication, recombination,
and DNA repair. We greatly appreciate the efforts of those who contributed to this Special Issue with

manuscripts or reviews.

Brent L. Nielsen, Niaz Ahmad
Editors
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Abstract: Plant cells contain two double membrane bound organelles, plastids and mitochondria,
that contain their own genomes. There is a very large variation in the sizes of mitochondrial genomes
in higher plants, while the plastid genome remains relatively uniform across different species. One of
the curious features of the organelle DNA is that it exists in a high copy number per mitochondria or
chloroplast, which varies greatly in different tissues during plant development. The variations in
copy number, morphology and genomic content reflect the diversity in organelle functions. The link
between the metabolic needs of a cell and the capacity of mitochondria and chloroplasts to fulfill
this demand is thought to act as a selective force on the number of organelles and genome copies
per organelle. However, it is not yet clear how the activities of mitochondria and chloroplasts are
coordinated in response to cellular and environmental cues. The relationship between genome copy
number variation and the mechanism(s) by which the genomes are maintained through different
developmental stages are yet to be fully understood. This Special Issue has several contributions that
address current knowledge of higher plant organelle DNA. Here we briefly introduce these articles
that discuss the importance of different aspects of the organelle genome in higher plants.

Keywords: organelles; plastid phylogenetics; DNA replication; DNA recombination; plant organelle
genome structure

1. Introduction

Mitochondrial and chloroplast genomes have been studied for nearly 60 years, and much is
known about the structure, gene content, expression and other characteristics of organelle genomes.
Plant mitochondria, in great contrast to mitochondria in other organisms, have a very wide range in
genome size and appear to be predominantly linear in structure. Chloroplast genomes are generally
more consistent in size and may exist in both circular and linear forms [1]. Major questions that have
persisted, however, relate to how these plant organelle genomes are replicated, repaired and maintained.

The endosymbiotic origin of mitochondria and chloroplasts has long been accepted, suggesting
that the DNA replication mechanisms would be similar to their bacterial ancestors. However, none of
the DNA replication, DNA recombination or DNA repair proteins required for maintenance of the
organelle genomes are encoded in either of these organelle genomes [1,2]. The genes for these proteins
are nuclear encoded and the protein products are imported into the proper organelle for function.
The analysis of the minimal replisome in plant mitochondria and chloroplasts to date indicates that it
is phage-like, most similar to the bacteriophage T7 system [1,2].

Plant organelle genomes—both mitochondrial and plastid—are relatively small (though larger
than animal mitochondrial genomes) and are found in variable and sometimes incredibly high copy
numbers. Their copy number varies from tissue to tissue, depending mainly on the age and type of the
tissue. While higher plant mitochondria show a considerable degree of variation in their genome sizes,
plastid genome size remains fairly uniform among different species [1].

Plants 2020, 9, 683; doi:10.3390/plants9060683 1 www.mdpi.com/journal/plants
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Organellar genome substitution rates are much lower than the nuclear genome due to homologous
recombination, which allows these molecules to be useful as molecular clocks to carry out evolutionary
studies and determine genetic relationships among different taxa. In addition to phylogenetic studies,
mitochondrial genomes provide excellent tools to gain insights into cytoplasmic male sterility (CMS)
sources in plants.

Organelle genome stability is an absolute requirement for normal cell growth and function, and
for proliferation. Faithful replication and repair of organellar genomes are therefore necessary to
avoid genome instability, which may result in detrimental phenotypes. The mechanisms by which
the organelle genomes in different tissues are replicated, maintained and repaired are not fully
understood. This Special Issue was hosted to address unanswered questions related to organelle
genome maintenance in plants. The Special Issue has eight helpful contributions that have attempted to
answer some of these questions. The first four articles deal with questions regarding the maintenance
and replication of the organelle genomes, whilst the last four articles deal with organellar genome
sequencing and structural analyses.

2. Key Messages

2.1. Mechanisms for Plant Organelle Genome Replication and Repair

Brieba [2] summarizes the current literature to point out the importance of homologous DNA
recombination in maintaining the integrity of plant mitochondrial genomes. Plant mitochondrial DNA
(mtDNA) appears to be predominantly linear in nature and lacks any clearly identified replication
origins. DNA replication proteins functional in both mitochondria and chloroplasts have been
identified, and surprisingly, there are multiple copies of the genes for most of these proteins [1,2].
Other evidence in the literature suggests the presence of more than one mechanism for the replication of
each of the plant organelle genomes [1,2]. These possibilities include typical primer-driven replication
from distinct origins, recombination-dependent replication (RDR) and rolling circle replication.

Each of these mechanisms requires several common replication functions, but it is unclear how
priming of DNA replication occurs in plant organelles. Twinkle is a DNA primase/helicase that is
localized to both organelles in plants. In animal cells, this protein is absolutely required, but plant
mutants are fully viable with no apparent differences compared with wild-type plants [1,2]. These two
contributions discuss these observations and the possibility of other proteins being responsible for
priming in plant organelles.

Plant organelle genomes, in particular those in mitochondria, contain repeat sequences that
facilitate intramolecular recombination to generate various sub-genomic molecules. Recombination
across these repeats, however, is regulated and suppressed by surveillance mechanisms including
MSHI1 and some Rec proteins [2,3]. MSH1 mutants in Psychomytrella show increased recombination
across intermediate sized repeats relative to the wild-type [3].

Mutations in plant mitochondrial gene coding regions are rare, suggesting efficient repair of
miss-paired or damaged bases such as uracil generated by deamination of cytidine. Proteins for
mismatch and nucleotide excision repair have not been found in plant mitochondria [4], but base excision
and double-strand break repair appear to be functional in both plant organelles. In Wynn et al. [4],
uracil N-glycosylase (UNG) mutants were examined to determine if this defect in base excision repair
(BER) would lead to more mutations, but this was not found. They did find that several genes that
encode proteins involved in double-strand break repair (DSBR) were upregulated in the UNG mutants.
This led to the conclusion that most damage to plant mitochondrial DNA is repaired by DSBR with
further contribution by BER [4]. This implication of a major role for DSBR, which utilizes homologous
DNA recombination, is supported by many studies that report the adverse effects of mutations in DNA
recombination proteins on plant organelle integrity [1,3].
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2.2. Characteristics and Rearrangements of Plant Organelle Genome Structure

Our knowledge about the genetic diversity of plant organelle genomes is currently based on
small intergenic polymorphism regions. These same regions are used to conduct evolutionary studies
and construct phylogenetic trees. However, internal transcribed spacer (ITS)-based trees do not
have power to resolve the phylogenetic relationships among species and groups. With advances in
sequencing technologies, organellar genomics is now moving away from individual gene analysis to
whole genomes for the reconstruction of phylogenies at lower taxonomic levels, to study divergence
among different groups, and for the structural analysis of these genomes. The availability of complete
organellar genome sequences allows the construction of “species trees”” by which the accuracy of the
phylogenetic relationships is greatly increased. Although gene-based phylogenetic trees, commonly
referred to as “gene trees” could be readily obtained previously, they fail to trace all of the evolutionary
events since not all genes evolve in a similar manner in the same lineage. Whole genome sequencing
(WGS) provides valuable information about the occurrence of nucleotide recombination events in the
organelle genomes.

The genus Mammillaria is an important genus due to its highly rich genetic diversity. Several
of its species have been included in the Red List of Threatened Species of the International Union
for Conservation of Nature. However, molecular marker-based phylogenetic studies fail to resolve
the relationships among species of the Mammillaria genus. Solérzano et al. [5] obtained the complete
chloroplast genome (plastome) sequences of seven different species of the short-globose cacti of
Mammillaria and used a species tree to resolve the species of this genus.

The genus Lilium is widely distributed in the cold and temperate regions of the Northern
Hemisphere. Many attempts using molecular phylogenetic approaches have been made; however,
there remain unresolved clades in the genus. Kim et al. [6] sequenced the chloroplast genome of 28
Lilium species and used these sequences to construct a species tree in order to increase the accuracy of
phylogenetic relationships for unresolved taxa.

WGS data also facilitate studies on the mechanisms of gene loss, recombination events, transfer
of genes to the nucleus and evolution of different traits in different lineages. Cytoplasmic male
sterility (CMS) has been extensively studied in sunflower (Helianthus annuus L.), which has more
than 70 sources. This earlier work was primarily done by restriction fragment length polymorphism
(RFLP) analysis, which does not provide a detailed explanation of the underlying events. One of
the spontaneously occurring CMS sources in sunflower is ANN2, which is quite complicated and
cannot be restored completely. Makarenko et al. [7] used the WGS method to gain insights into the
structural reorganization of the mitochondrial genome that generates ANN2 in sunflower. The authors
compared the mitochondrial genome sequences from a male sterile line with that of a male-fertile line
and observed several reorganization events (deletions and insertions) and several new transcriptionally
active open reading frames (ORFs) in the mitochondrial genome of the male sterile line. The deletion
events resulted in the partial removal of the atp6 (0rf1197) gene and complete elimination of orf777,
indicating a major role of the atp6 gene in ANN2-type CMS.

It is now well-established that chloroplast genomes evolved from free-living cyanobacterial cells.
The endosymbiotic events resulting in the conversion of these cells into organelles were accompanied
by a massive transfer of their genetic material to the host cell nucleus, with only a small set of essential
genes retained in their genomes. In heterotrophic plant species, with the loss of selection pressure over
photosynthesis-related genes, this genome shrinkage is even higher. The plastome of such plant species
provides an excellent tool to study the loss of organelle genetic material to the nucleus while they shift
from the autotrophic to the heterotrophic mode. Jost et al. [8] sequenced the plastome of a holoparasitic
plant species, Prosopanche americana, which has only 24 housekeeping genes and has lost the inverted
repeats (IR) that are thought to stabilize the genome. The genetic machinery of P. americana shows
an incredibly high degree of bias towards “AT”-rich codons, with >90% of the plastome sequence
containing “A” and “T” nucleotides.
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3. Future Directions

Considerable progress has been made on sequencing and characterizing plant organelle genomes
since they were discovered about sixty years ago. However, there are numerous aspects of their
replication and maintenance that are still unclear. Further work is needed to determine whether there
is a single mechanism for DNA replication in plant mitochondria and chloroplasts. If there is more
than one mechanism, what are they and when/how do they function? Do these mechanisms function
at different stages of plant growth or in response to specific signals? It is still unclear what mechanisms
control the initiation of plant organelle genome replication and copy number. What determines and
regulates genome copy number in meristem and mature plant tissues? Why does genome copy number
vary so widely in different tissues and ages of plants? These are important questions that require
further research.

While DNA replication origins have been characterized in chloroplasts, there is as yet no conclusive
evidence for distinct replication origins in plant mitochondria. This is a challenge that has been studied
but no clear conclusions have been published. New approaches are needed to address this question.
Along with this, it is unclear how plant organelle DNA replication is primed. Since Twinkle mutants
are viable, there must be a separate mechanism for generating primers unless they are not needed
(i.e., if homologous strand invasion provides the needed 3’ ends for DNA synthesis). If this is the case,
this would suggest that homologous DNA recombination is a major contributor to genome replication
in addition to its likely role in DNA repair. The role of DNA recombination in the replication and
maintenance of plant organelle genomes thus deserves further study.

Regarding repair of DNA damage, the current literature suggests that double-stranded break
repair and base excision repair may be the only mechanisms that function in plant organelles. If so,
what are the relative contributions of each process in these organelles? Does nonhomologous end
joining occur in plant organelles? And how does it affect genome integrity?

Finally, there are still questions regarding the evolution and variation of plant organelle genomes.
Evolutionary adaptations may play a central role in plant mitochondrial genome size variation.
However, it is unclear what mechanisms and selection processes determine plant organelle genome
size. In addition, the mechanisms involved in purifying the selection by which parasitic plants keep
some house-keeping genes, while losing other genes, and the IRs are unclear. Does this reduction in
content affect genome stability? This is a promising area of research, and we look forward to new
studies in the future to address these many questions.

Funding: This research received no external funding.
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Abstract: Mitochondria and chloroplasts perform essential functions in respiration, ATP production,
and photosynthesis, and both organelles contain genomes that encode only some of the proteins that
are required for these functions. The proteins and mechanisms for organelle DNA replication are
very similar to bacterial or phage systems. The minimal replisome may consist of DNA polymerase,
a primase/helicase, and a single-stranded DNA binding protein (SSB), similar to that found in
bacteriophage T7. In Arabidopsis, there are two genes for organellar DNA polymerases and multiple
potential genes for SSB, but there is only one known primase/helicase protein to date. Genome copy
number varies widely between type and age of plant tissues. Replication mechanisms are only poorly
understood at present, and may involve multiple processes, including recombination-dependent
replication (RDR) in plant mitochondria and perhaps also in chloroplasts. There are still important
questions remaining as to how the genomes are maintained in new organelles, and how genome copy
number is determined. This review summarizes our current understanding of these processes.

Keywords: DNA replication; recombination-dependent replication (RDR); plant mitochondrial DNA;
chloroplast DNA; DNA repair

1. Introduction

1.1. Discovery of Mitochondria and Chloroplasts

In 1665 Robert Hooke became the first person to observe cells with a simple microscope [1].
Almost one hundred and fifty years later in 1804 Franz Bauer described the discovery of the first
observed organelle, the nucleus [2]. In 1890 Richard Altmann described what he called “bio-blasts,”
or what we now call mitochondria [3]. Around the same time in 1883, A. F. W. Schimper described
“chloroplastids”, what we now know as chloroplasts [4]. Both of these organelles house important
biochemical reactions that are essential for cell survival; mitochondria generate ATP, and chloroplasts
are the site of photosynthesis, and both house other important functions [3,5].

1.2. Evolutionary Origins of Each Organelle

Both mitochondria and chloroplasts are believed to have originated through endosymbiosis.
Free-living aerobic «-proteobacterium-like cells taken up by a nucleus-containing (but amitochondriate)
host cell gradually developed into mitochondria. Chloroplasts are also thought to have developed by a
similar process, in which a eukaryotic cell (containing the mitochondria) engulfed a photosynthesizing
prokaryotic cell, which eventually evolved into present-day chloroplasts. Over the course of evolution,
both of these incoming cells entered into an endosymbiotic relationship with the host, synchronizing
their own division with that of the host cell, transferring their genetic material to the host nucleus,

Plants 2019, 8, 358; doi:10.3390/plants8100358 7 www.mdpi.com/journal/plants
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and becoming permanent cellular structures of exogenous origin [5-7]. Despite the extensive
knowledge of organelle genome structure, evolution and content that has been reported, there
are still important questions regarding how these genomes are replicated, and the proteins and control
mechanisms involved.

2. Organelle Genomes and Structure

2.1. Genome Size

Endosymbiosis is accompanied with massive gene transfer to the nucleus of the host cell, resulting
in considerable size reduction of the genome of the incoming cells. This is observed in the considerable
size reduction in the mitochondrial and chloroplast genomes and the presence of mitochondrial
and chloroplast DNA (cpDNA) sequences in the nuclear genomes of many plant species [5,8,9].
Mitochondrial genomes in plants have evolved very differently as compared to animal mitochondrial
genomes (Figure 1). Most animal mitochondrial genomes are roughly 16 kb in size [10], and the
number of genome copies per mitochondrion varies from study to study. Older estimates place as
many as 10 copies per organelle [11], whereas more recent data suggests it may be as low as one [12].
Regardless of the actual number, mitochondrial genome copy number is thought to be tightly regulated
in animal cells [13]. In contrast, plant mitochondrial genomes are much larger, and have tremendous
size variations (187-2400 kb [14]) among different species. In addition, significant diversity in the
number of copies of mitochondrial DNA (mtDNA) per organelle have been reported in different
species, tissues and cell types [15,16]. The reasons for these copy number differences are unclear.

600
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200

Organellar Genome
(thousands of bp)

100

Z.mays [N

D. reiro
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Figure 1. Nuclear and organelle genome sizes among different organisms. Mitochondrial genomes
(dark bars in upper panel) among animals are compact and remarkably similar in size: ~16.5 kb. Plants,
however, have mitochondrial genomes that dwarf those found in animals and vary in size from species
to species. Chloroplast genomes vary less in size (open bars in upper panel) from organism to organism
but still are relatively large compared to animal mitochondrial genomes. Organelle genome sizes do
not correlate with nuclear genome size (bottom panel).
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Compared to mitochondrial genomes, chloroplast genomes are fairly uniform, ranging between
120 and 160 kb in size, with some exceptions being as large as 2000 kb [17,18]. Higher plant chloroplast
genomes possess large inverted repeats varying between 22-24 kb, accounting for ~16% of the
chloroplast genome [19]. Surprisingly, removal of these repeats is associated with a higher frequency
of recombination events and fewer nucleotide substitution events [20,21]. It is thought that these large
inverted repeats in higher plants are involved in maintaining fidelity and correction of mutations or
reducing errors in the cpDNA [21,22].

This uniformity suggests that genome reduction in chloroplasts might have taken place in a
relatively short period of time soon after endosymbiosis [22]. Cytological observations indicate that
cpDNA copy numbers seem to be related to plastid size, plastid type, developmental stage of the plant,
and tissue type, and cpDNA copy number estimates per chloroplast range from several hundred to
nearly two thousand per organelle [23,24]. It has been observed that the amount of cpDNA increases
during the conversion of proplastids to mature chloroplasts (development), but it decreases during
senescence (aging) [25-28]. This implies that reduction in cpDNA level can be tolerated to some extent
and still maintain organelle functionality.

2.2. Genome Structure and Content

In both mitochondria and chloroplasts the DNA is associated with positively charged proteins in
nucleoids [12]. Animal mtDNA consists of a singular circular molecule [29] and is very gene dense,
with about 97% of the DNA coding for functional genes [30,31]. In most animals, the small non-coding
region has important sequence elements for regulation of DNA replication and gene transcription [32].
One significant exception to this generalization can be seen in non-bilaterian animals, which possess
large segments of non-coding DNA and varying levels of linear and circular DNA molecules [31].

For the most part, animal mitochondrial genomes encode the same 37 genes: two for rRNAs,
13 for proteins and 22 for tRNAs [10]. All 37 of these genes possess homologs in plants, fungi, and
protists. To date, mtDNA gene content among animals only varies in nematodes [33], a bivalve [34],
and cnidarians [35]. In these exceptions, there have been losses and gains of different mitochondrial
genes, mostly tRNA genes.

Although plant mitochondrial genomes are mapped as circular molecules (master circles), circular
molecules equal to a genome equivalent have only been observed in cultured liverwort cells [36].
Typically, plant mtDNA is observed primarily as large subgenomic linear molecules when observed by
electron microscopy or pulsed field gel electrophoresis (PFGE). PFGE utilizes alternating direction
of the current to allow separation of large DNA molecules or complex structures such as branched,
lariat, rosette or catenated molecules, which are found in varying abundance in plant mtDNA
preparations [37-39]. With PFGE, a large portion of the plant mtDNA remains trapped in highly
complex arrangements near the wells [40]. Viewed by electron microscopy, these complex arrangements
form DNA ‘rosettes’” and branched molecules, suggesting high levels of recombination. Other high
molecular weight plant mtDNA simply does not enter the gel at all and has been theorized to be
relaxed circle DNA, complex replication intermediates, or DNA bound to a matrix of other materials.

In contrast to animals, plant mtDNA contains many more genes and large portions of non-coding
or undefined DNA [41]. A typical plant mitochondrial genome encodes anywhere between 50 and
100 genes [42]. The large genome size is at least partially due to the presence of non-coding DNA
sequences, which consist of introns, repeats, and duplications of regions of the genome [41,43].
The known genes encode rRNA and tRNA genes as well as subunits for oxidative phosphorylation
chain complexes [44]. The presence of these large non-coding DNA may have a role in lowering the
mutation rate [45], as observed in Arabidopsis thaliana ecotypes Col-0 and C24. These two ecotypes
have genetically identical mitochondrial genomes, but arrange their genes in different orders [46,47].

Chloroplast genomes exist primarily as homogeneous closed circle DNA molecules [48,49]. A small
portion of these molecules also exist as circular dimers [19]. One exception to these observations can
be seen among two species of brown algae [50]. In general, genes are conserved in most chloroplast
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genomes. For the most part, these consist of rIRNA, tRNA, and genes involved in photosynthesis [17,18].
Loss of genes seems to be the only difference in gene content when comparing genomes. In these cases,
essential genes have been lost from the chloroplast genome and transferred to the nucleus. Considering
the possibility of multiple independent endosymbiotic events, it is interesting to observe the relatively
conserved number and type of genes found in chloroplast genomes.

3. Organelle DNA Replication
3.1. Models for Organelle DNA Replication

3.1.1. Animal Mitochondria

Several modes of DNA replication in animals have been proposed (Figure 2). These include
rolling circle, theta replication, strand-displacement, and RITOLS (Ribonucleotide Incorporation
ThroughOut the Lagging Strand)/bootlace [51]. Rolling circle replication assures efficient reproduction
of genomes exploiting a bacteriophage-like mechanism. Theta replication is the predominant replication
mode among invertebrates, although nematodes have been observed to employ rolling circle DNA
replication [52].
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Figure 2. Proposed DNA replication mechanisms for mitochondrial DNA. (A) Rolling circle replication
involves unidirectional replication after nicking of one DNA strand. DNA replication continues along
the circular molecule displacing the nicked strand. Upon reaching the initial start site, the displaced
strand may be nicked and ligated to form a new single stranded circular molecule or synthesis
may continue, creating a linear concatemeric molecule which is later converted into multiple single
stranded circular copies of the parent molecule. (B) Displacement loop (D-loop) replication proceeds
unidirectionally by synthesis of an RNA primer that displaces one of the DNA strands. Upon
synthesizing a certain portion of the genome (commonly 2/3) a second origin site is exposed as a single
strand, which triggers DNA synthesis in the opposite direction. By the time the first double stranded
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DNA molecule is finished, synthesis on the parent strand is still ongoing. Once replication reaches the
initial start site, the parent strand is displaced as a single stranded circular DNA molecule. The single
stranded circular molecules formed by rolling circle and displacement loop replication are later turned
into double stranded copies by DNA replication machinery. (C) Recombination-dependent replication
(RDR) involves the use of many linear and circular pieces of DNA that share homology. These pieces
recombine to form branched linear and “rosette” like intermediates that are copied and replicated by
DNA machinery. (D) Electron micrograph image of DNA forming a “rosette” that is likely the result of
recombination. (E) Theta replication is so named because of the intermediate it forms as a result of
bi-directional DNA replication. Replication initiates bi-directionally at an origin of replication, forming
two replication forks. When these replication forks meet, the two double stranded circular molecules are
separated. (F) The RITOLS (Ribonucleotide Incorporation ThroughOut the Lagging Strand)/bootlace
strategy of replication involves the lagging strand of a replication fork. While the leading strand
replicates normally, free pre-synthesized RNA molecules in the mitochondria (indicated by the arrow)
hybridize to the lagging strand of the mtDNA starting from the 3’ end of the RNA and proceeding in
the 5" direction. Gaps are filled in and the primers are removed by the DNA replication machinery.

In vertebrates, two methods of mtDNA replication are currently accepted (Figure 2). The first is
strand-displacement, or D-loop replication [53]. RITOLS/bootlace replication is a variation of D-loop
replication. RITOLS was coined after scientists observed replication intermediates that were resistant
to DNA endonucleases but sensitive to RNaseH [54].

Animals utilize a simple minimal DNA replisome for the replication of mtDNA. This replisome
is made up of TWINKLE DNA helicase and DNA polymerase Poly [55]. These two enzymes are
somewhat processive and can synthesize molecules about 2 kb in length. The addition of single
stranded binding protein (SSB) to TWINKLE and Poly increases the processivity of this replisome to
generate the genome sized molecules of 16 kb.

3.1.2. Plant Mitochondria

Plants most likely employ multiple mechanisms for replication of the mtDNA due to the complex
structure of the mitochondrial genome. The structure of plant mtDNA makes strand displacement
(D-loop) replication implausible, although there is one report of this mechanism observed in petunia
flowers [56]. Rolling circle replication has also been observed in Chenopodium album, suggesting it
could be a common replication mode in other plant species as well [57,58]. However, it is not possible
to predict the exact mechanism for plant mtDNA replication, due to the large amount of non-coding
DNA and the complex DNA structures observed, as mentioned above. Many scientists have proposed,
based on the available information, that the main methods plants use for mtDNA replication include
recombination-dependent replication (RDR) and recombination independent rolling circle replication.
The mitochondrial resolvase Ccel has been shown to play a role in mtDNA segregation [59].

3.1.3. Plant Chloroplasts

Replication of cpDNA is better understood than plant mitochondrial DNA replication.
Chloroplasts utilize a double displacement loop strategy to initiate DNA replication [60]. The two
displacement loops begin on opposite strands and begin replicating unidirectionally towards each
other until they join to create a bidirectional replication bubble [61,62]. At this point, the displacement
loops fuse, forming a Cairns or theta structure and DNA replication continues bidirectionally until two
daughter molecules are created. Rolling circle and recombination-dependent replication have also
been proposed for cpDNA [24,61,62]. MOC1 has been identified as a Holliday junction (recombination
intermediate) resolvase that mediates chloroplast nucleoid segregation [63].

Some exceptions to the double D-loop replication model have been proposed. For example,
Chlamydomonas and Oenothera possess two displacement loops, but discontinuous DNA replication
begins shortly after initiation rather than after the fusion of the two D-loops [64,65]. Euglena possesses
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only one origin of replication site and appears to replicate bidirectionally from this site rather than
forming two displacement loops [66].

3.2. Similarity to T7 Bacteriophage

Plant organelles likely mimic the minimal DNA replisome of T7 phage (Figure 3). The T7 DNA
replisome consists of proteins gp5 (T7 DNA polymerase), gp4 (DNA helicase/primase) and gp2.5
(DNA single stranded binding protein). E. coli thioredoxin also binds to gp5 to increase the processivity
of the enzyme [67]. Animal mitochondria use a similar system consisting of DNA Poly, Twinkle,
and SSB1 protein [55]. Since plant organelles possess the same proteins, one could logically assume
that the same replisome is tasked with maintaining and replicating DNA in chloroplasts and plant
mitochondria. However, while Twinkle knockouts in animals are lethal, Twinkle knockouts in plants
lead to no distinguishable phenotype. Genome copy numbers in organelles also remain unchanged
(S.AM. and B.L.N., unpublished data). This contradicts the idea that, like with phage T7 and in animal
mitochondria, a Twinkle-Pol1A/B replisome is the main driver of DNA synthesis in plant organelles.
This also highlights the likelihood of plants utilizing multiple methods to replicate the organellar
genomes rather than depending on a single mechanism.

Pol1A/B
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Figure 3. Theoretical model of the plant organellar DNA replisome. Four proteins are most likely
involved in the minimal plant organellar DNA replisome, including Pol1A or Pol1B DNA polymerase,
Twinkle DNA helicase/primase, and SSB1 single stranded binding protein. This model is similar to the
replisome used by T7 phage which includes the proteins gp5 (DNA polymerase), gp4 (helicase/primase),
and gp2.5 (single stranded binding protein). Adapted from Wikipedia file: phage T7 replication
machinery.png, created 1 February 2015; https://creativecommons.org/licenses/by-sa/4.0/.

4. Proteins Involved in Plant Mitochondrial and Chloroplast DNA Replication

4.1. Organelle DNA Replication Proteins

The genomes in both mitochondria and chloroplasts are complexed with positively charged
proteins in nucleoids [12,68], and this is the form of the DNA that is replicated in the organelles. Key
functions required for DNA replication include polymerization, DNA unwinding, priming, strand
separation, recombination, and ligation. These functions are carried out by nuclear encoded proteins
that target to either the mitochondria, chloroplasts, or both. For the sake of simplicity, we will only
discuss those replication proteins described in Arabidopsis, as their homologs exist in all vascular plants
(Table 1). An interesting point to mention is that DNA replication proteins in plant organelles have
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different phylogenetic sources. For example, the DNA polymerases are bacterial in origin, while
Twinkle helicase-primase and RNA polymerases are phage-like.

Table 1. Proteins involved in plant organellar DNA replication.

Function Protein Name TAIR Homology Localization*  Ref.
DNA polymerase PollA or Pol gamma 2 Atlg50840 Bacterial M, P [69-71]
PollB or Pol gamma 2  At3g20540 Bacterial M, P [69-71]
Helicase Twinkle Atl1g30680 Phage M, P [72,73]
DNA2 Atlg08840  Mammalian ? [74,75]
Priming Twinkle At1g30680 Phage M, P [72,73]
RNA polymerase
RpoT1 At1g68990 Phage M
RpoT2 At5g15700 Phage M, P
RpoT3 At2g24120 Phage P [76-79]
RpoA AtCg00740 Bacterial P
RpoB AtCg00190 Bacterial P
RpoC1 AtCg00180 Bacterial P
RpoC2 AtCg00170 Bacterial p
RNaseH
AtRNH1B At5g51080 [80]
Primer Removal AtRNH1C At1g24090 Bacterial M, P [80]
EXO1 ? Bacterial P [68]
EXO2 ? [68]
ssDNA binding,
recombination SSB1 Atdg11060 Bacterial M, P [44,81]
monitoring
SSB2 At3g18580 Bacterial M [44]
Bacterial-like,
OSB1 At3g18580  but unique M [82]
to plants
OSB2 Atdg20010  Uniqueto p [44]
plants
OSB3 AtSgad7zgs  Umiqueto M, P [77,82]
plants
0SB4 Atlgalolg ~ Uniqueto M 82]
plants
WHY1 Atlglaqrp  Uniqueto P [83-85]
plants
WHY2 Atlgrizep  Umiqueto M [83-85]
plants
WHY3 Atgoozag  Uniqueto P [83-85]
plants
ODB1 Atlg71310 M, N?
ODB2 At5g47870 P, N?
Recombination RecAl At1g79050 Bacterial P [86]
RecA2 At2g19490 Bacterial M, P [86]
RecA3 At3g10140 Bacterial M [86,87]
MSHI1 At3g24320 Bacterial M, P [88]
Topoisomerase Topoisomerase I At4g31210 Bacterial M, P [77]
DNA Gyrase A At3g10690 Bacterial M, P [89]
DNA Gyrase B1 At3g10270 Bacterial P [89]
DNA Gyrase B2 At5g04130 Bacterial M [89]
DNA Gyrase B3 At5g04110  Eukaryotic N [89]
Ligation LIG1 Atl1g08130 Bacterial M, N [44]

* Localization to M (mitochondria), P (plastids), or N (nucleus). ? = unknown or potential localization.
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4.2. DNA Polymerases

To date, two organellar DNA polymerases, Pol1A and PollB, resembling bacterial DNA Poll,
have been discovered in both mitochondria and chloroplasts. Although Poll1A and Pol1B are similar
to each other, notable differences between the two have been observed. Pol1B knockout plants were
shown to have fewer genome copy numbers per organelle and grew slowly [90], whereas the APol1B
mutant showed increased sensitivity to double stranded DNA breaks, suggesting a predominant role
of PolB in cpDNA damage repair [91]. Recent studies show that Pol1A replicates DNA with high
fidelity and has an increased ability to displace DNA when replicating over short single stranded gaps
of DNA [92,93]. Efforts to create a double mutant for both DNA polymerases has not been successful
yet, suggesting the essentiality of these polymerases for plant survival. However, heterozygous plants
containing a single copy of either Pol1A or Pol1B were able to grow to maturity.

Both Pol1A and Pol1B have been shown to replicate an entire genome equivalent in mitochondria
and chloroplasts with a greater efficiency than the microbial DNA Poll [91,94,95]. Interestingly,
recombinant versions of E. coli DNA Poll were able to bind with thioredoxin, resulting in a dramatic
increase in processivity [96]. It is quite possible that plant organelle DNA polymerases may also bind
thioredoxin to achieve high processivity; however, this has yet to be shown experimentally.

Both Pol1A and Pol1B are able to bypass DNA lesions and continue replicating DNA [97,98].
These types of DNA polymerases do not replicate DNA with a high degree of fidelity as observed for
human POLQ and yeast DNA Polymerases [97,98]. One possible explanation could be the presence
of 3’-5" proofreading exonuclease domains, which are absent in typical translesion synthesis DNA
polymerases [98].

Three unique amino acid insertions (insertions 1, 2 and 3) have been identified in both Pol1A
and Pol1B that confer translesion activity. Two of these insertions exist in a domain that stabilizes
exiting DNA and increases processivity of the polymerase (insertions 1 and 2) and the third resides in a
domain that properly positions the template strand (insertion 3). These appear to be flexible elements
as mutants lacking all three of these insertions are still able to synthesize DNA [98]. The translesion
activity of Pol1A and Pol1B is negatively affected by the removal of insertions 1 and 3, indicating that
these enzymes acquired translesion activity through evolution and the acquisition of these insertions.

4.3. DNA Unwinding

In Arabidopsis, a Twinkle DNA helicase/primase has been studied to determine its function and
properties [72,99]. Arabidopsis also employs several gyrases to relieve tension in the replicating DNA
molecules. There may be other DNA unwinding enzymes active in the organelles, but these have
not been identified. Twinkle (T7 gp4-like protein with intramitochondrial nucleoid + localization) is
similar to the bacteriophage T7 gp4 DNA primase/helicase protein and gets its name from Spelbrink
et al, who noted that the protein fused to EGFP produced punctate fluorescence patterns similar to
twinkling stars [100]. In Arabidopsis and T7 phage, Twinkle possesses a zinc finger domain that allows
the protein to bind DNA and synthesize RNA primers for replication. In humans, amino acid changes
to this area of the protein have removed the zinc finger domain and its priming ability [101]. However,
in plants, both of these capabilities remain intact [67,72,99]. When compared to T7 gp4, Arabidopsis
Twinkle has a slight extension between the primase and helicase domains when compared to phage
gp4 and a longer N-terminal region. Twinkle localizes to both chloroplasts and mitochondria in plants.

Arabidopsis also possesses a truncated form of Twinkle referred to as Twinky (At1g30660). This
truncation lacks the C-terminal helicase domain of Twinkle but maintains the primase domain. No
work on Twinky has been published, and whether it is active in priming DNA or is simply a pseudogene
is not confirmed.

One possible alternative DNA helicase in plants is DNA2 [102]. JHS1 in Arabidopsis is homologous
to human and yeast nuclease/helicase DNA2. In humans and yeast, DNA2 cleaves at the junction
between single stranded DNA (ssDNA) and double stranded DNA (dsDNA) at the base of a DNA
flap [102]. Experiments with human DNA2 and DNA POLy have shown a positive interaction and the
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ability to unwind DNA without cleaving the D-loop structure observed in human mitochondria [75].
In humans, DNA2 localizes to the nucleus and to mitochondria [74]. Arabidopsis DNA2 has not yet
been shown to localize to either organelle. DNA2 is essential in humans, yeast, and Arabidopsis as
mutations lead to a lethal phenotype [74,75,103], while its role in plants and plant mtDNA replication
has yet to be defined [104].

4.4. Organelle DNA Gyrases

Research studying organellar gyrases is almost nonexistent; however, there is confirmation of
gyrase A (GYRA) in Arabidopsis localizing to both chloroplasts and mitochondria. Arabidopsis also
has two other gyrases that localize either to chloroplasts (GYRB1) or mitochondria (GYRB2) [89].
Disruption of any of these gyrase genes leads to a lethal phenotype. Depletion of DNA gyrase in
Nicotiana benthamiana result in abnormal nucleoids, chloroplasts, and mitochondria. The role of the
organellar gyrases in DNA replication is presently unknown [105]

4.5. Priming of DNA Synthesis

Arabidopsis may utilize Twinkle and RNA polymerase (RNAP) to prime organellar DNA replication.
As mentioned previously, Twinkle is similar to T7 gp4 protein and possesses both DNA helicase and
primase activities. Using Twinkle to prime organellar DNA synthesis is unique to plants, as animals
utilize RNA polymerase to prime their mtDNA [106,107]. Nonetheless, plants do contain organellar
RNA polymerases that could complement the activity of Twinkle [78,79].

Twinkle uses a unique recognition sequence to begin ribonucleotide synthesis and appears to
prefer cytosine and guanine incorporation over uracil and adenine [99]. The recognition sequence is
5'-(G/C)GGA-3’ where the underlined nucleotides are cryptic. If either of the cryptic nucleotides or
the guanine directly upstream from them are substituted, RNA synthesis is abolished. This is unique
from other DNA primases, in that two cryptic nucleotides are required for synthesis whereas other
primases often require one. The exact mechanism of Twinkle association with template DNA is not
fully understood.

Twinkle preferentially incorporates CTP and GTP, which is curious as nearly all plant mitochondrial
and chloroplast genomes are highly A/T rich [108]. Why then would a plant organellar primase
preferentially incorporate CTP and GTP? One theory points to Aquifex aeolicus, a primitive thermophilic
bacteria, in which primer synthesis is initiated from a trinucleotide sequence composed of cytosines
and guanines much like Arabidopsis Twinkle [109]. This G-C rich sequence is hypothesized to provide
stability during primer extension. Similarly, plants may rely on the stability of the template sequence
5'-(G/C)GGA-3’ paired with preferential CTP and GTP incorporation to provide thermodynamic
stability. Another leading theory is that preferential incorporation of CTP and GTP aid in determining
Okazaki fragment length [99].

The co-evolution of nuclear, plastid, and mitochondrial genomes in plants has led to an interesting
arrangement of RNA polymerases (RNAP) in the organelles. Unlike animal mitochondria, which
utilize a single RNA polymerase [110], plant organelles require multiple RNAPs: at least two for
plastids and one for mitochondria. These genes are designated as “RpoT” genes, the “T” indicating
their similarity to the single subunit RNA polymerases of T3 and T7 phage [111]. RNAP that targets
to mitochondria are designated RpoTm and those that target to plastids are called RpoTp. RpoTmp
represent RNAP that target to both organelles. Different species may possess multiple copies of these
nuclear encoded organellar proteins, but the earliest phylogenetic versions of these enzymes exist
in the waterlily Nuphar advena, a basal angiosperm [112]. All RNAPs in mitochondria are nuclear
encoded, while plastids use both nuclear and plastid-encoded RNAPs. Extensive research has been
performed on how plant RNA polymerases recognize promoters and transcribe genes. This portion
of the review focuses on the potential RNAP has to prime DNA for synthesis rather than its role in
transcribing genes.
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Three single-subunit mitochondrial RpoT genes have been identified in Arabidopsis; however,
only two have been proven to localize to mitochondria [79,111]. A duplication of one of these genes
has led to the creation of a RpoTmp. How these enzymes coordinate synthesis of RNA is largely
unexplored, although some research suggests RpoTmp is responsible for gene synthesis in early
seedling development and RpoTm and RpoTp take over once the plant has fully developed [113].

In Arabidopsis, plastids require at least two RNAPs: nuclear encoded RNAP (NEP), and plastid
encoded bacterial-like RNAP (PEP). The NEP and PEP versions of RNAP are distinct and do not
share subunits [114]. The NEP is homologous to the phage-like single subunit RNA polymerases
found in mitochondria. This RNAP is represented as RpoTp and is thought to be a duplication of
the mitochondrial RpoTm. NEP isolated from P. sativum seems to act more like a primase than an
RNAP [115], as it makes primers that are too short for transcription but much larger than other RNAPs.
Like other RNAPs, it also showed preferential binding to single-stranded rather than double stranded
DNA. The enzyme was also found to be resistant to inhibition by tagetitoxin, a specific inhibitor
of chloroplast-encoded RNA polymerase, as well as polyclonal antibodies specific to purified pea
chloroplast RNAP. These findings suggest that plastids and probably mitochondria possess an RNAP
gene that functions as a DNA primase, although further research on this topic is needed.

Unlike the mitochondrial phage-like RNA polymerases, the PEP is made up of multiple subunits
that share homology with the core subunits of E. coli RNAP: «, 3, 3, and 3”. These subunits are
encoded from the genes rpoA, rpoB, rpoC1, and rpoC2, respectively. In addition, several nuclear-encoded
sigma factors form the PEP holoenzyme and provide promoter recognition for the plastid encoded
subunits [76]. In agreement with the theory of endosymbiosis, the core enzyme of the NEP is also
homologous to multi subunit RNA polymerases of cyanobacteria [111].

In humans and yeast, RNAPs are required to initiate and prime DNA for replication in
mitochondria [106,107]. This makes sense when observing that Twinkle, a helicase-primase, is present
in animals but lacks the primase activity observed in both phage and plants. Therefore, plants may
also use their organellar RNA polymerases to prime DNA for synthesis. Unfortunately, the ability
and scale on which this actually happens is grossly understudied, most likely due to the assumption
that organellar DNA is primed by mimicking the simple replisome found in T7 phage. However,
unlike animals in which mutation of Twinkle helicase/primase is embryo-lethal, plants with Twinkle
knock-out mutations grow well, and display no phenotypic defects [116]. Therefore, the ability of RNA
polymerase to prime DNA for synthesis may be extremely important to plants and could be a fruitful
area of research.

4.6. Primer Removal

In E. coli, RNA primers are removed from DNA-RNA hybrids by the 5-3” exonuclease activity of
DNA polymerase I. Since Pol1A and Pol1B lack 5’-3” exonuclease activity, primer removal must be
carried out by another enzyme. Recent work has shown RNase H-like activity both in mitochondria
and chloroplasts [80]. In addition to RNase H, two exonucleases with homology to the 5’-3” exonuclease
domain of E. coli DNA polymerase I (5’-3° EXO1 and 2) have also been predicted to localize to
chloroplasts or mitochondria [68].

4.7. Single-Stranded DNA Binding Proteins

Plants utilize at least two types of single stranded DNA binding proteins (SSBs) in their organelles.
The first one is similar to bacterial SSBs. Arabidopsis encodes at least two of these genes, called SSB1 and
SSB2, although little is known about SSB2 [44,81]. SSB1 functions at replication forks by coating single
stranded DNA to prevent fork collapse. This protein has been shown to localize to both mitochondria
and chloroplasts, and stimulates bacterial RecA activity [39,44,81]. RecA is a bacterial protein involved
in homologous recombination and strand invasion, and is discussed in greater detail below.

The second class of SSB proteins is called organellar single-stranded DNA binding proteins (OSB).
OSB proteins are distinct from the bacterial SSB versions and are unique to plant organelles. At least
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four OSB genes are transcribed in Arabidopsis with OSB proteins localizing to both the mitochondria
and chloroplasts. Although the function of these molecules has not been completely detailed, mutants
for OSB1 accumulate mtDNA homologous recombination products. In subsequent generations, these
products segregate into separate plant lines where one of the homologous recombination products
is predominant. If OSB1 activity is restored the plants segregate into separate line they will revert
to wild type configurations of mtDNA. However, if segregation has already occurred, restoration of
OSB1 activity does not restore plants to wild type mtDNA configurations [82]. Therefore, OSB proteins
are most likely involved in recombination surveillance and preventing transmission of incorrect
recombination products to newly formed mitochondria.

In addition to OSB proteins, plants also utilize Whirly (WHY) and organellar DNA binding (ODB)
proteins. WHY proteins form tetramers that take on the appearance of a whirligig, hence the name
Whirly. There are three Whirly proteins—WHY1, WHY2, and WHY3 [83]. WHY1 and WHY?3 localize to
chloroplasts while WHY?2 localizes to mitochondria. Whirly appears to have expanded roles from OSB
proteins. Like OSB, WHY proteins also appear to be involved in recombination surveillance and have
also been shown to associate with RNA molecules. Some WHY proteins have been associated with
double stranded DNA repair [84,85] and regulation of defense genes in response to pathogens [117].

4.8. DNA Recombination

As mentioned in the previous section, OSB, ODB, and WHY proteins have been shown to
participate in DNA repair in mitochondria and chloroplasts. In addition, plant organelles also contain
proteins involved in homologous DNA recombination. There are two classes of proteins dedicated
to recombination in plant organelles. One is a MutS homolog called MSH1, and the others are
RecA homologs.

MutS from E. coli is part of the mismatch repair (MMR) pathway and corrects point mutations
and small insertions and deletions by preventing recombination between partially homologous DNA
sequences. MSH1 is a nuclear encoded gene and mutants display patchy green/white/yellow leaves
symptomatic of dysfunctional chloroplasts, with a non-Mendelian inheritance pattern [118]. Due to
this activity, this gene was originally called chm for chloroplast mutator. Later, it was discovered that
chm mutants cause rearrangements to the mitochondrial genome that lead to the observed phenotypes
and defective chloroplasts. Despite extensive searching, no mutation or rearrangement of the plastid
genome has been observed in chim mutants [119]. Being homologous to MutS from E. coli, the gene was
consequently renamed MSH1 and mutants designated as msh1 plants [120].

Insertion mutations of yeast mshl lead to a petite phenotype indicative of mitochondrial
dysfunction. Mutation of yeast mshl is also accompanied by large-scale point mutations and
rearrangements in the mitochondrial genome [121]. Interestingly, plant MSH1 mutants do not
accumulate point mutations over time, suggesting that the plant MSH1 specializes primarily in
recombination and is not essential for correcting mismatches.

E. coli utilizes the adaptor protein MutL and endonuclease MutH to assist in the mismatch repair
pathway, but no homologs of these proteins have been identified yet in plant organelles. Instead,
plant MSHI1 possesses three recognizable domains and three unknown domains to facilitate mismatch
repair. These include a conserved DNA binding and mismatch recognition domain and an ATPase
domain homologous to those in E. coli MutS. Point mutations to the ATPase and endonuclease domains
of plant MSH1 led to the defective chloroplast phenotype [122], suggesting that plant MSH1 may
provide mismatch recognition and base excision without the need for MutL or MutH homologs,
although this has not been experimentally shown. Recent studies have shown that MSH1 suppresses
homeologous recombination [123,124]. Plant MSH1 also has a unique GIY-YIG endonuclease domain,
which binds specifically to the D-loop structure, suggesting that this protein may recognize and resolve
mismatch-containing intermediates [125].

RecA facilitates homologous recombination by correctly pairing homologous sequences and
promoting strand invasion. Eukaryote versions of this protein are called RAD51. All homologous
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recombination begins with strand invasion mediated by RecA family proteins, making this protein
crucial for this type of repair. RecA functions by coating single stranded DNA at lesions to form
presynaptic filaments. This complex will then search for homology within intact double stranded DNA.
Once homology has been established, the presynaptic complex will destabilize the double stranded
DNA promoting strand exchange and D-loop formation. Three RecA proteins have been identified in
Arabidopsis: RecAl, RecA2, and RecA3. RecAl localizes to plastids, RecA3 to mitochondria, and RecA2
to both organelles [86]. Mutations to RecA3 cause mitochondrial rearrangements distinct from those
observed in MSH1 mutants. The rearrangements observed in RecA3 mutants are due to homologous
recombination of repeated sequences in the mitochondrial genome. Reintroducing RecA3 into these
mutants results in a reversal of this effect in most of the progeny by abolishing aberrant mitochondrial
DNA molecules. RecAl and RecA2 appear to be even more essential to homologous recombination
as mutations in these genes cause a seed-lethal phenotype. This may be explained by the lack of the
C-terminal domain found in both RecA1 and RecA2 as well as bacterial homologs. In bacteria, deletion
of this C-terminal domain enhances the activity of RecA, suggesting its involvement in autoregulation.

4.9. DNA Ligation

The amount of information surrounding plant organellar DNA ligases is extremely limited. Unlike
mitochondria, no DNA ligase has been confirmed or observed functioning in plastids, representing
a potential avenue of research, as the activity of this enzyme in both organelles must be present.
Four DNA ligase genes have been identified in the genome of Arabidopsis; however, only DNA ligase
1 (LIG1) has been identified in mitochondria [126]. Plant LIG1 knockouts are seedling-lethal and
knockdown mutants display severe growth defects due to effects on the nuclear genome rather than
the mitochondrial genome [127].

5. Conclusions

Genomes found in plant mitochondria and chloroplasts are essential for organelle function, but
there is still relatively little known about how these genomes are replicated and maintained. This is
especially true for plant mitochondria, which have a very large variation in genome size depending on
the species, and there is considerable evidence that the genome exists as linear subgenomic molecules,
raising questions as to how the integrity of the genetic information is maintained. Thus, plant
mitochondrial genomes and their replication are much more complex than their animal counterparts.
It is clear that for at least some replication functions more than one gene is present in Arabidopsis,
suggesting the possibility of functional redundancy. For chloroplasts, although a DNA replication
mechanism has been established, it is quite possible that more than one mechanism is involved, perhaps
for different stages of growth or in response to different signals. Further research is needed to better
understand the basic structure of the organelle genomes and how these DNA molecules are replicated.
In addition, the mechanism(s) for maintaining genome copy number and regulation of replication
initiation are not known and should be studied.
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Abstract: Plants are sessile organisms, and their DNA is particularly exposed to damaging
agents. The integrity of plant mitochondrial and plastid genomes is necessary for cell survival.
During evolution, plants have evolved mechanisms to replicate their mitochondrial genomes while
minimizing the effects of DNA damaging agents. The recombinogenic character of plant mitochondrial
DNA, absence of defined origins of replication, and its linear structure suggest that mitochondrial
DNA replication is achieved by a recombination-dependent replication mechanism. Here, I review the
mitochondrial proteins possibly involved in mitochondrial DNA replication from a structural point
of view. A revision of these proteins supports the idea that mitochondrial DNA replication could be
replicated by several processes. The analysis indicates that DNA replication in plant mitochondria
could be achieved by a recombination-dependent replication mechanism, but also by a replisome
in which primers are synthesized by three different enzymes: Mitochondrial RNA polymerase,
Primase-Helicase, and Primase-Polymerase. The recombination-dependent replication model and
primers synthesized by the Primase-Polymerase may be responsible for the presence of genomic
rearrangements in plant mitochondria.

Keywords: DNA replication; evolution; replisome; recombination-dependent replication

1. Introduction

1.1. Plant Mitochondria Genomes

Mitochondria arose from a monophyletic endosymbiotic event between an archaea and an
a-proteobacteria approximately two billion years ago [1]. During the evolution of eukaryotes,
mitochondrial genomes have evolved in size and complexity. For instance, mitochondrial genomes
vary in size more than three orders of magnitude and they exist as circular, linear, linear-branched,
linear-fragmented, and mixtures of maxi and mini-circles [2]. In general, metazoan mitochondrial
genomes are circular molecules that vary in sizes between 10 to 30 kb [3]. In contrast, plant mitochondrial
genomes are predominantly large linear DNA molecules (up to 11 Mb in angiosperms from the genus
Silene). Besides the differences between the physical structure of the plant and metazoan genomes
(linear versus circular), the most remarkable characteristics of plant mitochondrial genomes are their
ability to rearrange, their low nucleotide substitution rate, and the evolution of new mitochondrial open
reading frames. For instance, almost all vertebrates exhibit a similar organization in their mitochondrial
genome arrangement [4], whereas the mitochondrial genomic organization in plants is different even
between ecotytpes of the same species [5]. The abundance of noncoding sequences severely complicates
alignments of mitochondrial genomes from different plant families [6]. A comparison between the
mitochondrial genomes of Col-0 and C24 ecotypes of Arabidopsis thaliana, that diverged 200,000 years
ago, shows that both genomes exhibit different configurations because of a large inverted repeat [5,7-9].
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Even though plant mitochondrial genomes rearrange, the substitution rate in their coding regions is
almost negligible, in contrast with the highly mutable human mitochondrial genome [10,11].

1.2. Replication in Mammalian Mitochondria

Due to their bacterial origin, the mechanisms involved in mitochondrial and plastid DNA
replication are expected to be related to bacteria. Yet mitochondrial DNA replication in metazoans
is achieved by a replisome that is phylogenetically related to the bacteriophage T7 replisome [12,13].
In mitochondrial replisomes from metazoans, a bacteriophage-related RNA polymerase synthesizes
RNA primers to start replication at the heavy and light chains of the circular DNA mitochondrial
molecule, a hexameric helicase unwinds double-stranded DNA, and a trailing mitochondrial DNA
polymerase synthesizes DNA. Human mitochondrial DNA replication starts by a strand-displacement
model of replication in which human mitochondrial RNA polymerase (RNAP) transcribes the
heavy-strand promoter generating a primer that is processed and passed on to the mitochondrial
DNA polymerase (DNAP), DNA replication proceeds interruptedly to copy a new heavy-strand [14].
During this process, the replication fork replicates the light strand origin of replication. This DNA
sequence folds into a stem-loop structure that allows primer synthesis by the mitochondrial RNAP,
and these primers are elongated by the mitochondrial DNA polymerase [15]. Elongation of the heavy
and light chains continues asynchronically until the two chains are completely copied. Although
the strand-displacement model is generally accepted as the mechanism for mitochondrial DNA
replication, there are discrepancies regarding how it proceeds. To date, two alternative models explain
strand-asynchronous replication in mitochondria. One model proposes that long RNA molecules
hybridize to the single-stranded heavy-strand [16]. This ribonucleotide (RNA) incorporation occurred
throughout the lagging strand (RITOLS) transcripts that are continuously hybridized as replication
continues [17]. The second model proposes that single-stranded DNA binding proteins coat the
lagging-strand template [18]. Alternatively to the strand-displacement model, coupled leading
and lagging-strand DNA synthesis can occur bidirectionally in mitochondria [19,20] and recent
work stablished that cells can shift between the strand-asynchronous and the coupled leading and
lagging-strand DNA synthesis depending of the amount of transcripts [21].

2. Enzymes Involved in Organelle DNA Replication in Plants Can Be Grouped into
Bacteriophage-Related, Replication-Dependent Replication and Unique Enzymes

The main difference between the mitochondrial metazoan and bacteriophage T7 replisomes is that
the T7 primase-helicase harbors an active primase module that synthesizes primers for lagging strand
synthesis, whereas the primase module of metazoan primase-helicases is inactive and primer synthesis
depends solely on the mitochondrial RNA polymerase [22,23]. Thus, metazoan primase-helicases
harbors a primase module that has lost its priming activities. The similarities between the metazoan
replicative mitochondrial DNA primase-helicase and the primase-helicase of bacteriophage T7 resulted
in the name of TWINKLE (T7 gp4-like protein with intra-mitochondrial nucleoid localization) for this
protein [24].

2.1. A T7-Like Replisome in Plant Organelles

In this review, we focus on the proteins from the model plant Arabidopsis thaliana as a representative
of flowering plants. As their metazoan counterparts, plant organelles harbor enzymes related to the T7
replisome (Table 1). From the four enzymes involved in DNA replication in bacteriophage T7 and
metazoan mitochondria, land plants have conserved three of them: (a) The primase-helicase, (b) the
RNA polymerase, and (c) the single-stranded DNA binding protein (Table 1). The presence of these
proteins suggests that plant mitochondrial DNA replication is executed in part by a mechanism that
resembles the coordinated leading and lagging-strand replication model of bacteriophage T7 [22]. In this
model, a central primase-helicase unwinds dsDNA in the 3’-5’direction followed by a processive DNA
polymerase in the leading strand. The primase module of the primase-helicase uses the unwounded

26



Plants 2019, 8, 533

single-stranded regions to recognize a sequence to start the synthesis of very short ribonucleotides
that are handed off to the active site of the lagging strand DNA polymerase. The single-stranded
DNA regions generated during this trombone mechanism are coated by the single-stranded binding
proteins [22,25].

Table 1. Proteins related to bacteriophage T7 proteins present in plant mitochondria.

Human Arabidopsis

Enzyme Phage T7 Mitochondria Organelles Number Localization
DNA Polymerase T7 DNAP DNAPy — — —
Helicase-Primase ~ Helicase-Primase Helicase AtTwinkle At1g30680 Chl'oroplast a'nd

mitochondria

Primase — —_ AtTwinky At1g30660 ?

Primase T7 RNAP mtRNAP RpoTm At1g68990 Mitochondria

Chloroplast and
- - - RpoTmp At5g15700 mitochondria
SSB SSB mtSSB mtAtSSB1 Atdg11060 Chloroplast and
mitochondria
— — — mtAtSSB2 At3g18580 Mitochondria

2.1.1. Plant Organellar Primase-Helicase (AtTwinkle)

Primase-helicases are the central component of replisomes [26,27]. These enzymes unwind
double-stranded DNA segments using NTP hydrolysis for translocation and primer synthesis, using
their helicase and primase modules, respectively [22,27]. The organellar primase-helicases in A. thaliana
(dubbed AtTwinkle) is a 709 amino acid protein with mitochondria and chloroplast localization [28]
(Figure 1A). AtTwinkle, as predicted for all plant primase-helicases, harbors both primase and
helicase activities [28-30]. Structural studies of primase-helicase show that these enzymes assemble as
heptamers or hexamers in which the helicase modules form a compact oligomeric ring to which the
primase modules attach [31,32] (Figure 1B,C). The primase module of AtTwinkle contains six conserved
motifs [30]. Motif I corresponds to the zinc binding domain (ZBD) necessary for template recognition,
whereas regions II to VI assemble the RNA Polymerase domain (Figure 1D). In contrast to all previously
characterized primase-helicases, AtTwinkle recognizes two cryptic nucleotides within the ssDNA
template [29], a biochemical property that may reduce the length of the Okazaki fragments during plant
mitochondrial replication. The helicase module of AtTwinkle shares high amino acid identity with
the helicase module of the T7 primase-helicase and harbors the five conserved motifs [33], including
a Walker motif necessary for nucleotide hydrolysis. The presence of an active AtTwinkle protein in
Arabidopsis suggests the presence of a plant mitochondrial replisome in which a DNA polymerase
replicates DNA following the unwinding of the double helix and exposing the leading-strand for
continuous synthesis [34]. The primase activity suggests that a trailing DNA polymerase synthesizes
the lagging-strand using primers synthesized by the primase module of AtTwinkle [29]. This model of
coordinated leading and lagging strands occurs in bacteriophages T4 and T7, but not in mitochondria
from metazoans and yeast [22,23,26]. Interestingly, Arabidopsis harbors a protein that contains the zinc
finger and the RNA polymerase module of AtTwinkle dubbed AtTwinky [28]. This module by itself is
functional in vitro [29]. An Arabidopsis insertional line in AtTwinkle shows no apparent phenotype,
maybe because the T-DNA insertion occurs in an intron or because of redundant mechanisms for
primer synthesis and DNA unwinding [34].
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Figure 1. AtTwinkle is a homolog of bacteriophage T7 primase-helicase and mitochondrial Twinkle.
(A) Schematic representation of the bifunctional T7 primase-helicase in comparison to AtTwinkle
and human Twinkle. T7 primase-helicase and AtTwinkle contain the conserved motifs necessary for
primase and helicase activities, whereas human Twinkle is inactive as a primase. (B) Homology model
of AtTwinkle showing its RNA polymerase domain and helicase modules with basis on the crystal
structure of the heptameric T7 primase-helicase [31]. (C) Close view of a monomeric module of the
RNAP and helicase of AtTwinkle. (D) Close view of the primase module composed of the zinc binding
domain (ZBD) and RNAP domain. The conserved cysteines that coordinate the zinc atom are colored
in red and magenta.

2.1.2. Bacteriophage-Type Plant Organellar RNA Polymerases

In yeast and metazoans mitochondria, transcription is carried out by a single RNA polymerase
(mtRNA) homologous to T7 RNA polymerase [35]. In contrast to metazoans that harbor one
nuclear-encoded mtRNAP, flowering plants encode three bacteriophage-type RNA polymerases [36,37].
One is localized into the mitochondria (RpoTm), one into the chloroplast (RpoTp), and the third one
presents dual mitochondrial and plastid localization (RpoTmp). In Arabidopsis, RpoTm and RpoTp
start transcription at a specific set of promoters. However, RpoTmp is unable to start transcription
by itself [38]. These enzymes are closely related to bacteriophage T7 RNAP and due to sequence
similarity are expected to fold into two conserved domains: An N-terminal domain, possibly involved
in RNA binding and a C-terminal or polymerization domain. The C-terminal domain is structurally
divided into three subdomains, dubbed palm, fingers, and thumb (Figure 2). Yeast and metazoan
mitochondrial RNAPs are only active by themselves on supercoiled templates; on linearized templates,
they need an associated transcription factor to start transcription [39,40]. Likewise, plant mitochondrial
RNAPs are only active in supercoiled templates [36], suggesting that they also need an unidentified
plant mitochondrial transcription factor for efficient promoter melting. Mitochondrial RNAPs from
metazoans and yeast contains an N-terminal pentatricopeptide repeat (PPR) not present in plant
mitochondrial RNAPs and T7 RNAP (Figure 2). Thus, plant mitochondrial RNAP are more compact
than yeast and metazoan mitochondrial RNAPs.

In bacteriophage T7 and metazoan mitochondria, their RNAPs synthesize long RNA chains at
defined sequences that mark their origins of replication [15,41-43]. It is unknown if plant mitochondrial
RNAPs play a role in synthesizing RNA primers during mitochondrial or plastid replication. However,
plant mitochondrial genomes are proposed to exist as a multitude of linear fragments, carrying only
partial segments of their genome [44-46]. The presence of numerous promoter DNA sequences in plant
mitochondria makes possible the existence of multiple initiation replication sites in mitochondrial DNA.

During metazoan mitochondrial DNA replication, the RNA primers generated by the
mitochondrial RNA polymerase are removed by a specific set of nucleases. In humans, five different
nucleases participate in this process [47-52]. From those enzymes, RNAse H1 plays a predominant role
by degrading the RNA primer until it reaches few nucleotides. These last two to three ribonucleotides
can be removed by the flap specific nucleases FEN1, DNA2, and MGMEI or by the selective 5’-3’
exonuclease EXOG [48,51]. Arabidopis encodes for three proteins highly homologous to RNase H1,
dubbed AtRNHI1A (At3g01410), AtRNH1B(At5g51080), and AtRNHI1C (At1g24090) [47]. AtRNHIA is
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localized into the nucleus, whereas AtRNH1B and AtRNH1C are imported into mitochondria and
chloroplasts, respectively. AtRNHI1C prevents R-loop accumulation in chloroplast especially at highly
transcribed regions and putative origins of replication [47]. AtRNHIC is involved in assuring genome
stability in the chloroplast, suggesting the possibility that AARNH1B may contribute to the removal of
RNA primers in plant mitochondria.

{3 -hairpin specificity loop

TTRNAP Cvem I
RpoTm BEI I -

HsmirnaP EEDEEEDII DO
rroam

T7RNAP RpoTm HsmtRNAP

Figure 2. Bacteriophage-type plant organellar RNA polymerases. (A) Domain organization of
bacteriophage-related RNAP. These enzymes share a C-terminal or polymerization domain that is
divided into three subdomains: Fingers, palm, and thumb, and a N-terminal domain involved in
promoter opening and RNA binding. The N-terminal domain is colored orange and the subdomains of
the fingers, thumb, and palm of blue, green, and red, respectively. mtHsRNAP associates with two
accessory subunits (TFB2M and TFAM) to open double-stranded DNA and contains a N-terminal
pentatricopeptide repeat (PPR)-domain and a tether helix not present in plant mitochondrial RNAPs.
(B) Structural model of the mtAtRNAP compared to bacteriophage T7RNAP and human mtRNAP
during transcription initiation [40,53].

2.1.3. Plant Organellar Single-Stranded DNA Binding Proteins

All replisomes contain single-stranded DNA binding proteins (SSBs) that coat the lagging-strand
DNA chain and exert a multitude of interactions with DNA polymerases, DNA helicases, and other
proteins involved in DNA metabolism. Flowering plants encode for two canonical single-stranded
DNA binding proteins that are targeted to mitochondria (AtmtSSB1 and AtmtSSB2) [54,55]. Like all
SSBs, these proteins harbor an oligonucleotide/oligosaccharide/binding (OB)-fold domain and share a
conserved set of aromatic amino acids that in other bacterial and mitochondrial SSBs are important for
binding to single-stranded DNA. Among these amino acids, residues W54 and F60 that are determinant
for binding to SSB in bacteria are conserved in AtmtSSB1 and AtmtSSB2 [56-58] (Figure 3). AtmtSSB1
assembles as a tetramer, binds single-stranded DNA in the nanomolar range, and interacts with plant
mitochondrial DNA polymerases from Arabidopsis [59]. A recent proteomic analysis indicates that
both AtmtSSB1 and AtmtSSB2 are highly abundant proteins, suggesting that a great portion of the
mitochondrial single-stranded DNA is coated with them [55]. The last nine amino acids of E. coli SSB
are responsible for mediating protein—protein interactions [60,61]. AtmtSSB1 contains a predominant
acid tail while AtmtSSB2 harbors an aromatic tail (Figure 3), suggesting the possibility that both SSBs
exert differential protein-protein interactions.
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Figure 3. Homology model of tetrameric AtmtSSB1. (A) Homology model of AtmtSBB1 illustrating
its oligonucleotide/oligosaccharide/binding (OB)-fold and an acid C-terminal tail. (B) An amino acid
sequence alignment illustrates that the C-terminal tail of AtmtSSB2 is composed of two aromatic amino
acids, whereas AtmtSSB1 is acidic.

2.2. A Putative Recombination-Dependent Replication System in Plant Mitochondria

One of the main differences between plant and human mitochondrial genomes resides in the
presence of highly abundant repeats of different lengths in plant mitochondria [62,63]. These repeats
are classified by Gualberto and Newton as large repeats (>500 base pairs); intermediate-sized repeats
(50-500 base pairs); and small repeats (<50 base pairs) [64,65]. Seminal studies deduced that the
recombinogenic character at large repeats is responsible for plant mitochondrial DNA genomic
configurations [62,66,67]. Thus, it is generally accepted that recombination at large repeats results in the
presence of multiple mitochondrial genome conformations, whereas recombination at intermediate-size
repeats are not as frequent [5,68]. The low-frequency recombination at intermediate-size repeats leads
to changes in the stoichiometry of the mitochondrial genomes [69,70]. Finally, recombination at small
repeats drives the apparition of new open reading frames associated with traits like cytoplasmic male
sterility [71,72]. The notion that recombination is dependent on the length of the repeat is challenged
by comparing new mitochondrial DNA sequences between domesticated and wild-type cultivars and
by following the evolutionary history between species [73,74].

The recombinant character of the mitochondrial genome is reminiscent of bacteriophage T4
genome, which uses a recombination-dependent replication (RDR) mechanism [46,75]. Furthermore,
seminal studies have shown the presence of linear molecules, head-to-tail concatemers, branched, and
rosette-like structures during plant mitochondrial replication suggesting that free single-stranded DNA
ends direct primer formation [45,46,76,77]. In contrast to metazoan mitochondria, plant mitochondria
harbor a complete set of enzymes involved in HR. In bacteriophage, T4 RDR starts by coating of
the single-stranded DNA by a recombinase dubbed UvsX, a protein homolog to bacterial RecA,
or eukaryotic Rad51. As all recombinases, this protein uses ATP to catalyze the exchange of the
single-stranded DNA into double-stranded DNA. This initial step creates a triple-stranded DNA
region in which T4 DNA polymerase assembles to initiate replication. A replicative helicase loads
onto the displaced DNA strand, this enzyme translocates in 5’ to 3’ direction, unwinding DNA,
and generating a template for the trailing polymerase. The helicase associates with a primase that
recognizes single-stranded sequences in the 3’-5’direction and generates primers used by a second
DNA polymerase during replisome assembly. Although this system is relatively simple, it needs the
presence of several mediator proteins that coordinate protein loading. In Arabidopsis mitochondria,
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several homologs to the battery of T4 enzymes involved in RDR are present, suggesting the possibility
that RDR is a functional mechanism in plants (Table 2).

Table 2. Plant mitochondrial proteins related to bacteriophage T4 recombination-dependent
replication proteins.

. Arabidopsis Acession R
Process or Enzyme Phage T4 Bacteria Organelles Number Localization
Annealing to ssDNA UvsX RecA AtRecA2 At2g19490 Chloroplast and
mitochondria
AtRecA3 At3g10140 Mitochondria
Suppress Rec-A — RecX AtRecX At3g13226.1 ?
Annealing
Mediator UvsY RecFOR AtODB1 Atigrizlg  Mitochondria and the
nucleus
Helicase Dda? RadA AtRadA At5g50340 Chloroplast and
mitochondria
Branch Migration UvsW RecG AtRecGl AR2g01440.1 RecGl
Remodeling
2.2.1. AtRecA

RecA and its homologs Rad51 and BRCA are the central components of homologous recombination.
RecA is an archetypical bacterial recombinase that loads onto resected single-stranded DNA in an
ATP-dependent reaction. It assembles a nucleic acid-protein filament that navigates the double-stranded
genome in search of a homologous sequence, and when a region of homology is encountered, this
filament perfectly pairs with its homologous partner (located within a dsDNA region) and generates
a heteroduplex or D-loop intermediate [78]. HR by Rad51/RecA is abrogated in the presence of
mismatches and bacterial RecA needs at least eight nucleotides of perfect complementarity to form a
stable D-loop, although the efficiency of heteroduplex formation increases according to the length of the
perfect complementarity [79-81]. In bacteria, the RecA monomer consists of a central or core domain
of approximately 230 amino acids. This domain folds into a single (3-sheet and six o-helices [82].
This core domain is flanked by N and C-terminal domains of approximately 30 and 60 amino acids,
respectively [82]. The crystal structure of bacterial RecA—ssDNA filament illustrates how the RecA
assembles onto ssDNA and how Watson—Crick pairing is assured during the homology search [83]
(Figure 4A).

Unlike metazoan mitochondria that are devoid of RecA homologs, plant mitochondria harbor
orthologues of the recombinase RecA/Rad51 gene family [69,84-86]. These proteins are conserved
from algae to flowering plants. Genetic studies in Physcomitrella patens and Arabidopsis demonstrate
the role of RecA in preventing illegitimate recombination events at small repeats in P. patents and
intermediate-size repeats in Arabidopsis [69,86,87]. A. thaliana harbors three RecA genes. RecAl is
targeted to the chloroplast, RecA2 is targeted to plastids and mitochondria, whereas RecA3 is only
targeted to mitochondria [69,88]. AtRecAl is an essential gene, whereas AtRecA?2 is only necessary
after the seedling stage [69,86]. AtRecA2 and AtRecA3 share 53% and 41% amino acid identity
with E. coli RecA, respectively. The latter suggests that HR in plant mitochondria may follow a
mechanism similar to bacteria. Interestingly, AtRecA3 lacks the last 22 amino acids of its C-terminal
domain in comparison to E. coli RecA. In bacteria, these residues have a highly acidic composition
and a deletion of 17 amino acids is more efficient in displacing bacterial SSB from ssDNA, thus the
C-terminal extension negatively modulates RecA activity [89] (Figure 4). Plants mutated in AtRecA3
are phenotypically normal. However, they are sensitive to genotoxic treatments [69]. The loss of
RecA2 and RecA3 promotes rearrangements at intermediate-size repeats [86]. These repeats are
not perfect and lead to homeologous recombinant products (illegitimate recombination products).
The increase of illegitimate recombination products in the absence of AtRecA2 or AtRecA3 suggests

31



Plants 2019, 8, 533

that less stringent RecA-independent pathways take over in their absence. One possible pathway is
the single-strand annealing recombination pathway (SSA) under the control of specialized SSBs with
annealing capabilities as is the case in Deinococcus radiodurans [90]. Recent proteomic studies indicate
that RecA2 is one of the most abundant DNA binding proteins in plant mitochondria [55].

- complementary
strand

E. coli 3

1))

AtRecA2

1 [Ers) N[ _Recarea (c Jaso

AtRecA3

Figure 4. Structural conservation of plant and bacterial RecAs. (A) Crystal structure of the bacterial
RecA postsynaptic nucleoprotein filament determined by Chen, Yang, and Pavletich [83]. Each of the
five RecA monomers is individually colored and labeled with numbers. The search strand is colored in
yellow and the complementary strand in red. The crystal structure comprises solely the RecA fold and
the C-terminal domain is not present in the initial construct. (B) Domain organization of AtRecA2 and
AtRecA3 in comparison to bacterial RecA. AtRecA3 lacks the C-terminal regulatory domain.

2.2.2. AtRecX

In bacteria, RecA can be inhibited by an interaction with a small protein (approximately 20 kDa)
dubbed RecX [91]. RecX proteins bind to RecA monomers and DNA [92]. Bacterial RecX proteins are
composed of nine x-helices that arrange into three three-helix bundles [93,94] (Figure 5A). RecX binds
to RecA filaments promoting their dissociation from single-stranded DNA and impinging homologous
recombination [95,96]. A. thaliana encodes for a gene of 382 amino acids, ortholog to bacterial RecX,
with a predicted mitochondrial localization signal in its first 25 amino acids, a domain of unknown
function and a C-terminal segment that presents 30% amino acid identity with E. coli RecX (Figure 5B).
The presence of this RecX ortholog (AtRecX) suggests the possibility that RecA activities are subject to
regulation in plants. The presence of three RecA genes in flowering plants also suggests that these
proteins may be subject to a gradient of regulation by RecX in vivo. In the moss Physcomitrella patens
RECX, overexpressing mutants exhibit increased recombination products at short dispersed repeats in
mitochondria [97], suggesting that RecX modulates RecA activity and when RecA is not functionally
active, less accurate DNA repair routes gain access to ssDNA with a concomitant appearance of
illegitimate recombination products.
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Figure 5. Structural organization of AtRecX. (A) Crystal structure of RecX from E. coli (PDB: 3c1d). RecX
is composed of three repeats of a three-helix motifs, (B) modular organization of AtRecX in comparison
to bacterial RecX. Plant RecX harbor a mitochondrial targeting sequence (MTS) and a N-terminal

domain of unkown function. AtRecX share more than 30% amino acid identity with bacterial RecXs.
2.2.3. Organellar DNA-Binding Proteins (ODBs)

Upon the formation of single-stranded breaks, canonical SSBs bind to ssDNA blocking its acess
to other binding proteins. In order for RecA to bind ssDNA, SSBs have to be removed from ssDNA.
In bacteria, a protein named RecO (or its functional homolog in yeast, Rad52) interacts with the
C-terminal tails of SSBs creating space for RecA binding [98]. Via proteomic studies, the Gualberto
group identified that Arabidopsis contains two organellar DNA-binding proteins (ODBs), one located in
the mitochondria (AtODB1) and the other in the chloroplast (AtODB2) [99]. AtODBs are homologous to
Rad52 and the yeast mitochondrial nucleoid protein Mgm101 [100]. Mgm101 assembles an oligomeric
ring structure and preferentially binds single-stranded DNA, suggesting a role in stabilizing and
annealing DNA segments [101,102]. Likewise, Rad52 induces the displacement of human replication
protein A (RPA) from ssDNA, anneals complementary ssDNA strands, and promotes strand exchange
between ssDNA and dsDNA [103]. Thus, Rad52 promotes HR by displacing RPA, and promotes
the coating of Rad51 by directing single-stranded annealing. Crystal structures of human Rad52 in
complex with ssDNA depict this molecule as an undecameric ring in which two Rad52 oligomers could
mediate HR in trans [104-106]. AtODB1 comprises 177 amino acids and shares extensive homology
with the N-terminal domain of Rad52 (that contains the DNA binding and oligomerization regions).
However, AtODB1 lacks a C-terminal domain containing the interacting motif for RPA and Rad51, that
are involved in their displacement from ssDNA [107,108]. AtODB1 is 41 amino acids shorter than the
construct of 212 amino acids used to crystallize human Rad52. Interestingly, the last 41 amino acids of
human Rad52 folds into an alpha-helix (named helix 5) that intercalates with the first alpha-helix of the
structure stabilizing the oligomeric assembly [104] (Figure 6).

Because of the reduced size of AtODBs, it is unknown if these proteins interact with SSBs from plant
mitochondria like AtmtSSBs, AtWhirlies, AtRecA, or AtOSBs. Arabidopsis odb1 insertional mutants
present no variation in phenotype, however upon genotoxic stress, they show inferior homologous
recombination potential and increased microhomology-mediated end joining (MME]) [100]. This suggests
that plant ODBs may function as mediator proteins that promote the annealing of plant RecAs onto
single-stranded DNA. Recombinantly expressed plant ODB1 can anneal short DNA sequences [100].
The increase in MME]J in plants lacking AtODB1 may be related to a role of this protein in a single-strand
annealing recombination pathway, since human Rad52 proteins promote this route [109,110].
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Figure 6. AtODB1 resembles human Rad52. (A) Structural domain organization of AtODBI in
comparison to human Rad52. AtODBI1 lacks the C-terminal domain necessary to interact with RPA and
Rad51; (B) crystal structure of the undecameric ring of human Rad52. The undecameric structure is
stabilized by alpha-helix 5 that interacts with alpha-helix 1 of the neighbor molecule. Each subunit
(residues 1 to 172 is individually colored) and the C-terminal residues (172 to 212) are colored in read.
(C) Model of AtODBI1 as a undecameric ring lacking alpha-helix 5 of human Rad52.

2.2.4. AtRadA

Bacterial RadA promotes single-stranded strand exchange similar to RecA, and was initially
suggested to be orthologous to RecA [111]. Bacterial RadAs have a conserved domain organization
composed of: (a) A putative zinc finger (ZnF), (b) a Rec-A like ATPase domain with a unique KNRFG
motif, and (c) a region homologous to the Lon protease. Gualberto and Newton have identified the
presence of a RadA-like gene in plant organelles [64] (At5g50340.1). This protein harbors a dual
organellar targeting sequence in its first 88 amino acids and has 63% amino acid similarity with RadA
from Streptococcus pneumoniae [112-114]. Bacterial Rad assembles as a hexameric ring, resembling the
structural organization of replicative DnaB helicases [112] (Figure 7). Bacterial RadA interacts with
RecA and unwinds dsDNA in the 3’-5" direction. These biochemical properties suggest that RadA
promotes the extension of ssDNA after RecA mediated homologous recombination, similar to the
extension of bacterial origins of replication mediated by DnaB [112].

Because of the conserved domain organization of AtRadA, itis plausible that this protein is involved
in a recombination-dependent replication mechanism. The appearance of multiple origins of replication
in plant mitochondria by electron microscopy suggests the possibility that the unwinding ability of
AtRadA is a key element for break-induced replication, by stabilizing a D-loop in synchrony with
AtRecAs in which AtPolls could be loaded. An interaction between RecA and RadA promotes D-loop
extension in bacteria [115], suggesting that a similar mechanism could exist in plant mitochondria.
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Figure 7. Plant RadA resembles the bacterial enzyme. (A) Structural organization of AtRadA in
comparision to bacterial RadA. AtRad A shares 63% amino acid similarity with RadA from S. pneumoniae
and complete amino acid identity in the catalytic amino acids. Bacterial RadA harbor a zinc finger
(ZnF), a Rec-A like ATPase domain with a unique KNRFG motif, and a region homologous to the
Lon protease. (B) Crystal structure of the Rec-A like ATPase and Lon protease domains of RadA from
S. pneumoniae showing its resemblance to a hexameric helicase. The ZnF domain is not present in the
crystal structure.

2.2.5. AtRecG

DNA lesions like thymine-dimers or abasic sites, that potentially block replicative DNA helicases
and DNA polymerases, are expected to be predominant in plant mitochondria. Thus, it is expected
that plant mitochondria have developed mechanisms to avoid replication roadblocks that lead to
replication fork collapse. Stalled replication forks can be resolved via the formation of four-strand
Holliday junctions. In bacteria and bacteriophage T4, the helicases RecG and UvsW execute this
process [75,116-118]. Bacterial RecGs are loaded in a stalled replication fork where they catalyze
replication fork reversal by “pushing” a halted three-strand fork and convert this three-strand fork
into a four-strand junction or Holliday junction [117-120]. The Holliday junction structure functions as
a starting point for replication fork restart.

Flowering plants encode a RecG homolog that is conserved from green algae [121]. In Arabidopsis
this protein consists of 957 amino acids, from those residues its first 57 amino acids correspond to an
organellar targeting sequence. AtRecG shares 34% amino acid identity with RecG from Thermotoga
maritima and is expected to have a similar structure (Figure 8). Arabidopsis plants compromised
in their RecG activity are prone to suffer recombination events at intermediate-size repeats and this
phenomenon increases in plants deficient in AtRecA3 [121]. Although the precise role of AtRecG is
unknown, this protein may be involved in the processing of Holliday junction structures and avoiding
replication fork collapse or promoting DNA double-strand break repair.

35



Plants 2019, 8, 533

A C g

Nt

=

Wedge linker ATPase-N | ATPase-C || TRG

s
/ regression

5 — —
\— < —

Road block Chicken foot Holliday junction

w
N
—r

linker

ATPase

Figure 8. Plants harbor a RecG ortholog. (A) AtRecG presents the same domain organization of
bacterial RecG, plus the addition of an N-terminal organellar targeting sequence. (B) RecG remodels
halted replication forks by promoting fork regression (chicken foot structure) that is converted to a
Holliday junction. (C) Crystal structure of T. maritima RecG illustrating its modular assembly.

2.3. Unique Proteins in Flowering Plant Mitochondria

Flowering plant mitochondria have unique proteins. These proteins include: (i) Replicative
DNA polymerases solely encoded by protists and plants, (ii) a modified family of single-stranded
binding proteins, dubbed organellar single-stranded DNA binding proteins (OSBs) in which their
OB-fold suffered extensive modifications, (iii) an associated motif dubbed PDF that plays a role in
binding to ssDNA, (iv) a protein that resembles Muts from bacteria, dubbed Mshl, that is only found
in plants and corals, and (v) a distinctive family of proteins that belong to a family dubbed whirly
(Table 3) [65,122-128]. Both Msh1 and whirlies are proposed to play a dual role in DNA metabolism
and as sensor proteins via retrograde signaling from chloroplast-to-nucleus [129,130].

Table 3. Unique proteins involved in DNA metabolism in flowering plant mitochondria.

Arabidopsis Organeles Acession Number Localization
AtPolIA At1g50840 Mitochondria and chloroplasts
AtPolIB At1g30680 Mitochondria
AtWhy2 Atlg71260 Mitochondria
AtOSB1 Atlga7720 Mitochondria
AtOSB3 At5g44785 Mitochondria and chloroplasts
AtOSB4 At1g31010 Mitochondria, chloroplasts
AtMsh1 At3g24320.1 Nuclear, mitochondria and chloroplasts

2.3.1. Plant Organellar DNA Polymerases (POPs)

DNA polymerases in metazoan mitochondria are related to bacteriophage T-odd DNA
polymerases [12,131]. Pioneering studies by the groups of Professors Sakaguchi and Sato revealed that
plant organellar DNA polymerases have a different evolutionary history than phage and mitochondrial
DNAPs from metazoans [122-125]. POPs belong to the family A of DNA polymerases; however, they
did not evolve from bacteriophage T-odd DNAPs. Flowering plants harbor two paralogous POP genes
with chloroplast and mitochondrial localization. In Arabidopsis, one POP is a high-fidelity DNAP
(AtPolIA), whereas the other, AtPollB, is a low-fidelity enzyme [132]. From a structural point of view,
the most distinctive elements in POPs are the presence of three unique insertions in their polymerization
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domain, two of those insertions are located in the thumb subdomain (Ins1 and Ins2), whereas the
third insertion is placed in the fingers subdomain [122-125]. Insl and Ins3 are involved in lyase,
strand-displacement, and MME]J activities [59,133,134] (Figure 9). AtPolIA and AtPolIB interact with
AtTwinkle, and extend primers synthesized by its primase module [29,34]. The physical interaction
between AtPolls with AtTwinkle and AtSSB1 suggests the presence of a functional plant mitochondrial
replisome [34]. Biochemical and functional evidence suggests that AtPolIA plays a predominant role
in DNA replication, whereas the AtPolIB paralog plays a role in DNA repair [132,135,136]. The gene
duplication event in POP evolution suggests a possible event of specialization. This situation resembles
the presence of duplicated copies of the replicative DNA polymerase in Mycobacterium, in which one
copy contributes to drug resistance because of its low nucleotide incorporation fidelity [137]. In this
scenario, AtPolIB could be in the process of becoming a DNAP specialized in translesion synthesis
or in other DNA repair pathways. Although AtPollA and AtPollB share more than 70% amino acid
identity, a single amino acid change in homologous DNA polymerases provides translesion DNA
synthesis capabilities [138].
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AtPO"B Ins1 Ins2 Ins3
LB _—
1 exonuclease l polymerization l 1049
KF DNAPI
324 exonuclease [ polymerization ] 928
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exonuclease &4

KF DNAP | E. coli AtPolIB

Figure 9. Structural comparison between AtPolIB and bacterial DNAPs. (A) Domain organization of

both DNAPs. The polymerization domains are colored in black and the 3’-5" exonuclease domains in
orange. The unique amino acid insertions in AtPolIB in comparison to bacterial DNAPs I are depicted
in a ball-stick representation and colored in red, green, and cyan. AtPolls contain an N-terminal DTS
and a disorder region not present in the structural model. (B) homology model of AtPolIBs with the
crystal structures of the Klenow fragment from E. coli DNAP L. In both models, the dsDNA from
Bacillus DNAP I is superimposed.

2.3.2. AtWhirlies

The most iconic family of single-stranded binding proteins in plant mitochondria is a family
dubbed whirly. Whirlies are oligomeric proteins unique to plants. In contrast to the majority of
organellar DNA binding proteins, whirlies are encoded in the nucleus and were initially identified
as nuclear transcription factors [139]. Whirlies assemble as tetramers, however, upon binding to
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long-stretches of ssDNA they form a 24-mer assembly [140,141]. Arabidopsis harbors three members
of the Whirly family, AtWhy?2 localizes to mitochondria, and as a monomer is the most abundant
DNA binding protein in plant mitochondria [55], whereas AtWhyl and AtWhy3 translocate into
chloroplasts [55,142]. T-insertional lines of Arabidopsis that knockout AtWhy1 and AtWhy3 accumulate
DNA arrangements at microhomologous repeats in the chloroplast [143]. However, Arabidopsis plants
devoid of AtWhy2 present a wild-type phenotype and do not accumulate MME] products in the
absence of agents that induce DSBs [135,144], and show only a small increase in MME] products in
presence of ciprofloxacin [135].

Whirly proteins bind ssDNA with nanomolar affinity and exhibit a novel protein fold in which
each whirly monomer consists of two antiparallel beta sheets organized along two alpha-helices that
resembles a whirligig [128,141]. The whirly domain comprises between 150 to 200 amino acids and
contains an acidic/aromatic C-terminal end, that is disordered in crystal structures. The residues
involved in ssDNA binding are distributed along the two antiparallel beta sheets and whirlies interact
with ssDNA via hydrophobic residues and hydrogen bonds mediated by polar amino acids [140]
(Figure 10). Whirlies harbor a conserved KGKAAL motif, located in the second beta strand of the first
[-sheet, whose integrity is necessary for the 24-mer assembly [140]. Although mutations in this domain
do not affect binding to short ssDNA segments, Arabidopsis complemented with a Why construct
in which the second lysine of the KGKAAL motif is mutated to alanine are incompetent to reduce
the appearance of microhomologies [140]. The latter suggests that the functional oligomeric state of
Whirlies in vivo is a 24-mer. The solvent exposed localization of the unstructured C-terminal tail in
whirlies suggests that they may mediate protein—protein interactions, analogous to bacterial SSB.

340 helix C-terminal tail
1 45 201 21 238

MTSI K(:::::\L Whirly domain nTeALPSRNVSHLKTEPQLELEWDK || C

p=4

Figure 10. Structural organization of Whirlies. (A) Crystal structure of AtWhy2 (PDB ID: 4kop)
with model ssDNA from Solanum whirly. The crystal structure represents residues 45 to 212. The
second lysine of the KGKAAL motif is in a ball-stick representation. The C-terminal 31 helix is in red.
(B) Structural organization of AtWhy?2. The disordered C-terminal tail is indicated in the diagram.

2.3.3. Organellar Single-Stranded DNA Binding Proteins (OSBs)

The groups of Gualberto and Imbault identified a unique family of single-stranded DNA binding
proteins conserved from green algae to flowering plants [126]. These proteins harbor an N-terminal
OB-fold domain linked to a motif of 50 amino acids dubbed PDF motif, because of a conserved
signature of Pro, Asp, and Phe. Those researchers coined the name “Organellar Single-stranded DNA
Binding proteins (OSB)” for members of this protein family. In OSBs, the PDF motif can be arranged
as one or multiple copies (Figure 11). Arabidopsis contains four OSBs proteins, dubbed AtOSB1 to
AtOSB4. AtOSBland AtOSB2 are targeted exclusively to mitochondria and chloroplast, respectively,
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whereas AtOSB3 presents dual-target localization. Quantitative proteomic analysis showed that
AtOSB4 and AtOSB3 are highly abundant proteins in mitochondria, whereas AtOSB1 is present at very
low concentrations [55]. Remarkably, T-insertion lines of AtOSB1 generate homologous recombination
products at repeats that are not commonly used [126].
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Figure 11. Structural organization of OSBs. (A) Structural model of AtOSB1 showing its predicted
OB-fold and PDF motif domains. (B) Modular organization of mitochondrial OSBs in Arabidopsis.
AtOSBs consist of an OB-like fold followed by one to three PDF motifs (54). Although AtOSB1 is
depicted as a monomer, AtOSB2 in solution assembles as tetramer.

AtOSB2 assembles as a tetramer and binds ssDNA with nanomolar affinity [59]. The PDF motif
of AtOSB1 is sulfficient for binding to ssDNA, whereas its OB-fold appears to have lost its ability
to bind ssDNA [126]. AtOSB2 does not interact with AtPolls, suggesting that in contrast to other
single-stranded binding proteins, its role is not to avoid the formation of secondary structure elements
that halt replicative DNA polymerases [59]. The high-affinity of AtOSBs for single-stranded DNA
regions and their high abundance within mitochondrial DNA suggest that they coat single-stranded
regions of DNA. This coating correlates with the increase of non-canonical homologous recombination
products in plants lacking AtOSB1 [126].

2.34. AtMhsl

George P. Rédei discovered that the CHLOROPLAST MUTATOR (chm) locus induces plant
variegation and impaired fertility, and that both traits are inhered maternally [145,146]. The chm
locus regulates the formation of rearrangements in plastids and mitochondria [147] and it encodes
for a protein with resemblance to bacterial MutS, and therefore it was named Msh1 [65]. In bacteria,
MutS and MutL are conserved elements of the DNA mismatch repair pathway. Within this pathway,
MutS recognizes a mismatch and recruits the MutL endonuclease. Recognition of the mismatch
correspondingly to the newly synthesized DNA chain is mediated by hemimethylation recognized
by MutH [148]. The MSHI1 gene is only present in corals and plants and is a multidomain protein
harboring domains with homology to bacterial MutS and the GIY-YIG endonuclease [65,127,149,150].
Plants harboring deletions of this gene exhibit increased recombination frequencies at intermediate-size
repeats. It is clear that Msh1 guards organellar genomes against aberrant or not frequent recombination
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events and the roles of Msh1 appear to be related to homeologous recombination suppression [5,68].
Thus, Msh1 resembles a minimal MutS/MutL complex, in which the GIY-YIG endonuclease may play
the same role as that MutL endonuclease. In spite of its prevalent role in keeping a pristine plant
mitochondrial genome, the only functional study of this protein comes from the characterization of its
GIY-YIG domain. By itself this domain binds to branched DNA structures, however the individual
domain is not active as an endonuclease [151]. The proposed role of Msh1 in supressing homeologous
recombination resembles the role of MutS2 in Helicobacter pylori which harbors an Smr domain that is
a non-specific endonuclease [152,153].

2.4. The Bacterial Gyrase, the Eukaryotic DNA Ligase, and the Archaeo-Eukaryotic PrimPol

2.4.1. The Bacterial-Like Plant Organellar Gyrase

Topoisomerases are divided into two types, type I topoisomerases transiently introduce ssDNA
breaks and type II transiently generate dsDNA breaks. DNA gyrase is a type II topoisomerase typically
present in bacteria. This enzyme is a tetramer encoded by two subunits of the GyrA and GyrB proteins.
Bacterial gyrases use ATP to introduce negative supercoils in DNA. Wall and coworkers discovered that
flowering plants encode one gene for gyrA (At3g10690) and two functional genes of gyrB (At3g10270
and At5g04130) [154,155]. AtGyrA is targeted to mitochondria and chloroplast, whereas the product of
At5g04130 is targeted to mitochondria and was dubbed AtmtGyrB [154]. Both AtGyrA and the two
AtmtGyrBs have a clear cyanobacterial origin [154].

Structural studies of bacterial gyrases show the coordination between gyrA and gyrB that drives
cleavage of the DNA strands, strand passage between subunits, and ligation [156-158]. Heterologously
purified AtGyrA/AtmtGyrB present supercoiling activity [155] and the bacterial origin of the plant
organellar AtGyrA/AtmtGyrB makes them a target for the development of new herbicides based on
quinolones [155]. Ciprofloxacin, a quinolone drug, is commonly used to induce specific DSBs in plant
organelles as the gyrase catalytic cycle is not completed [135,159]. However, bacterial DNA gyrases in
complex with quinolone drugs pose a barrier for replication and transcription when bound to DNA
and it is possible that the DBS results from the collision of replication forks [160]. As replication induces
the formation of positive supercoils ahead of replication forks [161], the plant organellar DNA gyrase
may control the formation of origins of replication and the rate of transcription.

2.4.2. Nuclear DNA Ligase I Is Targed to Organelles

Arabidopsis thaliana encodes for three ATP dependent DNA ligases, dubbed DNA ligase I, IV, and
VL From these, DNA ligase I is located in the nucleus and mitochondria. DNA ligase IV is solely nuclear
and DNA ligase VI is possibly targeted to both nucleus and chloroplast [162,163]. Thus, in flowering
plants, DNA ligase I (At1g08130.1) is the only ligase known to be targeted to mitochondria [163].
DNA ligase I from Arabidopsis (AtDNALligl) shares 46% amino acid identity with DNA ligase I from
humans and its mitochondrial targeting sequence is predicted to involve the first 53 amino acids [113].
The unique role of DNA ligase I in plants contrast with the situation in metazoans in which a specific
DNA ligase, dubbed DNA ligase III, is the main DNA ligase in human mitochondria. Although this
scenario appears to be specific to vertebrates and in lower eukaryotes, DNA ligase I is both a nuclear
and a mitochondrial ligase [164,165]. DNA ligases I are structurally divided into three conserved
domains: DNA binding, adenylation, and OB-fold. They also contain an N-terminal PCNA interaction
motif, as the interaction between DNA ligase I and PCNA is crucial for efficient nick-sealing. Human
DNA ligase I have a toroidal shape structure in which PCNA could be accommodated [166].

The ligase active site is assembled between amino acids from the DNA binding and adenylation
domains. Those domains harbors six conserved motifs (I, IIL, IlIa, IV, V, and VI) including the active site
lysine, involved in the formation of the ligase~AMP intermediate [166,167]. As flowering plants appear
to only have DNA ligase I in their mitochondria, this ligase is predicted to execute all nick sealing
reactions. ATLIG] is an essential gene and besides its role in DNA replication, it is involved in repairing
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single and DSBs [162]. A homology-based model of A. thalizna DNA ligase I using human DNA ligase
I shows the predicted fold conservation between both proteins (Figure 12). The PCNA-interacting
peptide (PIP box) motif, located at the N-terminal region of DNA ligases, is predicted to be absent in
the mitochondrial isoform after its import into mitochondria (Figure 12). Although it is plausible that
Arabidopsis DNA ligase I establishes a set of specific protein-protein interactions with protein partners
in mitochondria, it is also possible that Arabidopsis DNA ligase I in mitochondria executes nick-sealing
without the assistance of accessory proteins. Supporting this scenario, human mitochondrial DNA
ligase III can be substituted for bacterial and viral ligases [168].
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Figure 12. Structural comparison between HsDNAligl and AtDNIigl. (A) AtDNAIligl has a shorter
N-terminal region. However, the core structure that harbors the DNA binding domain (red) the
adenylation domain (cyan) and the OB-fold domain (orange) are conserved between both ligases.
(B) Homology modeling of AtDNAlig I with basis on the crystal structure of human DNA ligase I (PDB
ID: 1X9N).

2.4.3. Plant PrimPol

Three independent groups discovered that eukaryotic cells harbor a novel primase from the
archaeo-eukaryotic primase (AEP) superfamily [169-171]. This enzyme is homologous to eukaryotic
primases, but harbors both primase and polymerase activities in a single polypeptide and therefore
it was dubbed PrimPol [169-171]. PrimPol contains independent AEP and zinc finger domains; the
first domain is responsible for template-dependent nucleotide incorporation and the second domain
provides a mechanism to recognize single-stranded DNA templates [170,172-174]. Human PrimPol
localizes to the nucleus and mitochondria [170]. In human mitochondria, this enzyme is not involved
in primer synthesizes during mitochondrial replication, but in negotiating DNA lesions by repriming
and translesion DNA synthesis [169,175]. Arabidopsis thaliana harbors a PrimPol ortholog (AtPrimPol
-At5g52800-). This enzyme is potentially a translesion synthesis DNA polymerase able of primer
synthesis at specific single-stranded DNA sequences (Figure 13). This enzyme harbors localization
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signal for the nucleus, the mitochondria, and the chloroplast, suggesting that it may play a role in
translesion DNA synthesis in each genome.
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Figure 13. AtPrimPol resembles HsPrimPol. (A) Both AtPrimPol and HsPrimPol share a modular
organization. AtPrimPol contains an N-terminal sequence for dual organellar targeting. (B) Structural
model of the archaeo-eukaryotic primase (AEP) domain of AtPrimPol. The structural model was
constructed with basis on the crystal structure of the AEP domain of HsPrimPol.

3. Known Unknowns in Plant Mitochondrial Replication

3.1. Mitochondrial DNA Replication Is Mosaic and Redundant

Plant mitochondrial DNA replication is carried out by mosaic and redundant elements
(Tables 1-3). For instance, two DNA polymerases (AtPolIA and AtPolIB) are capable of executing DNA
replication; at least three different processes may exist for DNA unwinding: (a) Direct unwinding
by AtTwinkle, (b) direct unwinding by RadA, and (c) intrinsic unwinding by AtPolls due to their
strong strand-displacement activities; and five different processes (double stranded breaks, abortive
transcription by mitochondrial RNA polymerases, and primer synthesis by AtTwinkle, AtTwinky, and
AtPrimPol) could generate 3’-OHs needed to start replication. Thus, is not surprising that few genes
involved in mitochondrial DNA replication are essential.

In the coordinated leading and lagging-strand DNA synthesis model, an RNA polymerase
synthesizes long RNA primers at unknown replication origins, AtTwinkle assembles at the
single-stranded region, and these RNA primers are extended by a leading-strand AtPoll. AtTwinkle
coordinates leader and lagging-strand synthesis by its primase activity. In the recombination-dependent
replication system, a double-stranded break is resected and could be coated with AtRecAs. AtRecA
would be responsible to find a homologous region in a double-stranded DNA segment. During AtRecA
binding, the plant helicase AtRadA may bind to the single-stranded DNA assembling a replisome
upon the interaction with AtPolIA or AtPolB (Figure 14).
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Figure 14. Putative models for DNA replication in plant mitochondria. (A) Leader and lagging-strand
DNA synthesis. (B) Recombination-dependent replication systems in plant mitochondria.

In contrast to metazoan mitochondria, in which the four enzymes responsible for its replication
are clearly related to enzymes from T-odd bacteriophages, plant mitochondria harbor enzymes with
clear bacterial origin (DNA gyrase), proteins solely present in plant mitochondria (Msh1, OSBs, Why),
and enzymes related to bacteriophages (AtTwinkle). This redundant and mosaic system may be
responsible for the peculiarities present in plant mitochondrial genomes.

The study of DNA metabolism in plant mitochondria is in its infancy. We do not know how DNA
replication in plant mitochondria starts, if plant mitochondria genomes need an origin of replication,
and our knowledge of the physical interaction between the proteins involved in mitochondrial DNA
metabolism is practically null. The classic view of the need of an origin of replication is given by the
study of DNA replication in E. coli, where the initiator protein DnaA binds to specific sequences to
drive replication initiation. In metazoan mitochondria, its RNA polymerase synthesizes RNA primers
that function as primers for heavy and light chains, and it is generally accepted that yeast mitochondria
start its replication at double-stranded breaks.

3.2. How Is the Accesibility to Single-Stranded DNA Regulated?

A recent proteomic analysis shows that AtRecA2, AtSSB1, AtSSB2, AtWhy2, AtOSB3, and AtOSB4
are among the most abundant proteins in plant mitochondria [55]. In solution, AtSSB1, AtWhy?2,
and AtOSB2 assemble as tetramers, although AtOSB2 readily form higher-order complexes (possible
8-mers or 16-mers) [59]. Surprisingly, AtWhy2 assembles as 24-mers in the presence of long segments
of ssDNA (more than 7 Kbs) [140]. The carefull study by Fuchs and coworkers reveals that plant
mitochondria contains approximately 140 tetramers of AtSSBs, 45 tetramers of AtOSB3 or AtOSB4,
and 240 tetramers of AtWhy?2 [59,128]. The abundance of AtWhy?2 correlates with the fact that plants
devoid of this protein accumulate DNA rearrangements mediated by microhomologous regions in the
presence of agents that create DSBs [135,140]. Although no cellular studies using AtOSB2 or AtOSB3
have been carried out to date, AtOSB1 mutants accumulate homologous recombination products
at repeats that are not commonly used [126]. Given that single-stranded regions of mitochondrial
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DNA are coated with AtSSB2s, AtWhy2, AtOSB2, and AtOSB3, it is unknown how these proteins are
removed. A possible mechanism involves AtODB1, however AtODBI lacks the C-terminal domain
involved in protein—protein interactions. Thus, it is unknown if AtODBI1 is able to displace ssDNA
binding proteins like AtWhy2, AtSSBs, or AtOSBs from ssDNA or if AtSSBs interact with AtRecA2 to
promote filament assembly.

3.3. Open Question in Plant Mitochondrial DNA Replication

It is puzzling how the open reading frames in plant mitochondria exhibit low substitution rates,
while their non-coding regions are highly variable [6,9]. Mitochondrial DNA in land plants exists as
linear molecules and it is proposed that neighboring DNA molecules can act as a template to avoid
mutations [6]. If this is the case, it is unknown how the correct sequence is selected, given that plant
mitochondrial DNA is not methylated. Furthermore, plant organellar DNA polymerases in Arabidopsis
present a gradient of almost 10-fold in replication fidelity [134] and it is unknown if postraslational
modification can affect their interaction with other proteins and their biochemical properties.

Several studies indicate the presence of non-homologous end joining (NHE]J) repair signatures
in plant mitochondria. However, the key components of this route Artemis and Ku proteins are not
targeted to plant mitochondria and the mechanisms by which a NHE]J-like route operate in plant
mitochondria are unknown. Recent work using hybrid mitochondrial cell lines discovered that changes
in the human epigenome are driven by modifications in the mitochondrial genome [176]. Does the
highly recombinogenic nature of plant mitochondrial DNA confers an evolutionary advantage for
flowering plants as a hub for adaptation?
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Abstract: Organelle genomes are essential for plants; however, the mechanisms underlying
the maintenance of organelle genomes are incompletely understood. Using the basal land
plant Physcomitrella patens as a model, nuclear-encoded homologs of bacterial-type homologous
recombination repair (HRR) factors have been shown to play an important role in the maintenance of
organelle genome stability by suppressing recombination between short dispersed repeats. In this
review, I summarize the factors and pathways involved in the maintenance of genome stability, as
well as the repeats that cause genomic instability in organelles in P. patens, and compare them with
findings in other plant species. I also discuss the relationship between HRR factors and organelle
genome structure from the evolutionary standpoint.

Keywords: chloroplast; mitochondrion; genome stability; homologous recombination repair; repeated
sequence; Physcomitrella patens

1. Introduction

Physcomitrella patens is a moss (bryophyte) that has been used as a model species for studying cell
growth and differentiation [1]. Additionally, P. patens is recognized as a model for land plants because
it is located at the base of the land plant lineage [2]. The life cycle of P. patens is simple and mostly
haploid. Germinated spores of P. patens produce filamentous protonemal cells comprising chloronemal
and caulonemal cells, which subsequently produce gametophores with leafy shoots. Sporophyte, the
only diploid phase in the life cycle of P. patens, is developed from zygotes, archegonia, and antheridia,
which are formed at the top of gametophores. Nuclear DNA of P. patens shows exceptionally high
activity of homologous recombination, which enables its use for gene targeting in combination with
polyethylene glycol-mediated protoplast transformation [3]. This feature, together with its haploid
vegetative growth phase and recent advances in nuclear genome analysis, has accelerated reverse
genetic analyses in P. patens [2,4].

Each P. patens cell harbors ~50 large spindle-shaped chloroplasts and many rod- or sphere-shaped
mitochondria. Chloroplast and mitochondria in P. patens, as in other plant species and algae, possess
their own DNA, which associates with proteins to form nucleoids. The mitochondrial DNA (mtDNA)
of P. patens is 105 kb in size and harbors genes encoding transfer RNAs (tRNAs), ribosomal RNAs
(rRNAs), and proteins that regulate gene expression and oxidative phosphorylation [5]. The mapped
mitochondrial genomes of angiosperms are larger than that of P. patens; however, they are shown to form
complicated structures including linear, branched, and circular structures [6]. Moreover, homologous
recombination between repeats longer than 1 kb, which are frequently observed in angiosperm mtDNA,
makes them a more complicated structure. By contrast, P. patens mtDNA forms a single circular
structure because of the absence of repeats longer than 80 bp [5,7-9]. The chloroplast DNA (cpDNA) of
P. patens is 123 kb in size and contains genes encoding tRNAs, rRNAs, and proteins including subunits
of RNA polymerase- and photosynthesis-related proteins [10]. The cpDNA of P. patens exhibits a
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typical circular structure with large single-copy (LSC) and small single-copy (SSC) regions separated
by a pair of large inverted repeat (IR) regions [10]. Except for the large IR regions (9.6 kb each), the
longest dispersed repeat in P. patens cpDNA is 63 bp in size, with a 3 bp mismatch [11]. Notably, neither
mtDNA nor cpDNA encode proteins that are involved in DNA replication, recombination, and repair;
instead, proteins involved in these processes are encoded by nuclear DNA, similar to a large number
of proteins that function in chloroplasts and mitochondria.

2. Plant Homologs of Bacterial Proteins and Their Localization

Because chloroplasts and mitochondria are derived from bacteria, internal contents of these
organelles resemble prokaryotes. Although orthologs of bacterial proteins function in chloroplasts
and mitochondria, most of the chloroplast and mitochondrial proteins are encoded by nuclear DNA
because of gene transfer during evolution. In bacteria, homologous recombination repair (HRR)
proteins repair DNA double-strand breaks and collapsed or stalled replication forks. Homologs of
bacterial HRR factors are also found in the nuclear genome of P. patens and that of other plant species.
The N-terminus of HRR factors contain signal peptides that target these proteins to chloroplasts and/or
mitochondria. Interestingly, such bacterial-type HRR factors have not been found in animal or yeast
nuclear genomes [8,12-14], implying the existence of plant-specific mechanisms underlying organelle
DNA maintenance by HRR. Table 1 summarizes plant homologs of bacterial HRR factors and MutS
homolog 1 (MSH1; involved in organelle genome stabilization) in P. patens and other plant species,
including Chlamydomonas reinhardtii and Arabidopsis thaliana, which are representative models of green
algae and angiosperms, respectively. Nuclear genomes of P. patens and other plant species encode
several homologs of bacterial HRR factors, although some homologs have not been identified in the
genomes of P. patens and other plant species, on the basis of sequence similarity.

Table 1. Summary of homologous recombination repair (HRR) factors and MutS homolog 1 (MSH1) in
Escherichia coli and their plant homologs.

. Physcomitrella Arabidopsis Chlamydomonas
E. coli . X ..
patens thaliana reinhardtii
Protein Function [15-17] Protein/Localization
Single-stranded
RecFOR DN{? (ssDNA) - - -
inding
RecA loading
DNA
RecBCD Helicase/exonuclease - - -
RecA loading
RECA1/cp [19]
H 1 h RECAL 13
RecA sfrzfdoi};}iiige REEA;:; [[18]] RECA2/cp, mt [21] REC1/cp [20]
RECA3/mt [22]
RecX RecA regulation RECX/cp, mt [8] RECX RECX
DNA
RecG Helicase/translocase RECG/cp, mt [14] RECG1/cp, mt [23] -
RuvAB Branch migration - - -
Holiday junction
RuvC resolution MOC1 MOC1/cp [24] MOC1/cp [24]
Mismatch MSH1A/cp, mt [25]
e MSH1/cp, mt [26
MutS recognition MSH1B/cp, mt [25] Jep, mt [26] MSH1

RecA is a key factor in HRR, as it binds to single-stranded DNA (ssDNA) and identifies homologous
sequences to perform strand exchange between them [27]. Nuclear DNA of P. patens encodes two
types of RecA homologs, RECA1 and RECA2, which show moderate sequence similarity. Phylogenetic
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analysis shows that these two RECA proteins cluster with either cyanobacterial RecA or proteobacterial
RecA in separate clades, suggesting that these proteins have different origins, that is, RECA1 from
a-proteobacteria, and RECA2 from cyanobacteria [13]. Products of RECAT and RECA2 genes expressed
from the nuclear DNA are predominantly localized to mitochondria and chloroplasts, respectively, thus
reflecting their predicted origins [13,18]. When full-length RECA1 and RECA2 proteins are transiently
produced in protoplasts, they form granular structures that associate with organelle nucleoids [8,18],
indicating that these proteins constantly associate with and/or act on nucleoids. Consistent with this
hypothesis, chloroplast RecA is shown to associate with the chloroplast nucleoid by nucleoids enriched
proteome in maize [28]. Interestingly, although HRR factors are encoded by a single conserved gene in
plants, the copy number of RECA varies among plant species. Although A. thaliana and other flowering
plants harbor multiple copies of the RECA gene, and the encoded proteins localize to chloroplasts
and/or mitochondria, algae, including C. reinhardtii, harbor a single RECA gene copy, and the encoded
RecA homolog localizes to chloroplasts [12] (Table 1).

RecG, a DNA helicase/translocase, functions in the rescue of branched DNA structures including
stalled replication forks [29]. The nuclear genome of P. patens harbors a single copy of the RECG
gene [14]. Phylogenetic analysis shows that plant RecG homologs, including P. patens RECG, are closely
related to cyanobacterial RecG, suggesting that these proteins originated from cyanobacteria [23].
The RECG protein of P. patens harbors an ambiguous N-terminal signal peptide but localizes to both
chloroplasts and mitochondria, similar to the A. thaliana RecG homolog, RECGI [14,23]. Moreover,
full-length P. patens RECG protein localizes to nucleoids of both organelles [14].

Unlike RecA and RecG, RecX does not act directly on DNA but participates in HRR by directly
regulating RecA activity [30]. Although RecX is absent from several bacterial classes including
a-proteobacteria and cyanobacteria [31], it is encoded by single copy genes present in the nuclear
genomes of diverse plants ranging from green algae to angiosperms [8]. Because of difficulty in
analyzing the evolutional origin of plant RecX homologs, it is unclear whether a-proteobacteria and
cyanobacteria lost their RecX or plants acquired RecX via horizontal gene transfer. In protoplasts, a
fluorescent protein-tagged RecX homolog of P. patens, RECX, localizes to mitochondrial and chloroplast
nucleoids, thereby co-localizing with RECA1 and RECAZ2, respectively [8].

MSH is a eukaryotic homolog of bacterial MutS. Among several types of MSH proteins, MSH1 is
the only protein that localizes to organelles [32,33]. MSH1 was originally identified in A. thaliana as a
chloroplast mutator (CHM) protein because of the variegated phenotype of the mutant [34,35]. MSH1
is distinct from other MSH proteins and MutS because of the presence of the GIY-YIG endonuclease
domain at its C-terminal end [21]. The nuclear genome of P. patens harbors two MSH1 genes, MSHIA
and MSH1B, although nuclear genomes of other plants carry only one MSHI gene copy. Because
MSHI1A lacks the C-terminal endonuclease domain, P. patens MSH1 genes are thought to be derived by
gene duplication or the loss of C-termini endonuclease domains after the duplication event [25]. Both
P. patens MSH1 proteins (MSH1A and MSH1B) localize to organelle nucleoids by forming granular
structures [25], similar to the MSH1 localization pattern in A. thaliana [26].

3. Maintenance of Mitochondrial Genome Stability by HRR and MSH1

3.1. RECA

P. patens mitochondrial RECA1 knockout (KO) mutants generated by targeted gene disruption
show severe defects in protonema cells, with less-developed gametophores and defective mitochondria
characterized by an enlarged shape, disorganized cristae, and lower matrix electron density [7],
indicating that RECA1 is essential for normal growth. The mitochondrial genome of P. patens RECA1
KO mutant is destabilized by the accumulation of products derived from aberrant recombination
between short repeats dispersed throughout the mtDNA [7]. Most of the 24 pairs of repeats (>30 bp)
identified in P. patens mtDNA are involved in recombination in RECA1 KO plants [8], occasionally
leading to the generation of subgenomes [7]. Interestingly, because most of the repeats are located in
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introns of genes in the direct orientation, recombination between them leads to the loss of genes and
generation of subgenomes, which may be subsequently lost, as these are not replicated. Thus, copy
number variation of loci resulting from the loss of subgenomes is associated with instability of mtDNA
in the RECA1 KO mutant [14]. Collectively, these findings show the role of RECA1 in maintaining
mtDNA stability by suppressing aberrant recombination between short dispersed repeats (SDRs) in
P. patens. Additionally, defects in the recovery of mtDNA damaged by methyl methanesulfonate
(MMS) in RECA1 KO plants suggest the involvement of RECA1 in the repair of exogenously damaged
mtDNA [13].

In A. thaliana, two RecA homologs, RECA2 and RECAS3, localize to mitochondria (Table 1). In
comparison with RECA2, RECA3 is more diverged from other RECAs and has truncated C-terminus,
which is considered unusual because the C-terminus of RecA is important for its function [21,36].
Consistent with the gene structure, A. thaliana RECA2 mutants are seedling-lethal, thus indicating the
importance of RECA2 for normal plant growth; by contrast, RECA3 mutants are almost indistinguishable
from the wild type [21]. Both RECA2 and RECA3 mutants accumulate products derived from
recombination between intermediate-sized (100-300 bp) repeats in mtDNA, and the number of
repeats involving recombination in RECA2 mutants exceed that of RECA3 mutants [36]. Although
recombination between shorter repeats (<100 bp) has not been tested in A. thaliatna RECA2 and
RECA3 mutants, the aforementioned findings suggest a fundamental role of plant mitochondrial RecA
homologs in maintaining mitochondrial genome stability by suppressing aberrant recombination
between short repeats.

3.2. RECG

KO mutation of P. patens RECG gene leads to growth and morphological defects that are similar to
but milder than those caused by the KO mutation of RECA1 in plants [14]. The RECG KO mutant plants
exhibit abnormal mitochondria, with disorganized cristae and lower matrix density. Moreover, mtDNA
of the RECG KO mutant is destabilized by SDR-mediated recombination, similar to the mtDNA of
the RECA1 KO mutant, and the length of repeats involved in recombination is also similar between
RECAT and RECG KO mutants [14]. However, these repeats exhibit some differences between RECA1
and RECG KO mutants; for example, at the mitochondrial atp9 locus, recombination between ccmF
and atp9 mediated by 47 bp repeats leads to product accumulation in mitochondria of the RECG KO
mutant, whereas recombination between nad2 and atp9 mediated by 60 bp repeats, which is a hallmark
of recombination induced by the RECA1 KO mutation [7], does not lead to product accumulation in
mitochondria of the RECG KO mutant [14]. Furthermore, increase in copy numbers of all tested loci in
the RECG KO mutant differed from that in the RECAT KO mutant. These differences suggest that RECG
of P. patens plays a somewhat different role from that of RECA1 in the maintenance of mtDNA stability.
Because the amount of mitochondrial recombination products often show a direct correlation with the
heterogeneous RECG KO growth defects, recombination between mitochondrial SDRs is considered
as the cause of all morphological phenotypes [14]. Because of mtDNA rearrangements induced
by the KO mutation of RECG, the level of mitochondrial transcripts is decreased by recombination
between repeats located in introns of mitochondrial genes [14]. Although A. thaliana RECG1 mutants
are morphologically indistinguishable from wild-type plants under normal growth conditions, they
show mtDNA instability because of aberrant recombination between intermediate-sized repeats
(100-500 bp in length) [23]. Thus, RECG1 participates in the suppression of recombination between
intermediate-sized repeats, and the loss of RECGI leading to the accumulation of recombination
products. Although recombination between shorter repeats has not been analyzed in A. thaliana RECG1
mutants, recombination surveillance indicates that RecG homolog is involved in the suppression of
aberrant recombination between short and/or imperfect repeats in plant mitochondria.
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3.3. RECX

KO mutation of P. patens RECX, which leads to no significant morphological phenotypes, results
in a minor but reliable increase in products derived from recombination between several pairs of
mitochondrial SDRs [8], suggesting the involvement of RECX in the maintenance of mtDNA stability.
Overexpression (OEX) of P. patens RECX in plants leads to mtDNA instability because of the induction
of recombination between many pairs of SDRs, sometimes with a comparable level with mtDNA
instability in the RECA1 KO mutant [8]. Taking into account the protein—-protein interaction between P.
patens RECX and RECAL1, as revealed by yeast two-hybrid assays, RECX is believed to modulate the
function of RECA1 by directly binding to RECA1 to maintain mtDNA stability, rather than inducing
mtDNA instability in wild type. The involvement of RECX in the maintenance of mtDNA stability
is also supported by the positive correlation between the expression of RECX and other mtDNA
stabilizing genes, including RECA1 and RECG, in several tissues of P. patens [8]. Interestingly, the
expression of RECX, RECA1, RECG, and MSHI1B is highly increased in P. patens spores, thus indicating
their roles in mtDNA maintenance during transmission to progenies.

3.4. MSH1

Because P. patens unusually possesses two MSHI genes, single and double KO mutants of
MSHI1 genes were generated. Although the single and double MSHI mutants showed no significant
phenotypes compared with the wild type, comparison among the mutants show an involvement
of MSH1B in the maintenance of mtDNA [25]. In the single MSH1B KO mutant and MSHIA and
MSHI1B double KO mutants, mtDNA is similarly destabilized by the induction of recombination
between mitochondrial repeats (21-69 bp in length) that overlap with those in P. patens RECA1 or
RECG KO mitochondria. On the other hand, the accumulation of products derived from recombination
between nad2 and atp9, rather than that of products derived from recombination between ccmF and
atp9, hallmarks of the mitochondrial atp9 locus in RECA1 KO and RECG KO mutants, respectively, in
the MSH1B mutant suggest a similar mechanism of mtDNA stabilization between MSH1B and RECA1,
whereas the MSH1 RECA1 double KO mutant is likely lethal [25]. Genetic interaction between P. patens
MSH1B and RECG loci, as shown by epistatic analysis of the suppression of recombination, suggests
that MSH1B and RECA1 act in distinct pathways that converge at a node in mitochondria [25]. The
importance of the GIY-YIG endonuclease domain of MSH1 for the suppression of recombination is
indicated by its deletion mutants; on the other hand, no significant phenotypes are observed in the
MSH1A KO mutant, which lacks the endonuclease domain [25]. The instability of mtDNA in A. thaliana
MSH1 mutants is well characterized; in these mutants, recombination is observed between 50-556 bp
repeats, and the length of these repeats overlaps with that of repeats responsible for mtDNA instability
in the P. patens MSH1B KO mutant [21,32,37]. Moreover, the difference in mtDNA rearrangements
between A. thaliana MSH1 mutants and RECA3 mutants, as well as the highly pronounced phenotypes
of the MSH1 RECA3 double KO mutants, suggest that these genes act in distinct but overlapping
pathways [21]. Recent biochemical characterization of the GIY-YIG domain of A. thaliana MSH1 shows
its binding to a branched DNA structure, proposing a mechanism for the suppression of recombination
between repeats [38].

4. Maintenance of Chloroplast Genome Stability by HRR Proteins and MSH1

4.1. RECA

KO mutation of P. patens RECA2 results in modest growth inhibition under glucose-deficient
conditions and increased sensitivity to MMS or ultraviolet (UV) radiation, leading to DNA damage [11].
These phenotypes of the RECA2 KO mutant are in contrast to those of the RECA1 KO mutant of P.
patens, which show severe growth defects under normal conditions. However, despite the slight
effect of RECA2 KO mutation on the morphology of P. patens, the cpDNA of the RECA2 KO mutant is
destabilized by the induction of recombination between SDRs (13-63 bp in length) [11]. This shows that
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RECAZ2 is involved in the maintenance of chloroplast genome stability by suppressing recombination
between SDRs. Moreover, roles of RECA1 and RECA?2 in mitochondria and chloroplasts suggest the
common role of RecA homologs in maintaining organelle genome stability by suppressing aberrant
recombination between SDRs. Because P. patens cpDNA has fewer relatively long (>35 bp) repeats,
the lack of RecA homologs may lead to a slight effect on the stability of cpDNA compared with that
of mtDNA. Impaired recovery of damaged cpDNA, but not that of nuclear DNA or mtDNA, in P.
patens RECA2 KO mutants suggests another role of RECA2 in the maintenance of cpDNA stability
by promoting recovery from DNA damage [11]. In contrast to the modest phenotypes of P. patens
lacking chloroplast RECA, the deficiency of chloroplast RECA (RECA1) in A. thaliana plants (Table 1)
is lethal [21]. A. thaliana T-DNA insertion RECAI mutants in which the level of RECA1 transcripts
is decreased to 15% of that in the wild type suggest that RECAL1 is involved in the maintenance of
cpDNA integrity by maintaining the quantity and multimeric structure of cpDNA [39]. A. thaliana
RECALI also maintains cpDNA stability by preventing cpDNA rearrangements in plants carrying a
mutation in Whirly genes, which encode a family of ssDNA-binding proteins that suppress cpDNA
rearrangements [40,41]. Chloroplast RECA in C. reinhardtii (Table 1) is also involved in the maintenance
of chloroplast genome stability by suppressing aberrant recombination between SDRs, and it regulates
the dynamics of chloroplast nucleoid including segregation [42].

4.2. RECG

Because the morphological defects of RECG KO mutant plants are similar to those of RECAI KO
mutant plants, the defects of RECG KO plants are mainly attributed to defects in mtDNA. However,
KO mutation of RECG leads to abnormal chloroplasts that over-accumulate starch and possess
less-developed thylakoids, implying defects in chloroplast function [14]. Indeed, cpDNA and mtDNA
of the RECG KO mutant are destabilized by the induction of recombination between SDRs. The repeats
involved in recombination are almost common between the cpDNA of RECG and RECA2 KO mutants,
although the accumulation of recombination products is higher in the RECG KO mutant than in the
RECA2 KO mutant [14]. These results suggest that RECG maintains chloroplast genome stability
by suppressing recombination between a broad range of repeats in cpDNA. Both synergistic and
suppressive relationships are observed between RECG and RECA?2, with respect to the suppression
of recombination between chloroplast repeats, depending on the type of repeats [25], suggesting a
complex relationship between these genes. Thus, RECG and RECA2 may act in distinct pathways
or in the same pathway, depending on the repeats, to suppress recombination. A. thaliana RECG1
localizes to chloroplasts; however, evidence indicating the involvement of RECG1 in the maintenance
of chloroplast genome stability is lacking [23].

4.3. RECX

Although RECX localizes to chloroplast nucleoids, significant phenotypes have not been observed
in the chloroplasts of P. patens RECX KO mutants and OEX plants. These KO and OEX plants show a
basal level of products derived from recombination between chloroplast SDRs, in contrast to P. patens
RECA2 KO plants, which accumulate these recombinant products to high levels [8]. However, yeast
two-hybrid assays show protein—protein interaction between P. patens RECX and RECA2, which is
stronger than that between RECX and RECAL [8]. This implies that RECX may interact with RECA2
and modulate its activity to maintain chloroplast genome stability, and the effect of RECX KO mutation
or OEX was not evident probably because of the moderate effect of RECA2 inhibition on cpDNA.

4.4. MSH1

Similar to the instability of mitochondrial genome in the MSH1 KO mutant, the MSH1B KO
mutant shows chloroplast genome instability because of recombination between 28-63 bp SDRs in
P. patens [25]. KO mutation of the MSHI1A gene does not increase the abundance of recombination
products in the wild-type or MSH1B KO mutant, indicating that MSH1B plays a predominant role in
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the suppression of recombination between SDRs in chloroplasts and mitochondria [25]. Interestingly,
the level of recombination products in chloroplasts vary among the P. patens MSH1B, RECA2, and RECG
KO mutant plants, depending on the type of repeats. Among these KO mutants, the level of products
resulting from recombination between direct repeat-1 (DR-1) is the highest in RECG KO mutants,
whereas the level of products resulting from recombination between inverted repeat-1 (IR-1) is the
highest in MSH1B KO mutant plants [25]. This suggests a complicated regulation of recombination
in chloroplasts. Similar complicated regulation is also observed in the genetic interaction between
genes, as shown by synergistic relationships between MSH1B and RECG and between MSH1B and
RECA2, although synergistic relationships have been observed for DR-1 but not for IR-1 [25]. Figure 1
summarizes all the factors affecting organelle stability and their relationship in P. patens. In A. thaliana
MSH1 mutants, cpDNA rearrangements at a locus containing a number of small repeats (<15 bp)
indicate the involvement of MSH1 in maintaining chloroplast genome stability, although the details of
these rearrangements remain unclear [26].

Chloroplast Mitochondrial
genome instability genome instability

|

Figure 1. Factors affecting organelle genome stability in P. patens. Factors involving organelle genome
stability are summarized with their relationship. Protein localization of the factors are shown by
their colors: green (chloroplasts), red (mitochondria), and white (chloroplasts and mitochondria).
Suppression and genetic relationship are shown by solid and dashed lines, respectively. RECX
shows protein—protein interaction with RECAZ2, but its involvement in chloroplast genome stability
remains unclear.

5. Organelle Genome Structure, Repeats, and HRR Proteins

Recent evidence in various plant species suggests the role of HRR factors in chloroplasts and
mitochondria exclusively for the maintenance of genome stability by suppressing recombination
between ectopic loci containing repeats, as summarized above. Because the phenomena of genome
destabilization are common between mutants of organelle HRR factors, these factors likely function in
a same suppression pathway. However, epistatic analyses of recombination suppression sometimes
show that these factors act in distinct pathways [25]. Plant organelle HRR factors are thought to
function in the repair of stalled or collapsed replication forks, which are prone to rearrangements in
mutants [7]. Because such stalling and collapse of replication forks are caused by various types of DNA
damage, the pathways of suppression in organelles may be regulated in a complicated manner. On
the other hand, as shown in Table 1, not all HRR factors are conserved in plants, and some are absent
in organelles of certain plant species; for example, mitochondrial RecA homologs are absent in some
algae including C. reinhardtii, whereas copy numbers of mitochondrial RecA homologs are increased
in various angiosperms including A. thaliana (Table 1) [12,13]. By contrast, chloroplast RecA copy
numbers are conserved in plants (Table 1). Interestingly, the size and shape of mitochondrial genomes
vary among plant species—C. reinhardtii possesses a 16 kb linear mitochondrial genome, whereas A.
thaliana harbors a 368 kb multi-chromosome circular mitochondrial genome (Table 2). Moreover, the
number of short repeats, which may lead to organelle genome instability because of the loss of HRR,
corresponds to the size of the mitochondrial genome (Table 2). The presence/absence of RecA homologs
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may be correlated to the number and characteristics of repeats; RecA homologs are absent in algae
because of the lack of significant repeats in mtDNA, whereas those in angiosperms are duplicated
and functionally divergent to regulate recombination between increased and divergent repeats, or
duplication of mitochondrial RecA homologs enabled increase of number of repeats in angiosperms.
Recent advances in genome sequencing of various plant species provide an opportunity for exploring
the relationship between HRR factors and organelle genome structure.

Table 2. Genome size and number of repeats in organelle.

Organelle Feature C. reinhardtii P. patens A. thaliana
Genome size (bp) 203,828 [43] 122,890 [10] 154,478 [44]
hl last
Chloroplas Number of repeats >5000 55 31
- . Genome size (bp) 15,758 [45] 105,340 [5] 367,808 [46]
Mitochondrion Number of repeats 3 136 507

Repeats identified as >20 bp of direct or inverted repeats without mismatch by using REPuter [47].
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Abstract: Substitution rates in plant mitochondrial genes are extremely low, indicating strong selective
pressure as well as efficient repair. Plant mitochondria possess base excision repair pathways; however,
many repair pathways such as nucleotide excision repair and mismatch repair appear to be absent.
In the absence of these pathways, many DNA lesions must be repaired by a different mechanism. To test
the hypothesis that double-strand break repair (DSBR) is that mechanism, we maintained independent
self-crossing lineages of plants deficient in uracil-N-glycosylase (UNG) for 11 generations to determine
the repair outcomes when that pathway is missing. Surprisingly, no single nucleotide polymorphisms
(SNPs) were fixed in any line in generation 11. The pattern of heteroplasmic SNPs was also unaltered
through 11 generations. When the rate of cytosine deamination was increased by mitochondrial
expression of the cytosine deaminase APOBEC3G, there was an increase in heteroplasmic SNPs but only
in mature leaves. Clearly, DNA maintenance in reproductive meristem mitochondria is very effective
in the absence of UNG while mitochondrial genomes in differentiated tissue are maintained through
a different mechanism or not at all. Several genes involved in DSBR are upregulated in the absence of
UNG;, indicating that double-strand break repair is a general system of repair in plant mitochondria.
It is important to note that the developmental stage of tissues is critically important for these types
of experiments.

Keywords: mitochondria; DNA repair; double-strand break repair; uracil-N-glycosylase

1. Introduction

Plant mitochondrial genomes have very low base substitution rates but expand and rearrange
rapidly [1-5]. The low substitution rate and the high rearrangement rate of plant mitochondria can be
explained by selection and the specific DNA damage-repair mechanisms available. These mechanisms
can also account for the genome expansions often found in land plant mitochondria [6]. The low
nonsynonymous substitution rates in protein coding genes indicate that selective pressure to maintain
the genes is high, and the low synonymous substitution rates indicate that the DNA-repair mechanisms
are very accurate [7,8]. Despite the low mutation rate of mitochondrial genes over evolutionary time,
mitochondrial genomes in mature cells accumulate DNA damage that is not repaired [9]. This indicates
that there are fundamental differences between DNA maintenance in genomes meant to be passed on to
the next generation and genomes that are not. In meristematic cells, mitochondria fuse together to form
a large mitochondrion [10]. This fusion brings mitochondrial genomes together for genome replication
but also ensures that there is a homologous template available for DNA repair. These meristematic
cells eventually produce the reproductive tissue of a plant; from embryogenesis to egg cell production,
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the mitochondrial genomes inherited from parents and passed down to offspring will have homologous
templates available to them [11].

Much less is known about the multiple pathways of DNA repair in plant mitochondria than in
other systems, such as the nucleus. So far, there is no evidence of nucleotide excision repair (NER)
or mismatch repair (MMR) in plant mitochondria [12,13]. It has been hypothesized that, in plant
mitochondria, the types of DNA damage that are usually repaired through NER and MMR are repaired
through double-strand break repair (DSBR) [14,15]. Plant mitochondria do have the nuclear-encoded
base excision repair (BER) pathway enzyme Uracil DNA glycosylase (UNG) [12]. UNG is an enzyme
that can recognize and bind to uracil in DNA and that can begin the process of base excision repair
by enzymatically excising uracil (U) from single-stranded or double-stranded DNA [16]. Uracil can
appear in a DNA strand due to the spontaneous deamination of cytosine or by the misincorporation of
dUTP during replication [17]. Unrepaired uracil in DNA can lead to G-C to A-T transitions within
the genome.

In light of the apparent absences of NER and MMR in plant mitochondria, it is possible that many
lesions, including mismatches, are repaired by creating double-strand breaks and by using a template
to repair both strands. Our hypothesis is that DSBR accounts for most of the repair in meristematic
plant mitochondria and that both error-prone and accurate subtypes of DSBR lead to the observed
patterns of genome evolution [18]. One way of testing this is to eliminate the pathway of uracil base
excision repair and to ask if the G-U mispairs that occur by spontaneous deamination are repaired and,
if so, are instead repaired by DSBR. In this work, we examine an Arabidopsis thaliana UNG knockout line
and investigate the effects on the mitochondrial genome over many generations. To disrupt the genome
further, we express the cytidine deaminase APOBEC3G in the Arabidopsis mitochondria (MTP-A3G)
to increase the rate of cytosine deamination and to accelerate DNA damage.

One of the hallmarks of DSBR in plant mitochondria is the effect on the non-tandem repeats
that exist in virtually all plant mitochondria [19]. The Arabidopsis thaliana mitochondrial genome
contains two pairs of very large repeats (4.2 and 6.6 kb) that commonly undergo recombination [20-22],
producing multiple isoforms of the genome. The mitochondrial genome also contains many non-tandem
repeats between 50 and 1000 base pairs [19,22-24]. In wild type plants, these repeats recombine at very
low rates, but they have been shown to recombine with ectopic repeat copies at higher rates in several
mutants in DSBR-related genes, such as mshl and reca3 [25-27]. Thus, genome dynamics around
non-tandem repeats can be an indicator of increased DSBs. In this work, we show that a loss of uracil
base excision repair leads to alterations in repeat dynamics, allowing us to observe an increase in
genome abandonment in older leaves.

Numerous proteins known to be involved in the processing of plant mitochondrial DSBs have been
characterized. Plants lacking the activity of mitochondrially targeted recA homologs have been shown
to be deficient in DSBR [26,28]. In addition, it has been hypothesized that the plant MSH1 protein may
be involved in binding to DNA lesions and in initiating DSBs [14,15]. The MSHI1 protein contains
a mismatch binding domain fused to a GIY-YIG type endonuclease domain which may be able to make
DSBs [29,30], although an in vitro assay with a C-terminal fragment of the protein had no detectable
endonuclease activity [31]. In this work, we provide evidence that, in the absence of mitochondrial
UNG activity, several genes involved in DSBR, including MSH1, are transcriptionally upregulated,
providing a possible explanation for the increased DSBR. We also provide additional evidence to support
the hypothesis that mitochondrial DNA maintenance is abandoned in non-meristematic tissue [32],
calling attention to the need to closely control for age and developmental state in experiments involving
the mitochondrial genome.
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2. Results

2.1. Lack of UNG Activity in Mutants

It has previously been reported that cell extracts of the Arabidopsis thaliana UNG T-DNA insertion
strain used in this experiment, GK-440E07 (ABRC seed stock CS308282), show no uracil glycosylase
activity [12]. To increase the rate of cytosine deamination in the mitochondrial genome and to show that
effects of the UNG knockout on mitochondrial mutation rates could be detected, the catalytic domain
of the human APOBEC3G-CTD 2K3A cytidine deaminase (A3G) [33] was expressed under the control
of the ubiquitin-10 promoter [34] in both wild-type and UNG Arabidopsis thaliana lines and targeted
the mitochondria by an amino-terminal fusion of the 62 amino acid mitochondrial targeting peptide
(MTP) from the alternative oxidase 1A protein. Fluorescence microscopy of Arabidopsis thaliana
expressing an MTP-A3G-GFP fusion shows that the MTP-A3G construct is expressed and targeted
the mitochondria (Figure S1).

We expected that, in the absence of UNG, there would be an increase in G-C to A-T substitution
mutations. To test this prediction, we sequenced a wild-type Arabidopsis plant (Col-0), a wild-type
Arabidopsis plant expressing the MTP-A3G construct (Col-0 MTP-A3G), and a UNG plant expressing
the MTP-A3G construct (UNG MTP-A3G) using an [llumina Hi-5eq4000 system. Mitochondrial sequence
reads from these plants were aligned to the Columbia-0 reference genome (modified as described in
the Materials and Methods section) using BWA-MEM [35], and single nucleotide polymorphisms were
identified using VarDict [36]. VarDict was chosen due to its high sensitivity and accuracy compared with
other low-frequency variant callers when analyzing Illumina HiSeq data [37].

There were no SNPs that reached fixation (an allele frequency of 1) in any plant. Mitochondrial
genomes are not diploid; each cell can have many copies of the mitochondrial genome. Therefore,
it is possible that an individual plant could accumulate low-frequency mutations in some of
the mitochondrial genomes in the cell. VarDict was used to detect heteroplasmic SNPs at allele
frequencies as low as 0.01. VarDict’s sensitivity in calling low-frequency SNPs scales with depth of
coverage and quality of the sample, so it is not possible to directly compare heteroplasmic mutation
rates in samples with different depths of coverage. However, because the activity of the UNG
protein is specific to uracil, the absence of the UNG protein should not have any effect on mutation
rates other than G-C to A-T transitions. Comparing the numbers of G-C to A-T transitions to all
other substitutions should reveal if the rate of mutations that can be repaired by UNG is elevated
compared to the background rate. If the UNG MTP-A3G line is accumulating G-C to A-T transitions
at a faster rate than the Col-0 MTP-A3G line, we would expect to see an increased ratio of G-C to
A-T transitions compared to other mutation types. Complicating the analysis, significant portions of
the A. thaliana mitochondrial genome have been duplicated in the nucleus, forming regions called
NuMTs, an abbreviation of Nuclear Mitochondrial DNA [38—40]. Mutations in the NuMTs might
appear to be low-frequency SNPs in the mitochondrial genome, confounding the results. However,
these mutations are likely to be shared in the common nuclear background of all our lines. To avoid
attributing SNPs in NuMTs to the mitochondrial genome, only those SNPs unique to individual plant
lines were used in this comparison. In addition, many of the shared SNPs were flanked by a number
of paired-end reads with one end in the mitochondrial genome and the other in the nuclear genome,
additional evidence that they are NuMTs. The Col-0 plant had a heteroplasmic GC-AT/total SNPs ratio
of 0, the Col-0 MTP-A3G plant had a heteroplasmic GC-AT/total SNPs ratio of 0.47, while the UNG
MTP-A3G plant had a heteroplasmic GC-AT/total SNPs ratio of 0.92 (Table 1). Therefore, when the rate
of cytosine deamination is increased by the activity of APOBEC3G, Arabidopsis plants accumulate
GC-AT SNPs and our computational pipeline is able to detect this increase.
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Table 1. Heteroplasmic mitochondrial single nucleotide polymorphisms (SNPs) in Col-0 wild-type,
generation 10 uracil DNA glycosylase (UNG) mutant lines, Col-0 MTP-A3G, and UNG MTP-A3G:
SNPs were called using VarDict as described in the Methods section. SNP counts are shown for
the entire mitochondrial genome. For the full spectrum of SNP types, including allele frequencies,
see Supplementary File 2.

Sample A-C A-G AT CA CG CT G-A GC GT TA TC TG Total GC-AT/Total Ratio
Col-0 0 17 1 0 0 0 0 0 0 0 11 0 29 0
UNG10 115 0 7 0 0 0 0 0 0 1 0 7 0 15 0
UNG10 159 0 15 0 0 0 0 0 0 0 0 21 0 36 0
UNG10 163 1 305 10 3 1 3 7 0 1 21 281 0 633 0.016
UNG10 176 0 97 3 0 0 0 1 0 2 4 76 0 183 0.0055
UNG10 198 0 9 0 0 0 1 0 0 0 1 6 0 17 0.059
UNG10 201 0 12 1 0 0 0 1 0 0 1 15 0 30 0.033
UNG10 203 0 9 1 0 0 0 0 0 0 1 5 0 16 0
Col-0 MTP A3G 0 6 0 0 0 3 4 0 0 0 2 0 15 0.47
UNG MTP A3G 0 0 0 0 0 5 7 0 0 0 1 0 13 0.92

2.2. Mutation Accumulation in the Absence of UNG

To determine the effects of the UNG knockout across multiple generations, we performed
a mutation accumulation study [41]. We chose 23 different UNG homozygous plants derived from
one hemizygous parent. These 23 plants were designated as generation 1 UNG and were allowed
to self-cross. The next generation was derived by single-seed descents from each line, and this was
repeated until generation 10 UNG plants were obtained. Leaf tissue and progeny seeds from each line
were kept at each generation.

The leaf tissue from generation 10 of the UNG mutation accumulation lines and a wild-type
Col-0 were sequenced and analyzed with VarDict as described above. Similar to the MTP-A3G plants,
there were no SNPs in any of our UNG mutation accumulation lines that had reached fixation (an allele
frequency of one). In contrast, there was no relative increase in the ratios of GC-AT/total SNPs between
the UNG lines and Col-0 (see Table 1). Because detection of low-frequency SNPs depends on read depth,
we only report the 7 UNG samples with an average mitochondrial read depth above 125x for this
comparison. In the absence of a functional UNG protein and under normal greenhouse physiological
conditions, plant mitochondria do not accumulate cytosine deamination mutations at an increased rate.

2.3. Nuclear Mutation Accumulation

UNG s the only uracil-N-glycosylase in Arabidopsis thaliana and may be active in the nucleus as well
as the mitochondria [12]. To test for nuclear mutations due to the absence of UNG, sequences were
aligned to the Columbia-0 reference genome using BWA-MEM and single nucleotide polymorphisms
were identified using Beftools Call [42]. The UNG mutation accumulation lines do not have an elevated
G-C to A-T mutation rate compared to wild-type (Table 2).

2.4. Alternative Repair Pathway Genes

Because the UNG mutants show increased double-strand break repair but not an increase of G-C
to A-T transition mutations, we infer that the inevitable appearance of uracil in the DNA is repaired via
conversion of a G-U pair to a double-strand break and efficiently repaired by the DSBR pathway. If this
is true, genes involved in the DSBR processes of breakage, homology surveillance, and strand invasion
in mitochondria will be upregulated in UNG mutants. To test this hypothesis, we assayed transcript
levels of several candidate genes known to be involved in DSBR [13,23,25-28,43-46] in UNG lines
compared to wild-type using RT-PCR. MSH1 and RECA2 were significantly upregulated in UNG lines
(MSH1: 5.60-fold increase, unpaired T-test p < 0.05. RECA2: 3.19-fold increase, unpaired T-test p < 0.05;
see Figure 1). The single-strand binding protein gene OSB1 was also measurably upregulated in UNG
lines (3.07-fold increase, unpaired T-test p = 0.053). RECA3, SSB, and WHY2 showed no significant
differential expression compared to wild-type (unpaired T-test p > 0.05).
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Table 2. Nuclear SNPs in Col-0 wild-type, UNG mutant lines, Col-0 MTP-A3G, and UNG
MTP-A3G: SNPs were called using Beftools Call as described in the Methods section. SNP counts
are for each chromosome, excluding chromosome 2. For individual data on each chromosome,
see Supplementary File 2.

Sample GC-AT SNPs  Total SNPs  GC-AT/Total Ratio

Col-0 0 0 0
UNG10 115 21 69 0.30
UNG10 159 27 79 0.34
UNG10 163 10 43 0.23
UNG10 176 28 74 0.38
UNG10 198 23 73 0.32
UNG10 201 53 131 0.40
UNG10 203 35 97 0.36

Col-0 MTP-A3G 0 0 0
UNG MTP-A3G 44 154 0.29
Col-0 1 Young 31 81 0.38
Col-0 2 Young 44 101 0.44
UNG11 163 1 Young 31 111 0.28
UNG11 163 2 Young 59 141 0.42
UNG11 176 1 Young 32 149 0.21
UNG11 176 2 Young 48 126 0.38
UNG11 198 1 Young 60 236 0.25
UNG11 198 2 Young 99 311 0.32
Col-0 MTP-A3G 1 Young 17 53 0.32
Col-0 MTP-A3G 2 Young 25 58 0.43
UNG MTP-A3G 1 Young 130 453 0.29
UNG MTP-A3G 2 Young 589 2711 0.22
Col-0 1 Mature 17 47 0.36
Col-0 2 Mature 15 43 0.35
UNG11 163 1 Mature 27 113 0.24
UNG11 163 2 Mature 23 77 0.30
UNG11 176 1 Mature 31 99 0.31
UNG11 176 2 Mature 27 93 0.29
UNG11 198 1 Mature 41 157 0.26
UNG11 198 2 Mature 66 195 0.34
Col-0 MTP-A3G 1 Mature 15 45 0.33
Col-0 MTP-A3G 2 Mature 13 37 0.35
UNG MTP-A3G 1 Mature 106 339 0.32
UNG MTP-A3G 2 Mature 175 684 0.26

2.5. Increased Mitochondrial Genome Abandonment

If most DNA damage in plant mitochondria is repaired by double-strand break repair (DSBR),
supplemented by base excision repair [12], then in the absence of the Uracil-N-glycosylase (UNG)
pathway, we predict an increase in DSBR. To find evidence of this, we used quantitative PCR (qQPCR)
to assay crossing over between identical non-tandem repeats because changes in the dynamics
around these repeats is indicative of changes in DNA processing at double-strand breaks [26,27,46].
Different combinations of primers in the unique sequences flanking the repeats allow us to determine
the relative copy numbers of parental-type repeats and low-frequency recombinants (Figure 2a).
The mitochondrial genes cox2 and rrn18 were used to standardize relative amplification between
lines. We and others [24,46] have found that some of the non-tandem repeats are well suited for JPCR
analysis and are sensitive indicators of ectopic recombination, increasing in repair-defective mutants.
We analyzed the three repeats known as repeats B, D, and L [23] in both young leaves and mature
leaves. In young leaves, there is no significant difference in the amounts of parental or recombinant
forms between UNG lines and Col-0 (Figure 2b). In mature leaves, all three repeats show significant
reductions in the parental 2/2 form while repeat B also shows a reduction in the parental 1/1 form
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(unpaired t-test p < 0.05; Figure 2c). There is a difference in genome dynamics around non-tandem
repeats in young leaves compared to old leaves, indicating a difference in the way these genomes
are maintained.
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Figure 1. Quantitative RT-PCR assays of enzymes involved in double-strand break repair (DSBR)
in UNG lines relative to wild-type: Fold change in transcript level is shown on the Y-axis. Error bars are
standard deviation of three biological replicates. MSH1 and RECA?2 are significantly transcriptionally
upregulated in UNG lines relative to wild-type (5.60-fold increase and 3.19-fold increase, respectively.
Unpaired, 2-tailed student’s t-test, * indicates p < 0.05). OSB1 is nearly significantly upregulated in
UNG lines relative to wild-type (3.07-fold increase. Unpaired t-test p = 0.053).

2.6. Transmission of SNPs Across Generations

To determine if any heteroplasmic SNPs are passed on to the next generation, two progenies of
each of the wild-type, UNG, MTP-A3G, and UNG MTP-A3G plants that were sequenced above were
planted. Leaves were collected from each plant when it was 17 days old (young leaf) and again when
it was 36 days old (mature leaf). Both the young and mature leaves of each plant were sequenced
and analyzed as described above. Only 1 heteroplasmic SNP could be traced from a parent plant
to both progeny, and 7 heteroplasmic SNPs could be traced from a parent plant to one progeny
(Supplementary File 2). Interestingly, 117 heteroplasmic SNPs were detected in both offspring but
not the parent plant. It is possible that heteroplasmic mutations that occur in reproductive tissue
after the parental tissue had been collected could be passed on to the progeny. However, only 3 of
these heteroplasmic SNPs are found in the mature tissue of both progeny, indicating that, even if
a heteroplasmic SNP is passed on to a future generation, it is likely to be removed from the mitochondrial
population before reproduction by genetic drift or gene conversion. In fact, of the 2792 heteroplasmic
SNPs that were detected in young tissue across all samples, only 4 were detected in the mature
tissue of the same plant. The overwhelming majority of heteroplasmic SNPs arose in mitochondria in
non-meristematic differentiated tissue.
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Figure 2. qPCR analysis of intermediate repeat recombination in UNG lines compared to wild-type:
Recombination at intermediate repeats is an indicator of increased double-strand breaks in plant
mitochondrial genomes. (a) Primer scheme for detecting parental and recombinant repeats:
Using different combinations of primers that anneal to the unique sequence flanking the repeats,
either parental type (1/1 and 2/2) or recombinant type (1/2 and 2/1) repeats can be amplified. (b) Fold
change of intermediate repeats in young leaves of UNG lines relative to wild-type: Error bars are
standard deviation of three biological replicates. (c) Fold change of intermediate repeats in mature
leaves of UING lines relative to wild-type: Error bars are standard deviation of three biological replicates.
B1/1, B2/2, D2/2, and L2/2 show significant reduction in copy number (unpaired, 2-tailed student’s
t-test, * indicates p < 0.05).
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2.7. SNP Accumulation in Young vs. Mature Leaves

To confirm that the effects of the UNG knockout and the expression of APOBEC3G are consistent,
the progenies of the wild-type, UNG, MTP-A3G, and UNG MTP-A3G plants were analyzed and the ratio
of heteroplasmic GC-AT to total heteroplasmic SNPs was compared as described above. In mature
leaves, the results were similar to the previous generation: both the UNG MTP-A3G and Col-0
MTP-A3G samples had increased GC-AT SNPs compared to the UNG and Col-0. Interestingly, in young
leaves, neither the UNG MTP-A3G nor the Col-0 MTP-A3G samples had increased GC-AT SNPs
(See Table 3). This indicates that the processes of mitochondrial genome maintenance are more efficient
at repairing DNA damage in young leaves.

2.8. Quality Control of DNA Library Preparation

A common source of error when calling low-frequency SNPs is oxidative damage during library
preparation [47]. This oxidative damage affects guanines, and the effects of this damage can be
measured by comparing the ratio of G to T mutations between the R1 paired-end read and the R2
paired-end read. A Global Imbalance Value (GIV) above 1.5 indicates DNA damage during library
preparation, while a GIV below 1.5 indicates little damage during library preparation. None of
the samples used in this study had a GIV above 1.5 (see Supplementary File 2), indicating that DNA
damage during library prep is not a significant source of false SNP calls.
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3. Discussion

In mitochondria as well as in the nucleus and chloroplast, cytosine is subject to deamination to
uracil. This could potentially lead to transition mutations and is dealt with by a specialized base excision
repair pathway. The first step in this pathway is hydrolysis of the glycosidic bond by the enzyme
Uracil-N-glycosylase (UNG), leaving behind an abasic site [16]. An AP (apurinic) endonuclease can
then cut the DNA backbone, producing a 3’ OH and a 5" dRP (5’-deoxyribose-5-phosphate). Both DNA
polymerases found in A. thaliana mitochondria, POL1A and POL1B, exhibit 5’-dRP lyase activity,
allowing them to remove the 5 dRP and to polymerize a new nucleotide replacing the uracil [48].
In the absence of functional UNG protein, cytosine will still be deaminated in plant mitochondrial
genomes, so efficient removal of uracil must be through a different repair mechanism, most likely
DSBR [14,15]. We have found that, in UNG mutant lines, there is an increase in the expression of
genes known to be involved in DSBR and significant changes in the relative abundance of parental
and recombinant forms of intermediate repeats, consistent with this hypothesis.

We have shown that, when cytosine deamination is increased by the expression of the APOBEC3G
cytidine deaminase in plant mitochondria, UNG lines accumulate more G-C to A-T transitions in
mature leaves than does wild-type. Surprisingly, we have also found that, under normal cellular
conditions, without the added deamination activity of APOBEC3G, UNG lines do not accumulate G-C
to A-T transition mutations at a higher rate than wild-type. This finding is particularly surprising given
the presumed bottlenecking of mitochondrial genomes during female gametogenesis and given
the deliberate bottleneck in the experimental design of single-seed descent for 11 generations.
This finding supports the hypothesis that plant mitochondria have a very efficient alternative damage
surveillance system that can prevent G-C to A-T transitions from becoming fixed in the meristematic
mitochondrial population. The use of the cytidine deaminase allows us to specifically alter the mutation
rate, which helps us disentangle mutation from repair, selection and drift—common complications in
mutation accumulation experiments [49].

The angiosperm MSHI1 protein consists of a DNA mismatch-binding domain fused to
a double-stranded DNA endonuclease domain [1,21] Although mainly characterized for its role
in recombination surveillance [36], MSH1 is a good candidate for a protein that may be able to
recognize and bind to various DNA lesions and to make DSBs near the site of the lesion, thus funneling
these types of damage into the DSBR pathway. With many mitochondria and many mitochondrial
genomes in each cell, there are numerous available templates for accurate repair of DSBs through
homologous recombination, making this a plausible mechanism of genome maintenance. Here,
we show that, in UNG lines, MSH]1 is transcriptionally upregulated more than 5-fold compared to
wild-type. This is consistent with the hypothesis that MSH1 initiates repair in plant mitochondria by
creating a double-strand break at G-U pairs and possibly other mismatches and damaged bases.

Several other proteins involved in processing plant mitochondrial DSBs have been
characterized. The RECA homologs RECA2 and RECA3 are homology search and strand invasion
proteins [26-28,45,50-52]. The two mitochondrial RECAs share much sequence similarity; however,
RECA?Z is dual targeted to both the mitochondria and the plastids, while RECAS3 is found only in
the mitochondria [26,27]. RECAS3 also lacks a C-terminal motif present on RECA2 and most other
homologs. This motif has been shown to modulate the ability of RECA proteins to displace competing
ssDNA binding proteins in E. coli [53]. Arabidopsis reca2 mutants are seedling lethal, and both reca2
and reca3 lines show increased ectopic recombination at intermediate repeats [26]. Arabidopsis RECA2
has functional properties that RECA3 cannot perform, such as complementing a bacterial recA mutant
during the repair of UV-C-induced DNA lesions [20]. Here, we show that, in UNG lines, RECA2 is
transcriptionally upregulated more than 3-fold compared to the wild-type. However, RECA3 is not
upregulated in UNG lines. Responding to MSH1-initiated DSBs may be one of the functions unique
to RECA2. The increased expression of RECA2 in the absence of a functional UNG protein is further
evidence that uracil arising in DNA may be repaired through the mitochondrial DSBR pathway.
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The ssDNA binding protein OSB1’s transcript is upregulated over 3-fold. At a double-strand
break, OSB1 competitively binds to ssDNA and recruits the RECA proteins to promote the repair of
a double-strand break by a homologous template and to avoid the error-prone microhomology-mediated
end-joining pathway [54].

We also tested the differential expression of other genes known to be involved in processing
mitochondrial DSBs. The single-stranded binding protein genes WHY2 and SSB were not found to be
differentially expressed at the transcript level compared to wild-type. The presence of different ssDNA
binding proteins influences which pathway of DSBR a break is repaired by [54]. Increased amounts of
WHY?2 and SSB may not be needed for accurate repair of induced DSBs in the UNG lines.

At intermediate repeats, the maintenance of the mitochondrial genome is different between
wild-type, UNG mutants, and DSBR mutants. In msh1 lines, there is an increase in repeat recombination
likely due to relaxed homology surveillance in the absence of the MSH1 protein [27]. In mutant lines of
ssDNA binding proteins involved in DSBR, such as recA2, recA3, and o0sb1 [26,55], there is an increase in
repeat recombination due to differences in the way DNA ends are handled in the absence of these ssDNA
binding proteins. In young leaves, there is no significant difference in recombination at intermediate
repeats between UNG lines and wild-type, while in mature leaves, UNG lines show a reduction
in parental type repeats compared to wild-type. In UNG lines, the mitochondrial recombination
machinery is still intact, so any differences in genome dynamics at intermediate repeats are not due to
differences in processing the DSBs; instead, this could indicate that there is an increase in double-strand
breaks and an increase in attempted DSBR by break-induced replication at intermediate repeats or that
this could be an indication of degradation of mtDNA as differentiated tissue ages.

Plant mitochondrial genomes likely replicate by recombination-dependent replication (RDR) [56].
Most organellar genome replication occurs in meristematic tissue, where mitochondria fuse together to
form a large, reticulate mitochondrion [10]. This mitochondrial fusion provides a means to homogenize
mtDNA by gene conversion and to repair lesions through homologous recombination [57]. Accurate
repair of uracil by homologous recombination would not be expected to change repeat dynamics. As cells
differentiate and age, organellar genomes degrade [32]. Organellar genomes in nonreproductive tissue
can be “abandoned” rather than repaired, reducing the metabolic cost of DNA repair [32]. In a mature
cell, an attempt to repair uracil in the mitochondrial genome could lead to degradation of the DNA
and changes in repeat dynamics if a double-strand break is initiated without a homologous template
available. There is a difference in mitochondrial DNA maintenance in mature cells compared to young
cells, due to either a lack of DNA repair in mature mitochondria or a difference in DNA-repair mechanism.

To determine the outcomes of genomic uracil in the absence of a functional UNG protein,
we sequenced the genomes of several UNG lines. No fixed mutations of any kind were found in UNG
lines, even after 11 generations of self-crossing. Low-frequency heteroplasmic SNPs were found in both
wild-type and UNG lines, but UNG lines showed no difference in the ratio of G-C to A-T transitions
to other mutation types when compared to wild-type. When the rate of cytosine deamination was
increased with the expression of the APOBEC3G deaminase, there was an increase in G-C to A-T
transitions but only in mature leaves. This is consistent with the idea of abandonment and is evidence
that, in mitochondrial genomes that have not been abandoned, there is an efficient and accurate system
of nonspecific repair.

Clearly, plant mitochondria can repair uracil in DNA sulfficiently to prevent mutation accumulation
in the absence of the UNG protein. Why then has the BER pathway been conserved in plant mitochondria
while NER and MMR have apparently been lost? DSBR may be able to protect the genome efficiently
from mutations being inherited by the next generation (see Table 3). There may still be selection to
maintain mitochondrial BER to reduce the rate of mitochondrial genome abandonment and degradation
in aging tissues. Throughout the evolutionary history of Arabidopsis thaliana and into the present,
wild growing plants are exposed to a range of growth conditions and stresses that experimental
plants in a greenhouse avoid. The rate of spontaneous cytosine deamination increases with increasing
temperature [58,59], so DSBR alone may not be able repair the extent of uracil found in DNA across
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the range of temperatures a wild plant would experience, providing the selective pressure to maintain
a distinct BER pathway in plant mitochondria. If DSBR activity is reduced or lost as leaf tissue ages,
there may also be a selective advantage to the plant of maintaining BER in mature leaves so they can
continue to perform intermediary metabolism even as they age.

Here, we have provided evidence that, in the absence of a dedicated BER pathway, plants growing
in greenhouse growth chamber conditions do not accumulate mitochondrial SNPs at an increased
rate. Instead, DNA damage is accurately repaired by double-strand break repair, which also causes
an increase in ectopic recombination at identical non-tandem repeats. It has recently been shown that
mice lacking a different mitochondrial BER protein, oxoguanine glycosylase, also do not accumulate
mitochondrial SNPs [60]. Here, we show that, in plants, base-excision repair by UNG is similarly
unnecessary to prevent mitochondrial mutations in growth chamber conditions. The presence of
the UNG pathway reduces ectopic recombination slightly and can successfully repair uracil in DNA
even if the rate of cytosine deamination is increased. We have also found that, in mature leaves,
uracil mutations do occur, further confirming the hypothesis that organellar genomes are abandoned
in terminally differentiated tissues [32] and emphasizing the need for considering the tissue age
and type when interpreting experimental results on DNA replication, repair, and recombination.
Double-strand break repair and recombination are important mechanisms in the evolution of plant
mitochondrial genomes, but many key enzymes and steps in the repair pathway are still unknown.
Further identification and characterization of these missing steps is sure to provide additional insight
into the unique evolutionary dynamics of plant mitochondrial genomes.

4. Materials and Methods

4.1. Plant Growth Conditions

Arabidopsis  thaliana  Columbia-0 (Col-0) seeds were obtained from Lehle Seeds
(Round Rock, TX, USA). UNG (AT3G18630) T-DNA insertion hemizygous lines were obtained
from the Arabidopsis Biological Resource Center, line number C5308282. Hemizygous T-DNA lines
were self-crossed to obtain homozygous lines (Genotyping primers: wild-type 5'-TGTCAAAGTC
CTGCAATTCTTCTCACA-3’ and 5-TCGTGCCATATCTTGCAGACCACA-3’, and UNG 5'-ATA
ATAACGCTGCGGACATCTACATTTT-3" and 5'-ACTTGGAGAAGGTAAAGCAATTCA-3'). All plants
were grown in walk-in growth chambers under a 16:8 light:dark schedule at 22 °C. Plants grown
on agar were surface sterilized and grown on 1x Murashige and Skoog Basal Medium (MSA) with
Gamborg’s vitamins (Sigma, St. Louis, MO, USA) with 5 pug/mL Nystatin Dihydrate to prevent
fungal contamination.

4.2. Vector Construction

The APOBEC3G gene [61] was synthesized by Life Technologies Gene Strings using
Arabidopsis thaliana-preferred codons and including the 62 amino acid mitochondrial targeting peptide
(MTP) from alternative oxidase on the N-terminus of the translated protein. The MTP-A3G construct
was cloned into the vector pUB-DEST (NCBI:taxid1298537) driven by the ubiquitin (UBQ10) promoter
and transformed into wild-type and UNG Arabidopsis thaliana plants by the Agrobacterium floral dip
method [62]. To ensure proper mitochondrial targeting of the MTP-A3G construct, the construct
was cloned into pK7FWG2 with a C-terminal GFP fusion [63]. Arabidopsis thaliana plants were again
transformed by the Agrobacterium floral dip method, and mitochondrial fluorescence was confirmed
with confocal fluorescence microscopy.

4.3. RT-PCR

RNA was extracted from young leaves of plants grown in parallel on MSA during UNG generation
ten [64]. Reverse transcription using Bio-Rad iScript was performed, and the resulting cDNA was
used as a template for gPCR to measure relative transcript amounts. Quantitative RT-PCR data was
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normalized using UBQ10 and GAPDH as housekeeping gene controls. Reactions were performed in
a Bio-Rad CFX96 thermocycler using 96-well plates and a reaction volume of 20 uL/well. SYBRGreen
mastermix (Bio-Rad, Hercules, CA, USA) was used in all reactions. Three biological replicates from
different UNG MA lines and three technical replicates were used for each amplification. Primers are
listed in Table S1. The MIQE guidelines were followed [65], and primer efficiencies are listed in
Table S2. The thermocycling program for all RT-gPCR was a ten-minute denaturing step at 95° followed
by 45 cycles of 10 s at 95°, 15 s at 60°, and 13 s at 72°. Following amplification, melt curve analysis
was done on all reactions to ensure target specificity. The melt curve program for all RT-qPCR was
from 65°-95° at 0.5° increments for 5 s each.

4.4. Repeat Recombination gPCR

DNA was collected from young and mature leaves of Columbia-0 and generation ten UNG plants
grown in parallel using the CTAB DNA extraction method [66]. qPCR was performed using primers
from the flanking sequences of the intermediate repeats. Primers are listed in Table S1. Using different
combinations of forward and reverse primers, either the parental or recombinant forms of the repeat can
be selectively amplified (see Figure 2a). The mitochondrially encoded cox2 and rrn18 genes were used
as standards for analysis. Reactions were performed in a Bio-Rad CEX96 thermocycler using 96-well
plates with a reaction volume of 20puL/well. SYBRGreen mastermix (Bio-Rad) was used in all reactions.
Three biological and three technical replicates were used for each reaction. The thermocycling program
for all repeat recombination qPCR was a ten-minute denaturing step at 95° followed by 45 cycles of 10
sat 95°, 15 s at 60°, and a primer-specific amount of time at 72° (extension times for each primer pair
can be found in Table S3). Following amplification, melt curve analysis was done on all reactions to
ensure target specificity. The melt curve program for all qJPCR was from 65°-95° at 0.5° increments
for 5 s each.

4.5. DNA Sequencing

DNA extraction from frozen mature leaves of Columbia-0, generation 10 and UNG, and MTP-A3G
plants and again from young and mature leaves of the progeny of these plants was done by a modification
of the SPRI (Solid Phase Reversible Immobilization) magnetic beads method of Rowan et al. [67,68].
Genomic libraries for paired-end sequencing were prepared using a modification of the Nextera
protocol [69] and modified for smaller volumes following Baym et al. [70]. Following treatment with
the Nextera Tn5 transpososome, 14 cycles of amplification were done. Libraries were size-selected to
be between 400 and 800 bp in length using SPRI beads [68]. Libraries were sequenced with 150 bp
paired-end reads on an Illumina HiSeq 4000 by the Vincent ]. Coates Genomics Sequencing Laboratory
at UC Berkeley. The raw data files are deposited with the Sequence Read Archive at ncbi.nlm.nih.gov
under BioProject number PRJNA492503.

Reads were aligned using BWA-MEM v0.7.12-r1039 [35]. The reference sequence used for alignment
was a file containing the improved Columbia-0 mitochondrial genome (accession BK010421.1) [71]
as well as the TAIR 10 Arabidopsis thaliana nuclear chromosomes and chloroplast genome sequences [72].
A large portion of the mitochondrial genome has been duplicated into chromosome 2 [40]. To prevent
reads from mapping to both locations, this large NuMT region was deleted from chromosome 2.
Using Samtools v1.3.1 [73], bam files were sorted for uniquely mapped reads for downstream analysis.
MarkDuplicates from the Genome Analysis ToolKit (GATK) was used to remove duplicate reads due to
PCR during library prep [74].

Organellar variants were called using VarDict [36]. To minimize the effects of sequencing errors
and to reduce false positives, SNPs called by VarDict were filtered by the stringent quality parameters
of Qmean > 30, MQ > 30, NM < 3, Pmean > 8, Pstd = 1, AltFwdReads > 3, and AltRevReads > 3.
When calling low-frequency SNPs, it is difficult to remove all false positives without also removing
some true positives. By treating all samples to the same sequence analysis pipeline, all samples will
have a similar spectrum of false positives. By analyzing the ratios of different SNP types rather than
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raw SNP numbers, we further isolate biological effects from computational noise. VarDict was chosen
because it is more sensitive to low allele-frequency variants [37].

DNA damage during library preparation was measured by individually analyzing the paired ends
of Illumina paired-end sequencing and by looking for imbalances in mutations between the paired
ends [47]. Mapped bam files were split into separate pairs, and GIV scores were calculated for each
SNP type using the Damage-Estimator with mapping and base quality cutoffs set to 30.

Nuclear variants were called using Samtools mpileup (v. 1.3.1) and Bcftools call (v. 1.2) and were
filtered for SNPgap of 3, Indelgap of 10, RPB > 0.1 and QUAL > 15, at least 3 high quality ALT reads
(DP4(2) + DP4(3) > 3), at least one high quality ALT read per strand (DP4(2) > 1 and DP4(3) > 1),
and a high-quality ALT allele frequency > 0.3. Chromosome 2 was excluded from this analysis
to avoid false positives resulting from the presence of the large NuMT that has been duplicated
and repeated there.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/2/261/s1,
Figure S1: Mitochondrial targeting of a GFP labeled MTP-APOBEC3G construct, Table S1: Primers for RT-PCR,
Table S2: gPCR primer efficiency, Table S3: Primers for ROUS recombination assay, Supplementary File 2: SNP
analysis tables.
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Abstract: The complete sequence of chloroplast genome (cpDNA) has been documented for single
large columnar species of Cactaceae, lacking inverted repeats (IRs). We sequenced cpDNA for seven
species of the short-globose cacti of Mammillaria and de novo assembly revealed three novel structures
in land plants. These structures have a large single copy (LSC) that is 2.5 to 10 times larger than the
small single copy (SSC), and two IRs that contain strong differences in length and gene composition.
Structure 1 is distinguished by short IRs of <1 kb composed by rpl23-trnl-CAU-ycf2; with a total length
0f 110,189 bp and 113 genes. In structure 2, each IR is approximately 7.2 kb and is composed of 11 genes
and one Intergenic Spacer-(psbK-trnQ)-trnQ-UUG-rps16-trnK-UUU-matK-trnK-UUU-psbA-trnH-GU
G-rpl2-rpl23-trnI-CAU-ycf2; with a total size of 116,175 bp and 120 genes. Structure 3 has divergent
IRs of approximately 14.1 kb, where IRA is composed of 20 genes: psbA-trnH-GUG-rpl23-trnl-CAU-
ycf2-ndhB-rps7-rps12-trnV-GAC-rrnl6-ycf68-trnI-GAU-trnA-AGC-rrn23 -rrn4.5-rrn5-trnR-ACG-trnN-
GUU-ndhF-rpl32; and IRB is identical to the IRA, but lacks rpl23. This structure has 131 genes and, by
pseudogenization, it is shown to have the shortest cpDNA, of just 107,343 bp. Our findings show that
Mammillaria bears an unusual structural diversity of cpDNA, which supports the elucidation of the
evolutionary processes involved in cacti lineages.

Keywords: divergent inverted repeats; short-globose cacti; novel gene rearrangements;
pseudogenization
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1. Introduction

A new era in the study of evolutionary processes of chloroplasts and their genomes has arisen
with the advent of massive sequencing [1]. Huge advances have been documented since 1883,
when Schimper postulated an endosymbiotic cyanobacterial origin of these organelles [2]. More
recently, many studies have focused on determining the cyanobacterial origin of the DNA molecule
contained in chloroplasts [1,3,4]. Using comparative genomics, DNA sequences of complete genomes
of contemporary cyanobacteria, algae, and plants have been analyzed, leading to the discovery that
the chloroplast genome encompasses structural changes with significant evolutionary information.
Thus, in comparison to cyanobacteria and algae, a significant reduction in the total length and in
the number of genes has been documented in land plants [5]. However, many genes lacking in the
chloroplast genome have migrated to nuclear or mitochondrial genomes [6], which indicates a complex
functional relationship among the three genomes contained in plants. In addition, in plants, the
chloroplast genome has a hybrid transcriptional process, which denotes the evolutionary transition
from a prokaryotic form to a eukaryotic form. Accordingly, most encoding regions are regulated in
operons which are transcribed into polycistronic units, as occurs in contemporary cyanobacteria [7].
Additionally, typical eukaryotic transcriptional regulation was documented in nearly 60 promoters for
encoding regions and their transfer RNAs [8].

Comparisons within land plants have concluded that the differences in the total length of the
complete chloroplast genome (cpDNA) are caused by lengthening or shortening of genes and not by a
significant gain/loss of them [5,9]. Flowering land plants tend to have a total of 120 genes; of these,
nearly 80 are encoding genes, 30 are tRNAs, and four are rRNAs [9]. In angiosperms, these genes are
not randomly distributed along the entire molecule of DNA of the chloroplasts, but instead determine
a recognizable structure in the cpDNA. Moreover, in most angiosperms, this cpDNA is sectioned into
four regions, which are distinguished by their length and trend in gene composition. The largest
single copy (LSC) contains most of the encoding genes directly related to photosystems I and II, ATP
synthases, proteins of cytochrome b/f complex, DNA depending on RNA polymerases, and proteins
which tend to have a single encoding gene: ribulose bisphosphate carboxylase large chain, maturase K,
envelope membrane protein, acetyl coenzyme carboxylase, transcriptional initiation factor, as well
as most of proteins of small and large subunits of the ribosome. The small single copy (SSC) often
contains dehydrogenase subunits and open reading frames. This copy typically shows the highest
mutation rates. The SSC is often flanked by two inverted repeats (IRA and IRB), which vary in gene
composition and length [1]. In these plants, the IRs typically contains four ribosomal RNA subunits
(4.55, 55, 16S, and 23S) and five transfer RNA subunits (trnA-UGC, trnl-GAU, truN-GUU, trnR-ACG,
and trnV-GAC). In addition, the IRs exhibit lower mutation rates than the SSC [10]. Currently, nearly
500 cpDNA have been sequenced for the land plant group, showing that IRs are the main source of
structural variation by relative expansion, contraction, and gene rearrangement. However, between
IRA and IRB within the same genome, there are no differences in gene arrangement and composition,
and in only a few cases do they have low divergence in the DNA sequence [9,10].

In angiosperms, although IRs are commonly present, they are absent in some taxa. Around 95%
of legume species of the subfamily Papilionoideae (order Fabales) lack IRs, which has been interpreted
as a novel evolutionary change that appeared in a common ancestor and, eventually, was inherited by
its descendants, whereas other legume species of this order have IRs [11]. Recently, the lack of IRs
was documented in two species of large columnar cacti of Cactoideae (Cactaceae, Caryophyllales)
of the tribe Echinocereeae. The loss of IRs in the saguaro (Carnegiea gigantea) was interpreted as a
novel structural change [12]. In addition, we have verified that the cpDNA of Pachycereus schottii,
which has recently been directly submitted to the GenBank database, also lacks IRs (uploaded with its
synonym Lophocereus schottii, NCBI, NC_041727.1). In contrast, in all other species currently sequenced
in Caryophyllales have been shown to have IRs [13]. At the infrageneric level, contrasting results
have been documented and it is not a rule that all members of a certain genus show identical cpDNA
structure. For example, in 13 species of Camellia (Theaceae, Ericales), identical structure of cpDNA and

82



Plants 2019, 8, 392

low divergence of DNA sequences were documented [14]. A similar result was obtained for seven
species of Silene (Caryophyllaceae, Caryophyllales), with identical cpDNA structure and only a small
gain/loss of genes among them being documented [15,16]. In contrast, unusual results have been
obtained for 17 species of Erodium (Geraniaceae, Geraniales), which showed deep and strong structural
changes, such as expansion and contraction of IRs or even the absence of IRs, and substantial gene
rearrangements in the LSC [17]. Thus, data based on characterizations of the structures of complete
chloroplast genomes are necessary, as they might reveal novel unexpected results that may help to
clarify evolutionary processes in plants.

In this study, we focused on cacti species of the short-globose genus Mammillaria (Cactoideae, tribe
Cacteae). Mammillaria is relevant, in terms of biodiversity, due to its high species richness (163-232) [18]
in the Cactaceae. A total of 192 species and subspecies of Mammillaria are listed in the Red List of
Threatened Species of International Union for Conservation of Nature [19]. For the species of this
genus, non-fully resolved phylogenies were obtained from DNA sequences of the rp/16 intron and
psbA-trnH intergenic spacer regions of the chloroplast [20]. The increment of plastid molecular markers
(rpl16, trnK, and rpoC1 introns, and trnK-psbA, rpl20-rps12, trnL-trnF, and trnT-trnL intergenic spacers)
did not resolve the relationships among species of Mammillaria, nor of species from closer genera
(i.e., Coryphantha, Escobaria, Neolloydia, Ortegocactus, and Pelecyphora). These unresolved evolutionary
relationships have been attributed to the recent origin of Cactaceae (e.g., [21,22]), estimated at 35 million
years ago [23]. Currently, morphological characteristics have been used to postulate the taxonomic
limits among species of Mammillaria and of those in close cacti genera [18]. However, these characters
are ambiguous and often do not accomplish a robust taxonomically resolved separation [20,21].

In this study, we de novo assembled the complete chloroplast genome of seven species in this
genus, in order to utilize these genomes as reference for Mammillaria. A second objective was to identify
putative structural characteristics of the cpDNA of Mammillaria, by comparing with the complete
chloroplast genomes, which have been documented for other cacti species and other Caryophyllales. In
addition, we discuss whether the structural differences of the cpDNA discovered in Mammillaria may
serve to resolve the evolutionary and taxonomic pendants of this genus. As structural differences have
been documented at the subfamily level, we expect the cpDNA of Mammillaria (Cacteae) to differ from
those of the large columnar cacti (Echinocereeae); however, among species of Mammillaria, structural
differences in cpDNA are not expected by its recent divergence.

2. Results

2.1. Gene Composition and Length Variation in Three Novel cpDNA Structures Identified in Mammillaria

De novo assembly revealed three structures of cpDNA in Mammillaria (Figure 1). Structure 1 was
present in M. albiflora and M. pectinifera (Figure la), structure 2 in M. crucigera, M. huitzilopochtli, M.
solisioides, and M. supertexta (Figure 1b), and structure 3 in M. zephyranthoides (Figure 1c). These structures
had a quadripartite partition, into LSC, SSC, and two IRs (Figure 1). We identified unexpected and strong
structural differences in gene composition and length among the three structures (Figures 2 and 3a).
In addition, structure 3 (M. zephyranthoides) had divergent IRs; meanwhile, the rest of the species had
identical gene composition in their IRs (Figure 1).

Variation between species in the total length and number of genes of cpDNA were documented
(Tables 1 and 2). The cpDNA of Mammillaria ranged from 107,343 bp (M. zephyranthoides) to 116,175 bp
(M. supertexta) (Table 1). The relative length of LSC represented approximately 62% of the genome in
the six species (M. albiflora, M. crucigera, M. huitzilopochtli, M. pectinifera, M. solisioides, and M. supertexta)
(Table 1). Moreover, the LSC was nearly 2.5 times larger than SSC, which represented 25.35-28% of
the total genome length (Table 1). In contrast, in M. zephyranthoides, the LSC was longer (68% of the
cpDNA length), being 10 times larger than its respective SSC, whose length only reached 7%. The
shortening of SSC in M. zephyranthoides was due to the lengthening of the IRs, which had nearly 14 kb,

83



Plants 2019, 8, 392

and to the strong reduction of the genes ycfl and ycf2 to <1 kb; meanwhile, in the other species of
Mammillaria, these genes were >6 kb (Figure 1, Table 1).

We identified additional different types of gene rearrangements at the LSC (Figure 3b). The first
was a type of rearrangement involving blocks of genes, which were inverted but maintained identical
order (Figure 3b); there was also a second type involving a single gene with two variants: (a) the
single gene did not change its relative location, but its orientation was inverted (trnF-GAA); (b) the
single gene changed in location, but it maintained its orientation (rpl2). The single gene trnF-GAA
had identical orientation in the species of structure 1 (M. albiflora and M. pectinifera), structure 3 (M.
zephyranthoides), and M. solisioides of structure 2, but was inverted in the other three species of structure
2 (M. crucigera, M. huitzilopochtli, and M. supertexta). In the structure 1 species, rpl2 flanked the IRA in
M. pectinifera, whereas, in M. albiflora, it flanked the IRB. In addition, in M. supertexta (structure 2) and
M. zephyranthoides (structure 3), rpl33 was lost, but it was present in the other five species of Mammillaria
as pseudogene except in M. albiflora (Figure 1, Table 2).
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Figure 1. Three different structures found in the complete chloroplast genome of Mammillaria:
(a) structure 1, (b) structure 2, and (c) structure 3. In structure 1, the rpl2 gene is flanking IRB in
M. albiflora and IRA in M. pectinifera. Gene rpl33 was lost in M. supertexta of structure 2 and in M.
zephyranthoides of structure 3. The genomes are displayed circularly, and IRA and IRB correspond to
duplicated blocks of regions; starting from the top of the circle, the IRA is the one that appears first

in clockwise.
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On the other hand, comparison of the complete genomes of the seven species showed similar
percentages of types of genes. In the three structures, the highest percentage of genes corresponded to
tRNAs (26%), where each of the sets of rps and psb represented 13% of the genes. Another similarity
found among species was that, in the LSC, large blocks of concatenated genes maintained identical
gene compositions and arrangements (Figures 1 and 2). Most of the concatenated genes correspond
to the encoding genes of photosystems I and II. In addition, the rbcL gene, units of the cytochrome
b/f complex, and genes of the DNA-dependent RNA polymerase (Table 2) were identical in number,
location, and arrangement (Figure 1). Comparisons of LSC and SSC showed that structures 1 and 2
had more mutual similarities than either had with structure 3 (Table 2). In the SSC, the seven species
maintained identical order and orientation in ycf2-trnL-CAA-ycf1; although, in structure 3, they were
shorter by pseudogenization (Figure 1).

In addition, in the seven species pseudogenization was identified in the NADH dehydrogenase-like
(NDH) complex of plastid genes (ndh genes, hereafter). Of this family of genes, only four subunits
of the suite of dehydrogenase genes (B, D, F, and G) were recorded in the seven species. The ndh
subunits B, D, and F were pseudogenes in the seven species, and subunit G was pseudogene only in
M. pectinifera, M. solisioides and M. zephyranthoides. In addition, ycf68 was a pseudogene in all seven
species, and ycf4 was pseudogene in three species except in M. albiflora, M. huitzilopochtli, M. supertexta
and M. zephyranthoides (Table 2).
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Figure 2. MAUVE graphic of five structural alignments of complete chloroplast genomes. The upper
graph corresponds to caryophyllid P. oleracea (Portulacaceae); below that, the large giant columnar
cactus, C. gigantea; and the last three graphs are the three structures documented in Mammillaria.
Relative inverted DNA sequences are drawn above/below of the horizontal line; identical genes are in
the same color. P. oleracea has a larger genome than any species of Cactaceae. Discarding the IRs that
are recorded in Mammillaria and P. oleracea, but not in C. gigantea, the cpDNA structure of P. oleracea
is more similar in structure to C. gigantea than to Mammillaria. Between C. gigantea and P. oleracea, a
single large block of inverted genes (encircled) corresponding to atpB and atpE is shown. This block of
genes in Mammillaria has identical orientation to P. oleracea. In Mammillaria, many other novel gene
rearrangements, which are absent in the other two-caryophyllid taxa, were documented. Additionally,
structure 3 has two blocks of inverted genes (described in detail in Figure 3b), with respect to structures
1 and 2. These two blocks of genes are indicated with arrows and have identical orientation in C.
gigantea, P. oleracea, and structures 1 and 2 of Mammillaria.
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Figure 3. (a) Comparison of length and gene composition of IRs in the three structures documented
for the complete chloroplast genomes of Mammillaria. The two IRs of structure 3 diverge in rpl23;
its location in IRA is denoted with an asterisk. (b) Blocks of genes rearranged at the LSC. These
genes are inverted and reoriented in structures 1 and 2, with respect to structure 3. The direction of
the row indicates the orientation of transcription, to the left in sense of clockwise and to the right,
counter-clockwise. The large squares indicate the genes of LSC that flank these two rearrangements.

The asterisk in rpl33 (bottom figure) indicates that, in M. supertexta of structure 2 and in species of
structure 3, this gene was lost.
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Table 1. Species of Mammillaria grouped by the type of the structure identified in the complete
chloroplast genome (cpDNA). Within and among structure variation in total length size, the two
inverted repeats (IRs), large single copy (LSC), and small single copy (SSC) were detected.

Type of Structure Total Length IRs LSC SCC Total Number of Genes  Access Number !

L. Structure 1

1.1 M. albiflora 110789 1348 78380 31061 113 MN517610

1.2. M. pectinifera 108561 1544 72273 29744 113 MN519716
II. Structure 2

1. M. crucigera 115505 14522 71565 29418 120 MN517613

2. M. huitzilopochtli 115886 14488 71997 29401 120 MN517612

3. M. solisioides 115356 14428 71690 29238 120 MN518341

4. M. supertexta 116175 14490 72240 29445 119 MN508963
II. Structure 3

1. M. zephyranthoides 107343 28252 71811 7281 131 MN517611

! GeneBank access number of the DNA sequences deposited.

Table 2. Variation in structural and functional gene composition in the three structures of cpDNA
found in Mammillaria. A total of 18 different types of genes were documented, and these are organized
alphabetically according to their location in IRs, LSC, and SSC. All the genes located at IRs are duplicated
(2X), except the rpl23Y¥ in structure 3 that lacks in IRB.

Type/GSEt!Efcture Region Structure 1 Structure 2 Structure 3
L R‘bo(sr‘fr’l;al RNA ssC rrnd.5, 5,16, 23 rrnd.5, 5,16, 23
IRs rrn4.5, 5,16, 23 (2X)
GCA GUC
trnCECA trnDCYC,  trnCGCA, trnDGUC, thUUC’ trnDG AA
uucC GAA uuC GaA~  tmE”"n trnFet,
trnEVSS, trnFYAY, trnEV Y, trnFYAA, tnGOCC rnGUCC
trnGGCC, trnGUCC,  trnGGCC, trnGUCC, thUUU’ tmLU A
trnHOYG trnKUUY | trnLUAA  rnMCAY, m trnN/ICr‘ilU !
2. Transfer RNA LSC trnLUAA trnMCAY, trnfMCAY, trnfMC AU
(trn) trnMCAY, trnPUSG,  ¢rPUSG ) ¢rRUCY, UGG UUG
UUG ucu GGA” ¢ ngGey’ P, QT
trnQ-H>, trnRVSY,  trnSYYA, trnSYYY, UCU GGA
GGA 4. gGGU UGA GoU  tmRE-E SR,
trnSYA trnSYY 0 trnSERA, trn TV, rnSCCU 4rngUGA
trnSYCA, trnTCCY,  trnTUCY, rnWCCA, aGuU uGU
trnTUCY, trnYGUA trnYGUA trnT 7 T
! trnWCCA | trnYGUA
trnA-f, trnIGAU, trnA-f, trnIGAU,
trnlSAY AL grnlVAG, rnNGUY, UAG CAA
S5C trnLYAG ¢nNGUU | rnLCAA ¢rnRACG, trnl. , trnl
trnRACG, trnVGAG trnVGAG
UGC GUG
trnHOYG tmICAY, tr::ﬁ}c AU :_Ei_é AU
IRs trnICAY (2X) trnKYUY, rnQUUG Guv ACG
2X) trnN’ , trnR ,
trnVGAC (2X)
3. Proteins of small rps2,3,4,811,12,
. rps2,3,4,8,11,12 rps2,3,4,8,11,12 ’
sgbumts of the LSC (2), 14, 16¥, 18¥, 19 (2), 14, 18¥, 19 12Y, 14, 16Y, 18Y,
ribosome (rps) 19
SSC rps7,12,15 rps7,12,15 rpsl5
IRs rps16Y¥ (2X) rps7, 12, (2X)
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Table 2. Cont.

Gene .
Type/Structure Region Structure 1 Structure 2 Structure 3
4. Proteins of large
ubunits of the LSC rpl2, 14, 16, 20, 22, rpll4, 16Y, 20, rpl2, 14, 16Y, 20, 22,
st 33Y, 36Y 22,33Y*, 36¥ 23Y, 36
ribosome (rpl)
SSC rpl32 rpl32
1pl32 (2X), 23¥
IRs rpl23Y¥ (2X) rpl2, 23Y (2X) (IRA)
5. DNA dependent
RNA polymerase LSC rpoA, B, C1, C2 rpoA, B, C1, C2 rpoA, B, C1, C2,
(rpo)
6. NADH ndhBY, DY, FY¥, ndhBY, DY, F¥, G
dehydrogenase SSC Gy .
(ndh)
IR ndhBY, DY, FY¥,
s GY (2X)
7. Photosystem I LsC psaA, B, 1,] psaA, B, 1,] psaA, B,1,]
(psa)
SSC psaC psaC psaC
8. Photosystem IT Lsc Ilfl"?' IE' Eﬁi l; psbB,C,D,E,FH, psbB,C,D,EEH,
(psb) T ’Z, Y LLKLMNTZ LLLKMNTZ
IRs psbA (2X) psbA (2X)
9. Cytochrome b/f LSC petA,B,D,G,L,N  petA,B,D,G,L,N petA, B,D,G,L N
complex (pet)
10. AT(E tsp%“thase LSC atpA,B,E,FEH,I  atpA,B,E,FH,I  atpA B EFH,I
11. Rubisco (rbc) LSC rbeL rbeL rbcL
12. Maturase K LsC matK matK
IRs matK (2X)
13. Protease (clp) LSC clpPY¥, clpP clpPY, clpP clpPY¥, clpP
14. Envelope
membrane protein LSC cemA cemA cemA
(cem)
15. Subunit of
acetil-CoA-carboxylase LsC accDY accDY accDY
(acc)
16. c-type
cytochrome SSC ccsA SSC: ccsA SSC: ccsA
synthesis (ccs)
17. Translational
initiation factor LsC infA infA infA
(inf)
18. Hypothetical
chloroplast reading LSC ycf3, ycfd¥ ycf3, ycfd¥ ** ycf3, ycfd
frames (ycf)
SSC ycfl, yef2, ycf68Y ycfl, yef2, ycf68Y ycfl¥, ycf2¥
IRs ycf2-p (2X) ycf2-p (2X) ycf2¥, ycf68Y (2X)

Y indicates a pseudogene. The note “-p” indicates that a partial DNA sequence of a gene is inserted in the two IRs.
* indicates that rpl33 lacks in M. supertexta but it is present in the other three species of this structure. In addition,
this gen is pseudogene in all species except in M. albiflora. ** indicates that is a pseudogene in M. crucigera and M.
solisioides of structure 2. *** indicates that it is pseudogene only in M. solisioides of structure 2 and M. pectinifera of

structure 1.
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2.2. Structure 1: Shortest IRs, Composed of Three Genes, rpl23-trnl-CAU-ycf2

This structure was distinguished by two short IRs (of <1 kb) composed by rpl23-trnl-CAU-ycf2.
Of this ycf2, a total of 265 bases of its 5" extreme are inserted in the IRs, which were identical in DNA
sequence and gene composition. This structure 1 was found only in two species of Krainzia subgenus,
M. albiflora, and M. pectinifera (Figure 1, Table 1). The genome of M. albiflora was larger (110,789 bp,
Table 1) than the one of M. pectinifera. In this structure, both IRs had length 1348 bp (1.22% of the total
genome). The three genes represented 5.3% of the total genes (113). These two species had an identical
number of total genes; most of which (26.6%) were represented by tRNAs (Figure 1a, Table 1). The LSC
covered the largest proportion of the DNA sequence (72.6%, Table 1) and the largest number of genes
(82) (Table 2). However, rpl2 gene is flaking IRA in M. pectinifera but in M. albiflora is flanking IRB that
is the identical location of the species of structures 2 and 3.

2.3. Structure 2: IRs Composed by an Unusual Complete Battery of 11 Concatenated Genes and One Identical
Intergenic Spacer.

Structure 2 was found in three species of the subgenus Mammillaria (M. crucigera, M. Huitzilopochtli,
and M. supertexta) and one of the subgenus Krainzia (M. solisioides). In all of these, the two
IRs were formed by genes usually located at the LSC, and were flanked by the DNA sequence
of an identical intergenic spacer sequence (IGS) that is from psbk to trnQ; however, IRB was
flanked by rps19, whereas IRA was flanked by psbK (Figure 1). The complete composition of this
structure consisted of this IGS and 11 genes: IGS (psbK-trnQ)-trnQ-UUG-rps16-trnK-UUU-matK-trnK
-UUU-psbA-trnH-GUG-rpl2-rpl23-trnl-CAU-ycf2. The four species with structure 2 had identical IRs,
with respect to gene composition and DNA sequence. However, there were differences between species,
in terms of the total genome length, number of genes, and length of each of the four quadripartite regions
(Table 1). The rpl33 gene was found in three species, but was absent in M. supertexta. Consequently, the
total number of genes differed among the structure 2 species (Tables 1 and 2). Although they showed
differences, the four species had similar percentages in the relative proportions of genes represented in
IRs, LSC, and SSC, as well as in the percentages of gene types in the overall genome (Tables 1 and 2).
Using M. supertexta, as a reference is important, as it had the largest genome in structure 2, showing
63% (75) of genes located at the LSC and 20.2% (24) at the SSC. In addition, each IR comprised 6.24% of
the genes (11 genes and one IGS). In structure 2, the complete gene of maturase K gen (matK) is nested
with trnK-UUU introns and inserted into the IRs. In this structure, 28.20% were tRNAs, followed by
13.67% in each of the suites of rps and psb subunits, rpl subunits represent 8.40%. Finally, the DNA
regions that were represented by only one gene (0.85%) were accD, ccsA, cemA, infA, and rbcL (Table 2).

2.4. Structure 3: Largest and Divergent IRs in Which Four Ribosomal Units are Included.

Structure 3 was only recorded in M. zephyranthoides (Figure 1c). This genome had a length of
107,343 bp and 131 genes (Table 1). The LSC covered 62% of the total number of genes (81), the SSC
had only 7 genes (5.7%), and both IRs had 43 genes (32.8%). In addition, each IR was approximately
14.1 kb in length and was comprised of genes typically located at the SSC. The IRA was composed of
psbA-trnH-GUG-rpl23*-trnl-CAU-ycf2partial-ndhB-rps7-rps12-trnV-GAC-rrnl6-ycf68-trnl-GAU-trnA-AGC
-rrn23-rrm4.5-rrnb-trnR-ACG-trnN-GUU-ndhF-rpl32. The rpl23 is marked with an asterisk because it is
absent in the IRB, thus the IRB was identical in gene composition and arrangements but was divergent.
Structure 3 is distinguished by the ancestral presence of four rRNA subunits (4.5, 5, 16, and 23) in
the IRs.

Pseudogenization in structure 3 was clearly identified, in that ycf2 and ycfl showed incomplete
DNA sequences. The former was truncated into three segments. Two of these segments were inserted
into the IRS and the third one was at the SSC. These three segments added only to a total of 960 bp. The
gene ycfl had <1000 bp. Consequently, the shortening of ycfI and ycf2 caused a diminished cpDNA
total length (Table 1, Figure 1c). Additionally, this structure added, as pseudogenes, accd, rps18, rpl23,
and one copy of rps12.
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3. Discussion

The three structures of cpDNA discovered in Mammillaria are novel and these have not been
recorded in other eukaryote organisms. In addition, the divergent IRs (identified in structure 3) are a
novel result for land plants (Embryophyta), only having otherwise been recently discovered in green
algae of the order Ignatiales (Pseudoneochloris, and Chamaetrichon) [24]. These strong arrangements
in the cpDNA of Mammillaria are notable with respect to the rest of caryophyllids as P. oleracea
(Portulacaceae) and C. gigantea (Cactaceae), and even within Mammillaria (Figures 2 and 3). Based
on the DNA sequences of chloroplasts and current biogeographic distribution, it was estimated that
the suborder Portulacinae, which includes the families Cactaceae and Portulacaceae, diverged in
the early Miocene (18.8-33.7 Mya). In particular, for Cactaceae, an origin of 10-19 Mya has been
estimated [25]. This last estimation differs from the age of 35 Mya estimated for Cactaceae based
on molecular phylogeny [23]. Accordingly, the members of Cactaceae are relatively young in the
evolutionary history of Caryophyllales and, thus, the structures of cpDNA found in Mammillaria have
evolved in a recent diverging process, as none of the three structures have been reported for other,
older members of Caryophyllales.

Our results suggest that the structural reconfigurations of cpDNA within the family Cactaceae
have occurred frequently. Particularly, such structural changes have mainly involved genes located at
the flanking extremes of the LSC and, secondly, genes located at the SSC. Although deep and strong
changes occurred in reconfigurations of the IRs, only few gene rearrangements and loss of genes
occurred in the LSC, protecting the large blocks of genes involved in photosynthesis (Figure 2). We
conclude that no single type of cpDNA structure characterizes all members of Mammillaria; however,
the presence of IRs is a marked difference, with respect to the large columnar cacti species that have
lost them.

In addition, our results showed that, among the tribes of the subfamily Cactoideae, there are
notable structural differences in the cpDNA. The most evident is that Mammillaria (Cacteae) has IRs, as
occurs in most of Caryophyllales, which were lost in Echinocereeae. We propose that the presence
of IRs is the basal state in the Cactaceae family, as the presence of IRs is common in all members of
Caryophyllales currently sequenced. However, we cannot ignore the possibility that IRs may be have
been lost and recovered (with a new configuration) in multiple evolutionary events occurring during
Cactaceae radiation. The phylogenetic relationships of the seven species based on DNA sequences
(Figure 4) showed that M. albiflora (structure 1) is the closest species to columnar saguaro, however, M.
pectinifera (structure 1) is the closest one to M. solisioides (structure 2). Unexpectedly, M. zephyranthoides
(structure 3) occupied a branch that is closer to the three species of series Supertextae. These phylogenetic
results should be taken with caution, since the number of species is too poor; however, it seems that
the evolutionary underlying processes that have operated on the structural changes differ of those
operating at the level of DNA sequences.

Tree scale: 0.001

00133

P. oleracea

C. gigantea

00133 e M. albiflora

00101 M. zephyranthoides
M. pectinifera

M. solisoides

M. huitzilopochtli
M. crucigera

M. supertexta

00133 00082

Figure 4. Phylogenetic ML tree obtained for the seven species of Mammillaria. The analysis is based on
42 coding regions shared to the two species used as outgroups (C. gigantea and P. oleraceae).
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Our findings showed that, in Mammillaria, the concatenated battery rpl23-trnl-CAU-ycf2 might
have a relevant role in the reconfiguration of IRs. Particularly in these genes, it is worthy to highlight
the gene trnl-CAU, which (along with trnl-GAU, trnfM-CAU, and trnM-CALUI) has been identified, in
experimental essays, as one of four essential tRNAs in plastids [26]. In addition, the IRs composed of a
single gene have been shown to correspond to trnl-CAU (e.g. Pinus massoniana) [27]. In this context, we
propose that trnl-CAU in Mammillaria plays a key role in the reconfiguration of IRs, but future studies
are needed to verify this.

We found that the IGS psbK-trnQ was inserted in both IRs of structure 2, although this IGS at IRB
was flanked by rps19 at the LSC; meanwhile, in the rest of the species, this pair of genes (psbk and trnQ)
was located at the LSC. In addition, the DNA sequence of this IGS was highly conserved, showing
91-97% of identity to the IGS of other Caryophyllales species (e.g., C. gigantea, Cistanthe longiscaspa,
Tallinum paniculatum, and P. oleracea). In addition, we found other highly conserved IGS, which
showed 90-98% of identity to the IGS of trnG-UCC—trnS-GGU in other members of Caryophyllales.
However, in Mammillaria, this pair of transfer genes was at the contrary extreme of the LSC, although
the DNA sequence of this IGS was found between rpl20-rps12. Thus, we support the idea that IGS
may have played an important role in the functional processes, in agreement with former studies [28].
Pseudogenization was identified in the seven species of Mammillaria, but in structure 3 it was more
evident (Figures 1 and 2); particularly by the strong shortening of the genes of the two open reading
frames, ycf2 and ycfl, as they had a length of <1 kb whilst, in the other six species of Mammillaria,
each of these genes had a length of nearly 6-7 kb. The pseudogenization of ycfl and ycf2 indicates a
loss of functional activity, which disagrees with the conclusion that these genes are essential for plant
survival [29]. In addition, pseudogenization was also identified for all species of Mammillaria, with
incomplete copies of subunits of rps and rpl suites, accD, as well as, rps12 and clpP duplicated and,
evidently, in three dehydrogenase subunits (B, D, and F). These subunits translated to an interrupted
sequence of amino acids, which indicates that the functionalities of these genes may have been lost. In
addition, seven other subunits of ndh genes were completely lost (A, C, E, H, I, ], and K). These subunits
in C. gigantea, both pseudogenization and the complete loss of ndh subunits in cpDNA have also been
documented [12]. However, we could not show, for Mammillaria, that all of those genes documented
as pseudogenes, or entirely lacking in the cpDNA, were not present in nuclear or mitochondrial
genomes; in other plants, many genes of the chloroplast have been found in nuclear or mitochondrial
genomes [6].

An interesting result, obtained in the SSC of the seven species of Mammillaria, C. gigantea, and P.
schottii, is that they all have identical order and orientation of ycf2-trnL-CAA-ycfl. This result suggests
that the arrangement of these three genes may be a synapomorphy in the subfamily Cactoideae, as it is
not present in Opuntia microdasys, subfamily Opuntioideae (sequence consulted GenBank: HQ664651.1),
nor in the rest of the species of Caryophyllales [13].

Structure 2 was distinguished by the insertion of the matK gene into the IRs, which was nested
inside of two complete trnK introns. The gene matK was also documented in the IRs of some species
of Erodium (Geraniaceae) but was truncated and separated to the two trnK introns [17]. In addition,
in IRs of Lamprocapnos spectabilis (Papaveraceae), complete matK nested between the two introns has
been documented [30]. It is relevant to point out that matK is duplicated in these genomes due to its
insertion in IRs. This encoding gene plays a fundamental role in photosynthesis by editing the RNAs of
nearly 15 proteins, even though the trnK introns were lost [31]. Thus, in species having structure 2, by
the formation of IRs, there are two copies of matK in the haploid genome of the chloroplast; however,
we do not possess sufficient information to discuss the functional consequences of this.

Finally, it is important to point out the following: 1) the three structures of cpDNA of Mammillaria
are not concordant to the taxonomic subgenera and series levels. Consequently, our results do
not support any of the infrageneric classification currently proposed. 2) Sensu [18], M. solisioides
is considered to be a subspecies of M. pectinifera (subgenus Krainzia, series Herrerae+Pectiniferae);
however, M. solisioides exhibits the cpDNA structure found in the Supertextae, subgenus Mammillaria. 3)
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Accordingly, we consider that M. solisioides is an independent species, in agreement with Arias et al., [32].
We conclude that the structural analysis of cpDNA can also contribute towards clarifying the taxonomic
relationships of Mammillaria with other plant species.

4. Materials and Methods

4.1. Plant Sampling and DNA Extraction

We included seven species of Mammillaria, which represent three of the eight subgenera proposed
by Hunt [18]. These seven species are listed in the IUCN red list [19]. The three species sampled
(M. crucigera, M. huitzilopochtli, and M. supertexta) are classified in the subgenus Mammillaria, series
Supertextae. According to Crozier [21], only the species included in this subgenus represent a natural
and monophyletic clade in phylogenies obtained with chloroplast DNA sequences. The other three
taxa sampled (M. albiflora, M. pectinifera, and M. solisioides) are of the subgenus Krainzia, series
Herrerae+Pectiniferae. It is important to mention that M. solisioides was considered [18] to be a subspecies
of M. pectinifera. The last sampled species was M. zephyranthoides, classified in the subgenus Dolichothele.
This last species has faced a complex and controversial taxonomic identification, as it has been included
in both Dolichothele and Mammillaria.

Living complete plants for tissue samples were obtained for M. albiflora, M. crucigera, M.
huitzilopochtli, M. pectinifera, M. solisioides, and M. supertexta. Small pieces of the surface of green stems
were cleaned of spines and areoles to obtain 300 mg samples of tissue, which were treated using a
MinuteTM Chloroplast Isolation Kit (Invent Technologies Inc., Eden Prairie, MN, USA), according to
the manufacturer’s instructions. The chloroplast extracts were processed with a DNeasy plant minikit
(Qiagen, Valencia, CA, USA), in order to obtain enriched chloroplast genomes.

4.2. High-Throughput Sequencing and Sanger Verification

Massive sequencing was done with the Illumina platform (Ilumina, San Diego, CA, USA). For
each species, genomic libraries were prepared with the Nextera XT kit, according to the manufacturer’s
instructions, and sequenced in a MiSeq 2 x 300 cycles. The flanks of IRs and gene rearrangements were
PCR verified (Table S1), using the recently assembled cpDNA in our study for the design of specific
primers with Primer3 v.4 [33]. These PCR products were sequenced in a 3730x1 capillary sequencer
(Applied Biosystems, Pleasanton, CA, USA).

4.3. Genome Assembly, Annotation, and Structural Alignment

The available assembly genome for the giant columnar cactus species of Carnegiea gigantea [12]
lacks IRs and, thus, de novo assembly was carried out with NovoPlasty v.2.6.5. [34] and DISCOVAR
de novo v.52488 [35]. The scaffolding was carried out with Ragout v.2.0 [36]. The gaps were filled with
GARM v.0.7.5 [37] and the circularization of each of the assembly genomes was obtained with Circlator
v.1.5.5 [38]. The assemblage of each genome was tested with REAPR v.1.0.18 [39]. The annotation for
the seven species was done with GeSeq [40] and the genomes were drawn with OGD [41]. For gene
annotation, we used the cpDNA of C. gigantea [12] and Portulaca oleracea [42]. Annotation of the largest
genome found for each of the three different structures (Table 1) was manually curated. The structural
alignment of the complete assembly genomes was performed with MAUVE [43]. This program was
also used to compare these structures to other species of Caryophyllales (P. oleracea, NC_036236.1)
and Cactaceae (C. gigantea, GCA_002740515.1), in order to emphasize the relevance of our structural
findings in the whole chloroplast genome of Mammillaria. In order to reconstruct the phylogenetic
relationships of the seven species of Mammillaria, two species (C. gigantea and P. oleracea) were used
as outgroups. A total of 42 orthologous protein-coding genes (Table S2) shared in these nine species
were identified with Prottest [44]. The DNA sequences of these 42 loci were aligned using MAFFT
v7.310 [45]. The Akaike Information Criterion (AIC) in JMODELTEST v2.1.10 was used to determine
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the best-fitting model of nucleotide substitutions [46]. The GTR + G model was used to obtain the
phylogenetic tree based on ML in RAXML-HPC v8.2.10 [47] with 1000 replicates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/10/392/s1,
Table S1: Primer sequences designed for PCR verifications for flanking adjacent sequences of IRs; and gene
rearrangements located at LSC in three genomes structures of Mammillaria. In the last column the temperature
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used to obtain phylogenetic relationships of the seven species of Mamimillaria studied and the two species used as
outgroups Carnegiea gigantea and Portulaca oleraceae.
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Abstract: The genus Lilium L. is widely distributed in the cold and temperate regions of the Northern
Hemisphere and is one of the most valuable plant groups in the world. Regarding the classification
of the genus Lilium, Comber’s sectional classification, based on the natural characteristics, has been
primarily used to recognize species and circumscribe the sections within the genus. Although
molecular phylogenetic approaches have been attempted using different markers to elucidate their
phylogenetic relationships, there still are unresolved clades within the genus. In this study, we
constructed the species tree for the genus using 28 Lilium species plastomes, including three currently
determined species (L. candidum, L. formosanum, and L. leichtlinii var. maximowiczii). We also sought to
verify Comber’s classification and to evaluate all loci for phylogenetic molecular markers. Based
on the results, the genus was divided into two major lineages, group A and B, consisting of eastern
Asia + Europe species and Hengduan Mountains + North America species, respectively. Sectional
relationships revealed that the ancestor Martagon diverged from Sinomartagon species and that
Pseudolirium and Leucolirion are polyphyletic. Out of all loci in that Lilium plastome, ycfl, trnF-ndh],
and trnT-psbD regions are suggested as evaluated markers with high coincidence with the species tree.
We also discussed the biogeographical diversification and long-distance dispersal event of the genus.

Keywords: Lilium; phylogenomics; plastome; molecular markers; gene tree; species tree

1. Introduction

The genus Lilium L. is the type genus of Liliaceae that consists of approximately 100 species
spread throughout the cold and temperate regions of the Northern Hemisphere [1,2]. Lilium species
are economically important because of their ornamental features in horticulture as cut flowers and as
potted and garden plants [3]. In addition, the flowers and bulbs of cultivated Lilium species are used
for food and medicine [4].

The classification of the genus Lilium had been built based on flower shape before Comber’s
classification [5]. As a result, the sectional (or subgeneral) boundaries in the genus frequently changed,
and many species were referred to different sections according to different classification systems [6-8].
In contrast to the previous sectional concept based on flower shape, Comber [5] suggested the use of
new natural characteristics, including characteristics of leaves, bulbs, and stems to classify the genus
Lilium and divided it into seven sections. Although Comber’s classification was revised by De Jong [9]
based on previous papers published up to that time, Comber’s classification has been primarily used
to date to recognize Lilium species and circumscribe the sections within the phylogeny of Lilium.
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Nishikawa et al. [10] constructed the phylogeny of 55 Lilium species using the internal transcribed
spacer (ITS) region to clarify their phylogenetic relationships and found that most species formed a
clade according to the classification based on the morphological features. Nonetheless, it is difficult to
follow their results directly because most of the branch lengths were very short and not significantly
supported. In addition, the phylogenies using the same marker with more samples indicated that most
of the sections, except for Martagon, were polyphyletic [11-13]. Such discordance between classifications
based on morphological characteristics and molecular phylogeny has also been found in other genera.
For example, the subgenera of the genus Cymbidium based on morphological characteristics [14] was
not found to be monophyletic using ITS [15] and ITS + matK [16,17], and a number of branches in the
phylogenetic trees were collapsed in strict consensus trees. Itis likely that gene trees based on molecular
markers were often insufficient for investigating species trees because of certain evolutionary events,
such as incomplete lineage sorting and horizontal gene transfer, or because convergent morphological
evolution has occurred in certain lineages. To ensure the phylogenetic accuracy, increased taxa sampling
has been preferred for a long time [18-20]. However, it has been suggested that the number of genes
may be a more important determinant than the taxon number [21-23], and the rapid development of
next-generation sequencing techniques has led us to the phylogenomic era, which provides numerous
data to resolve ambiguous relationships.

Plants contain three genomes: a nuclear genome, a mitochondrial genome, and a plastid genome
(plastome). The nuclear genomes [24] and mitochondrial genomes [23] in flowering plants substantially
vary in length, whereas the plastomes maintain consistent lengths and typical structures for a long
time [25], except for those of some specific lineages [26-28]. In addition, the typical plastome structure
allows for next-generation sequencing (NGS) data to be assembled easily. As a result, the number
of deposited plastome sequences is 10 times that of mitochondrial genome sequences in the NCBI
genome database. The highly conservative nature of the plastome structure makes it possible for
intergenic spaces to be used as molecular markers, as well as genes [29,30]. Using this feature,
many researchers have attempted to increase phylogenetic accuracy for unresolved taxa using whole
plastome sequences [31-33] and have also suggested new combinations of molecular markers for
specific taxa [34-38]. Two studies on the phylogenomics of Lilium using plastome sequences have
been published [4,39] to date. The phylogenetic relationships among the branches were well resolved
with high support. However, taxon samplings were restricted because of the inability to use the
data from both papers, which were published in the same year. Therefore, it was difficult to verify
Comber’s classification based on well-resolved phylogeny. Du et al. [4] suggested molecular markers
for the phylogeny of Lilium based on nucleotide diversity; however, the issues of polytomies and
low supporting values still remained. Apparently, there was no comparison between species trees
and gene trees to suggest molecular markers for the phylogenetic analysis. A gene tree can be easily
acquired from each gene; however, it can conflict with the species tree [40] because not all genes have
evolved in the same manner in the same lineage. Therefore, it is necessary to evaluate the reliability
of any constructed species trees and gene trees and suggest molecular markers for the phylogeny of
certain lineages.

In this study, three plastomes in Lilium were newly sequenced (1) to verify Comber’s classification
and (2) to evaluate all loci of the Lilium plastome for phylogenetic molecular markers. Two taxa, Lilium
formosanum Wallace and Lilium candidum L., were sampled to investigate the monophyly of Leucolirion
and to determine the phylogenetic position of Liriotypus. Lilium leichtlinii var. maximowiczii (Regel)
Baker was added because it was found to be closely or distantly related to Lilium lancifolium Thunb. in
the previous studies [10-13]. The phylogenies of the genus Lilium that were built based on different
methodologies using plastome sequences were constructed to determine a more accurate species tree.
Based on this result, gene trees were compared to the species tree of the genus Lilium to evaluate which
gene trees were similar to the species tree in a topology, while reflecting the generic relationships in
Liliaceae. Additionally, based on the species tree generated in this study, the evolution of genomic
characteristics in the genus Lilium was also discussed.
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2. Results

2.1. Newly Sequenced Plastomes of Three Lilium Species

Numbers of reads ranging from 35,028,408 (L. leichtlinii var. maximowiczii) to 89,224,524 (L. candidum)
were used for raw data after removing less than 50 bp reads from each dataset for the three species
(Table 1). After constructing a complete plastome sequence, the number of mapped reads to complete
the plastome sequences ranged from 568,878 (L. leichtlinii var. maximowiczii) to 1,945,534 (L. formosanum).
Consequently, the average coverage of each plastome sequence ranged from 520.1 (L. leichtlinii var.
maximowiczii) to 1840.6 (L. formosanum). The plastomes of the three Lilium species (L. candidum,
L. formosanum, and L. leichtlinii var. maximowiczii) were 152,101-152,653 bp in length with a large
single copy (81,481-82,101 bp), a small single copy (17,524-17,644 bp), and two inverted repeats
(26,488-26,514 bp) (Table S1).

Table 1. Summary of genome assembly.

No. of Raw Reads No. of Mapped Average a .
Taxon (>50 bp) Reads Coverage SRA ? Accession

. . SRR7617960,

Lilium candidum 89,224,524 1,187,028 1134.7 SRR7617961

Lilium leichtlinii var. 35,028,408 568,878 520.1 SRR7617965
maximowiczii

e SRR7617963,

Lilium formosanum 80,985,606 1,945,534 1840.6 SRR7617964

2 Sequence Read Archive.

The overall GC content was 37.0%, which is similar to those of other Lilium species. In total, 133
genes were annotated from each plastome with 85 protein-coding genes, 8 rRNA genes, 38 tRNA
genes, and 2 partial genes (rps19 and ycf1). InfA was a pseudogene in all three plastomes, as well as
other Lilium species, and cemA was pseudogenized in the plastomes of L. candidum and L. leichtlinii var.
maximowiczii because of the copy number variation of the poly A-tract.

2.2. Nucleotide Diversity within Genera Lilium and Fritillaria

The total length of the aligned sequences of Lilium and Fritillaria plastomes was 159,458 bp. The
maximum nucleotide diversities of Lilium and Fritillaria were 0.030 and 0.041, respectively (Figure 1). In
total, the nucleotide diversity was lower in the inverted repeat (IR) region than in the large single copy
(LSC) and small single copy (SSC) regions in both genera, as well as being inversely proportional to
the GC content. The delta nucleotide diversity between the two genera fluctuated from 0.014 to —0.017.
Four loci higher than 0.02 in Lilium plastomes and two loci higher than 0.025 in Fritillaria plastomes
were caused by large deletions in certain species because we deleted the sites with missing data for
at least one species. In addition, there were the loci with higher nucleotide diversity, particularly in
Lilium plastome sequences, which were caused by small palindromic repeats and the IR expansion
from IRa to SSC.
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Figure 1. Nucleotide diversity (7r) and GC content throughout the plastome sequence according to
sliding window analysis (window size = 600 bp, step size = 200 bp). The red line and blue dashed
line refer to 7t and GC content, respectively. The vertical dashed grey lines refer to the approximate
boundaries of the plastome structure.

2.3. Phylogeny of Lilium in Liliaceae

The 28 phylogenetic trees constructed from the four datasets, four tools, and two models showed
that all of the genera in Liliaceae were monophyletic (Figure 2). Amana and Erythronium in tribe
Tulipeae were distinguished from Cardiocrinum, Fritillaria, and Lilium in tribe Lilieae. In tribe Lilieae,
Cardiocrinum diverged first, and Lilium and Fritillaria were separated later. In contrast to the generic
relationships within the tribe, the infrageneric relationships varied slightly among phylogenetic trees.

In the clades of Lilium in 28 phylogenies, different datasets affected the change in topology more
than different tools and models; however, the major clades were highly conserved in all phylogenies
(Figure S1). The genus was divided into two major lineages, group A and group B, consisting of eastern
Asia + Europe species and Hengduan Mountains + North America species, respectively (Figure 3).
Group A consisted of three clades and five independent lineages. Clade I comprised three Martagon
species and L. sp. KHK_2014, except for the phylogeny created by ASTRAL with coding genes. Clade II
consisted of L. amabile, L. lancifolium, and L. callosum, which belong to Sinomartagon. L. longiflorun, and
L. formosanum of Leucolirion and L. brownii of Archelirion formed clade III. L. cernuum of Sinomartagon
and L. candidum of Liriotypus were sister groups to Martagon and the rest of group A, respectively. The
positions of L. leichtlinii var. maximowiczii were distantly related to L. lancifolium and L. amabile, which
were morphologically close to L. leichtlinii var. maximowiczii.

Group B consisted of four clades and two independent lineages. Clade IV comprised species in
Sinomartagon 5c. Clade V consisted of L. leucanthum of Leucolirion and L. henryi of Sinomartagon 5a. Clade
VI comprised L. duchartrei and L. fargesii of Sinomartagon, and clade VII included L. washingtonianum,
L. pardalinum, and L. superbum of Pseudolirium. L. distichum of Martagon and L. philadelphicum of
Pseudolirium were sisters to clade IV and clade IV + V, respectively. Most of the branches, including
seven clades in groups A and B, were strongly supported by bootstrap values of the maximum
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likelihood analysis, branch support values of ASTRAL, and posterior probabilities of Bayesian
inference, but certain branches within clades had moderate support.

A consensus tree of 28 phylogenies was constructed using the 50% majority rule to infer a robust
species tree of Lilium (Figure 2). Except for two polytomies, one in Lilium and another in Amana,
the seven clades in Lilium, as described above, were maintained.

CDSs IGSs INTRONs ALL loci
s } t : | Data set
sl ﬁ% % {% ﬁ%
m— | —_— | —_— | —_— |
flarpertieny Tﬁé g ﬁ‘é rﬂ%
—— | —_—— | —_—— | —_—— |
IQTREE
— | —— | — | ——  Genus
T — Amana
— Cardiocrinum
(Non-partition) — Erythronium
— Fritillaria
——=| ——— pr—=— | ——== __ Tl
RAXML Lilium
o rﬂ% é Fﬂ% rﬂ%
—_—— ] —_— | —_—— | —_— |
. % Jr%g dl % ﬁ%
Mrbayes
4 ——— | e e ———
Tool

Figure 2. Phylogenetic trees based on four tools (ASTRAL, IQ-TREE, RAXxML, and MrBayes) using
four datasets (genes, introns, intergenic spacers, and all regions) and two different models (partition
model and non-partition model of the dataset). The colored line refers to each genus.
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Figure 3. Consensus tree of 28 phylogenies based on four tools (ASTRAL, IQ-TREE, RAxML,
and MrBayes) using four datasets (genes, introns, intergenic spacers, and all regions) and two
different models (partition model and non-partition model of the dataset). The colored line refers to
each genus. The distribution areas of clades are based on Gao et al. [41] and Xingi et al. [42].

2.4. Comparing Gene Trees to Species Trees

Among the 189 total gene trees, only 22 gene trees showed that each genus was monophyletic,
even though two trees built using trnS-trnG IGS and the trnV intron had different generic relationships
compared with the other 20 gene trees (Figures S2-55). Thirty-six clusters of similar trees from the 190
trees (189 gene trees + the consensus tree of 28 species trees) were generated using treespace [43], with
five principal components and a cut-off height of 100 (Figure 4). Among them, 21 clusters consisted
of more than three trees (Table 2), and the 10th cluster included a consensus tree of the 28 species
trees and 21 gene trees. These 21 gene trees were identical to the gene trees wherein each genus was

monophyletic, except for the ycf2 gene tree.

102



Plants 2019, 8, 547

Table 2. Information on 21 clustered trees using treespace, with five principal components and 100
cut-off distance.

Cluster Clustered Trees No. of Trees

accD; ndhG; psbB; rpl20; rpl32; rpl33; rps19; accD_psal; psa]_rpl33;

1 trnS_trnG; ycf4_cemA; trnK_intron2 12
’ atpA; ccsA; ndhA; ndhH; atpF_atpH; petA_psb]; rpoB_trnC; 12
rps15_ycfl; rps16_trnQ; trnE_trnT; trnT_trnL; rpoC1_intron
3 atpE; rps15; ndhH_rps15; ndh]_ndhK; trnW_trnP 5
4 atpF; petG; psbH; psbT; ndhG_ndhl; petB_petD; psbA_trnK; trnN_ycfl 8
5 atpH; ndhC; psal; psbE; psbF; psb]; rpl2; rpl16; rpl23; ccsA_ndhD; 13
petL_petG; trnA_rrm23; trnV_rrnl6
6 atpl; ndhD_psaC; ndhF_rpl32; rpl14_rpl16; rps19_trnH; rrn5_trnR; v
trnS_rps4
7 cemA; petB; rbeL; rpl22; rps3; rps18; ndhC_trnV; rps11_rpl36; 1
rps14_psaB; trnK_rps16; trnR_trnN
8 clpP; rps11; trnl_intron 3
matK; ndhB; ndhl; rpl14; rps7; rps14; psbE_petL; psbH_petB;
9 psb]_psbL; rps4_trnT; trnG_trnfM; trnL_ndhB; trnL_trnF; 16
clpP_intronl; petB_intron; trnG_intron
ndhD; ndhF; ndhK; petA; psaA; rpoB; rpoC1; rpoC2; ycfl; ycf2;
10 atpH_atpl; trnF_ndh]; trnQ_psbK; trnS_psbZ; trnT_psbD; ycf3_trnS; »
atpF_intron; ndhA_intron; petD_intron; rpl16_intron; rps16_intron;
Consensus tree of species trees
11 ndhE; ndhj; psbC; rpoA; rps16; clpP_psbB; rps2_rpoC2; ycf2_trnL 8
12 petN; psbL; psbN; rps12_intron 4
13 psaB; psbA; rps8; psbM_trnD; rrnl6_trnl; trnP_psa] 6
14 psaC; psaj; psbM; ndhB_rps7; psbN_psbH; rpl23_trnl 6
15 psbD; psaA_ycf3; rps12_trnV; trnV_trnM; ndhB_intron; rpl2_intron 6
16 psbK; psbZ; rps12; psbC_trnS; rrn4.5_rrn5; trnA_intron 6
17 rps2; rps4; trnV_intron 3
18 ycf4; petG_trnW; petN_psbM; trnC_petN; ycf3_intron2 5
19 atpl_rps2; cemA_petA; ndhE_ndhG; rpl32_trnL; rpl33_rps18; 7
rpl36_rps8; trnD_trnY
20 psbl_trnS; rps8_rpl14; trnR_atpA 3
21 rpl16_rps3; trnfM_rps14; trnM_atpE 3

2.5. IR Expansion and Contraction in Lilium

Based on the topology of Lilium species using Bayesian inference with all loci and partition models,
the movements of IR boundaries (LSC-IRb, IRb-SSC, and SSC-IRa) were investigated (Figure 5). The
LSC-IRb boundaries of group A were identical to each other. In contrast to group A, IR expansions and
contractions were found in group B, excluding L. distichum, L. washingtonianum, L. pardalinum, and
L. superbum. Two IR-SSC boundaries were more diverse than LSC-IRb, although most IR expansions
and contractions occurred in the SSC-IRa boundary. Overall, IR boundaries were highly conserved
within clades, except clades IV and VI.
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Cluster Dendrogram

Figure 4. Hierarchical cluster analysis for 190 trees, including 189 gene trees and a consensus tree.
The horizontal dashed line refers to the cut-off value for cluster trees.

2.6. Insertions/Deletions in Lilium

In total, eight insertions/deletions (indels) longer than 50 bp occurred in over five species that
were found throughout the whole plastome sequences. Five of them had distinguishable features
between groups A and B in the Lilium phylogeny (Figure S5A), but others did not correspond to the
phylogenetic relationships (Figure S5B).
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Figure 5. Inverted repeat (IR) expansion and contraction in Lilium. Pale grey refers to bases and colors
on the bases represent disagreements with the consensus sequence. The red, blue, brown, and green
blocks below bases stand for the large single copy (LSC) region, IRb region, small single copy (SSC)
region, and IRa region, respectively. The tree on the left is constructed using Bayesian inference with all
loci and partition models.

3. Discussion

3.1. Evolution of Lilium Plastomes in Liliaceae

The plastome sequences of Lilium, including the three newly determined species in this study, are
highly conserved in terms of gene content and order and genomic structure. Although the nucleotide
diversities of the LSC and SSC regions were higher than that of the IR region, this is a common
phenomenon across the angiosperms [25]. However, the nucleotide diversities of Lilium and Fritillaria
were higher in the LSC and SSC regions but lower in the IR region as compared to that of Paris
belonging to Melanthiaceae of Liliales [44]. Consequently, the IR regions in Liliaceae appear to be more
stable by purifying selection, and the LSC and SSC regions were assumed to have been under relaxed
purifying selective pressure compared to those of Melanthiaceae during their evolutionary process.
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In Liliaceae, the fluctuating delta nucleotide diversity between Lilium and Fritillaria also supported the
idea that different loci of the plastome have undergone different selective regions in this lineage, except
the overestimated nucleotide diversities owing to deletions and small inversions. These findings imply
that the mutational dynamics with respect to plastome loci between Lilium and Fritillaria have been
processed differently even though they are closely related taxa.

3.2. Verification of Comber’s Sectional Classification

In this study, we reconstructed the phylogeny of 28 Lilium species using complete plastomes
with four different datasets, four tools, and two models and compared these trees to determine the
accurate species tree. There were slightly different topologies, but the major clades were coincident
among the trees and were strongly supported by various branch support values (Figure S1). Before
the discussion of the phylogeny of Lilium, we must evaluate the identification of plastome sequences
of L. distichum (NC_029937) and L. sp. KHK_2014 (NC_027679), which were published by the same
research group, because of their unreliable phylogenetic position in the genus. Du et al. [4] first
raised a question regarding the phylogenetic position of L. distichum (NC_029937). The rbcL and matK
sequences of L. distichum (NC_029937) were identical to those of L. speciosum (rbcL: AB034922.1; matK:
ABO030853, AB049526). On the contrary, atpB, rbcL, and ndhF of L. sp. KHK_2014 (NC_027679) were
identical to those of L. distichum (atpB: KC796843, JX903928, KM085888; rbcL: JX903238, IN786059,
JN417422, KP711933; ndhF: JX903509, KM085762). Consequently, it may be necessary to exclude these
two plastomes or to consider L. sp. KHK_2014 as L. distichum to avoid improper conclusions for the
phylogenomics of Lilium.

All phylogenetic trees using different datasets indicated that Lilium species could be divided into
two major groups. These two groups were also distinguished by the mutational dynamics of the IR
expansion/contraction and large indels (Figure 5 and Figure S5A).

3.2.1. The Phylogenetic Position of Martagon

Martagon consists of five species that are primarily distributed in northeastern Asia and Russia,
except L. martagon, which ranges widely from central Europe to eastern Siberia. This section had been
considered an early-diverging lineage in Lilium based on the morphological characteristics: hypogeal
and delayed germination, whorled leaves, jointed scales, and heavy seeds [5,45]. In contrast to the
morphological analyses, molecular phylogenetic analyses using ITS sequences showed that this section
is a more recently derived lineage and is sister to some of the Sinomartagon + Leucolirion [10,11,13].
Based on these subgeneric relationships, Gao et al. [41] suggested that the ancestor of Martagon,
Sinomartagon, and Leucolirion 6b had a distribution within the Hengduan Mountains before Martagon
separated from Sinomartagon + Leucolirion 6b approximately 8.8 million years ago. However, based on
the plastome sequences, Martagon is not a sister to Sinomartagon + Leucolirion 6b but forms a clade within
Sinomartagon I (Figure 5). Additionally, the plastome structures of Lilium provide further support. The
junctions between SCs and IRs of Martagon are identical to those of Sinomartagon I, whereas they differ
from those of Sinomartagon 5¢c and Leucolirion 6b (Figure 5). These results imply that the ancestor of
Martagon diverged from Sinomartagon species, i.e., the ancestor of L. cernuum in this study, and the
divergence time was more recent than the expectation of Gao et al. [41]. In addition, four species
within Sinomartagon I and three species within Martagon are commonly distributed in eastern Asia. As
a result, the hypothesis that the origin of Martagon is the Hengduan Mountains [41] is controvertible.

3.2.2. The Polyphyly of Pseudolirium

Pseudolirium consists of all American lilies, including L. philadelphicum, which is a lectotype of
the section [5]. Interestingly, when the data matrix involved L. philadelphicum, the phylogeny using
ITS [10,11,13] showed the section was monophyletic, but using matK [46] revealed polyphyly for the
section. Unfortunately, the phylogenetic position of the section using both markers was not resolved or
was supported weekly. On the other hand, Kim et al. [47] suggested that L. philadelphicum seems to be
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distinguishable from other species in the section based on phylogenomics using plastome sequences.
This relationship is well supported by the 28 species trees constructed in this study. In terms of
DNA sequence mutations, a two base deletion in ITS was found specifically in Pseudolirium species,
except for L. philadelphicum [10], and there was an obvious distinction between the IR-SC junctions of
L. philadelphicum and other Pseudolirium species (Figure 5). Morphologically, subsection 2d, consisting
of L. philadelphicum and L. catesbaei in Pseudolirium, is distinguished from other species by erect flowers
and highly clawed perianth parts [3]. Consequently, a new circumscription of Pseudolirium should be
considered to reflect the recent phylogenetic results.

3.2.3. The Polyphyly of Leucolirion

Leucolirion consists of eight species with scattered and sessile leaves and trumpet flowers [1]. The
section is subdivided into two subsections based on bulb color: dark purple or brown for 6a and white
for 6b [1]. In this study, the two subsections were distantly separated with strong support and this result
was congruent with the previous phylogenetic studies [13,46]. In addition, L. henryi of Sinomartagon 5a
and L. brownii of Archelirion formed a robust clade with Leucolirion 6a and 6b, respectively (Figure S1,
Figure 5). Based on the phylogenetic and cytological studies, Du et al. [13] suggested that L. henryi
and L. brownii should be classified into Leucolirion 6a and 6b, respectively. Consequently, our results
provide further support for the modification of Letcolirion according to Du et al. [13].

3.2.4. The Position of Liriotypus in the Genus Lilium

Liriotypus comprises 20 species, including all European, Turkish, and Caucasian species, with
the exception of Lilium martagon [5,48]. Among them, L. bulbiferum, having upright flowers, has been
distinguished from the rest of the species within the section and forms a clade with the Sinomartagon
species, including L. dauricum of Daurolirion based on the molecular phylogenetic analyses [13,48]. In
this study, L. bulbiferum was placed far away from L. candidum, which is a lectotype of the section [5],
agreeing with the results of previous studies. However, it forms a clade with Martagon + Sinomartagon
I with strong support, although there are sampling gaps that prevent a concrete conclusion (Figure S1).
Therefore, increased taxa sampling, particularly the members of Daurolirion, will help to resolve the
discordance of the phylogenetic position of L. bulbiferum between this study and previous studies and
offer the correct phylogenetic position for this species.

On the other hand, the phylogenetic position of Liriotypus, except L. bulbiferum, was irregular
within the genus, although they formed a clade with the Sinomartagon 5c species-Nomocharis clade
in previous studies [11,13]. On the contrary, L. candidum was an early-diverging taxon in group A,
without alternative relationships with the rest of group A species in this study (Figure 3, Figure S1).
Consequently, the newly suggested phylogenetic position of Liriotypus in this study is incongruent with
that of previous phylogenetic studies using a few molecular markers. One possible explanation for this
discordance is that the position of L. candidum does not represent Liriotypus in spite of its taxonomic
importance by lectotype in the subsection. This species differs from other Liriotypus species based on
rosette basal leaves and widely trumpet-shaped flowers [48,49], and the geographic circumscription
of the sections in Lilium by Comber [5] collided with the molecular phylogeny of this study, i.e.,
Pseudolirium and Liriotypus. Another scenario is that the origin of Liriotypus came from early-diverging
Sinomartagon (see additional details in the next section) and directly moved to Europe via the Caucasus
during evolution.

In spite of low taxon sampling in Liriotypus, our result strongly supports the previous conclusions
in which L. bulbiferum is separated from the rest of the species [48], and it suggests a new phylogenetic
position of the section within the robust phylogenetic trees. However, because there still remains
uncertainty as to whether the position of L. candidum belongs to the Liriotypus based on its unique
morphological characteristics in the section, more sampling in the section will be needed to solve
its position.
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3.2.5. Biogeographic History of the Genus Lilium

The geographical origin of the tribe Lilieae has been speculated to be the Himalayas + Hengduan
Mountains and multiple intercontinental dispersal events for Lilieae were suggested, as well as
Lilium [41,50]. In this study, we also found long distant dispersals and simpler than the previous
speculation. Gao et al. [41] suggested a long-distance dispersal model of Lilium based on ITS and matK
phylogenies, in which there were movements among four regions: Hengduan Mountains, eastern
Asia, Europe, including Caucasus, and Northern America. However, from the results in this study,
it was suggested that there were two main long dispersals in eastern Asia—Europe in group A and
Hengduan Mountains—North America in group B (Figure 3).

To explain these distributions, it was supposed that Lilium comprised “Sinomartagon and its
derivatives.” Sinomartagon comprises approximately 30 species [11] with epigeal and immediate
germination (except L. henryi), scattered leaves, an entire bulb, and Turk’s cap flowers [5], and it
has a distribution from the Hengduan Mountains to eastern Asia. In molecular phylogenetic trees,
including those in this study, this section has polyphyly regardless of the types of marker or taxon
samplings [12,13,41,46]. Therefore, if the manner for distant dispersals was paved during glacial
periods or pollinators traveled a great distance at the beginning of the Lilium diversification, certain
populations of different species in the Sinomartagon could have moved together. Therefore, the
adaptations to new circumstances may have led to new populations that morphologically converged.
Consequently, populations within new circumstances had similar morphological characteristics and
belonged to the same section by morphological classification. This may cause the discordance between
classifications based on morphological characteristics and molecular phylogeny. Regarding the basal
lineages of group A and B, the “Sinomartagon and its derivatives” hypothesis is unclear because of our
low taxon sampling or extinction of ancient Sinomartagon species. This hypothesis may further confuse
the evolutionary history of the genus because (1) nobody has placed Sinomartagon as a basal lineage in
the Lilium based on the morphological characteristics, and (2) most phylogenies of Lilium constructed
using ITS are not consistent with the present results. In addition, inheritance from single parents,
such as a plastome, makes it difficult to detect hybridization events. However, the phylogenetic tree
generated in this study was the first robust phylogenetic tree with more than 20 samples. There is no
doubt that the most important action for the discussion of phylogenetic relationships or divergence
times of certain lineage is the construction of accurate species trees without polytomy and poor
support. Therefore, we cannot rule out this “Sinomartagon and its derivatives” hypothesis based on the
well-resolved phylogenetic tree.

3.3. Molecular Markers for the Phylogeny of Lilium and its Relatives

ITS has been used as a valuable molecular marker for the phylogeny of Lilium [10,11,13,41] but
the phylogenetic relationships among sections or species were incongruent or were weakly supported.
To overcome this problem, we constructed the phylogeny of Lilium using whole plastome sequences in
this study. However, the production and manipulation of NGS data also require significant time and
cost, as well as a higher-level technique than the Sanger sequencing method.

To evaluate which gene trees were similar to the species tree in terms of topology, while reflecting
the generic relationship in Liliaceae, 189 gene trees were constructed, and only 20 were found to be
consistent with the results presented in previous phylogenetic studies [51,52]. Among them, the ycfI,
trnF-ndh], and trnT-psbD regions were coincident with highly variable regions of the Lilium plastome,
as suggested by Du et al. [4].

This could serve as an alternative choice of NGS-based phylogenomics in Lilium when we use
insufficient conditioned samples, such as very low concentration, fragmentation, or extraction from
very old specimens that are difficult for use in the preparation of an NGS library.
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4. Materials and Methods

4.1. Plant Materials and DNA Extraction

The bulbs of L. leichtlinii var. maximowiczii (Wooriseed, Korea) and the seeds of L. formosanum
(Wageningen University, Netherlands) and L. candidum (Royal horticultural society Lily group, UK)
were germinated on media at Kyungpook National University of Korea. Genomic DNA was extracted
from young fresh leaves using a DNeasy plant mini kit (Qiagen, Valencia, CA, USA), following the
manufacturer’s protocol.

4.2. Sequencing, Assembly, and Annotation

Genomic DNA was sequenced using the HiSeq 2500 instrument (Illumina, San Diego, CA, USA).
The following assembling procedures were implemented using Geneious 10.2.5 [53]. Both ends of raw
reads were trimmed with more than a 1% chance of an error per base. Reads exceeding 50 bp in length
were extracted and used as raw reads after this step. Raw reads were mapped to the plastome sequence
of Lilium pardalinum [47] with medium-low sensitivity. Reads were aligned to the reference then de
novo assembled with zero mismatches and gaps among the reads to generate contigs. Raw reads were
realigned to the contigs with zero mismatches and gaps among the reads for up to 100 iterations. The
generated contigs were concatenated into a circular form using de novo assembled circularizing contigs
with matching ends. Finally, the raw reads were mapped to the complete plastome sequence with zero
mismatches and gaps among the reads to verify the coverage depths through the genome, because
of the fact that many plastome-like sequences distributed in the mitochondrial genome and nuclear
genome have relatively low coverage depths compared to that of the plastome.

All of the genes in the three plastome sequences were annotated and compared with those
of L. pardalinum using Geneious annotation with 90% similarity, then re-checked separately using
BLASTP [54] and tRNAscan-SE [55].

4.3. Sequence Diversity and GC Content Analyses

Twenty Fritillaria and 28 Lilium plastome sequences were aligned by MAFFT [56], then the AT-rich
regions were realigned by MUSCLE [57] to increase the alignment accuracy at these regions. The
alignment sequences were loaded in R ver. 3.5.1 [58], and the nucleotide diversities of the two genera
were analyzed using sliding window analysis (window size = 600 bp, step size = 200 bp) by deleting
the sites including at least one missing data point for all sequences. In addition, the GC content was
also calculated to compare the relationship between nucleotide diversity and GC content.

4.4. Phylogenetic Analysis

Fifty-five plastome sequences from the genera Lilium, Fritillaria, Cardiocrinum, Amana, and
Erythronium were downloaded from GenBank to construct a phylogeny for Lilium. We extracted 78
coding sequences (CDSs), 90 intergenic spaces (IGSs) longer than 100 bp, and 21 intron regions (two
regions from cIpP, trnK, and ycf3) from each plastome (Table S2).

All of the extracted sequences were aligned using MAFFT [55] according to the region (Table
53) and merged into four datasets as follows: All_loci (including CDSs, IGSs, and introns), CDS_loci,
IGS_loci, and Intron_loci. The models for each partition for the four datasets were estimated using
PartitionFinder 2 [59], ModelFinder [60], or Jmodeltest 2 [61] for different phylogenetic analyses. The
phylogenetic trees were constructed using the RAXML Black Box with 1000 bootstraps [62] in the
CIPRES gateway [63], MrBayes with ngen = 10,000,000, samplefreq = 1000, and burninfrac = 0.25 [64],
or IQ-TREE with 1000 bootstraps [65]. In total, 189 gene trees were constructed using IQ-TREE with
ModelFinder, and these were used to estimate the species trees by ASTRAL [66-68]. All of the details
for phylogenies are summarized in Table S2. A consensus tree of 28 phylogenies was constructed by
majority rule.
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4.5. Comparison of Gene Trees

The generic relationships of each gene tree were compared to those presented in previous
phylogenetic studies of Liliaceae [51,52]. Clusters of similar gene trees were identified using the
Kendall Colijn metric [69] in treespace [43] with five principal components and a cut-off distance of 100.
Phylogeny using selected markers was constructed by IQ-TREE, with 1000 bootstraps for comparison
to the consensus tree constructed by 28 phylogenies.

4.6. R Packages for Manipulation of Phylogenies

APE [70], Biostrings [71], dplyr [72], ggplot2 [73], ggtree [74,75], gridExtra [76], pegas [77],
phytools [78], tidytree [79], and treespace [43] were used in this study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/12/547/s1,
Figure S1: A clade of Lilium species extracted from 28 species trees, Figure S2: Gene trees constructed using
78 coding regions. Coloured line refers to each genus, Figure S3: Gene trees constructed using 90 intergenic
spacers. Coloured line refers to each genus, Figure S4: Gene trees were constructed using 21 introns. Coloured
line refers to each genus, Figure S5: Large indertions/deletions occurring at least five species with longer than
50 bp. Red line distinguishes between two groups, Table S1: Summary of three plastome sequences, Table S2:
List of estimated species trees according to different options, Table S3: 189 loci used for phylogenetic analyses in
this paper.
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Abstract: This study provides insights into the flexibility of the mitochondrial genome in sunflower
(Helianthus annuus L.) as well as into the causes of ANN2-type cytoplasmic male sterility (CMS).
De novo assembly of the mitochondrial genome of male-sterile HA89(ANN2) sunflower line was
performed using high-throughput sequencing technologies. Analysis of CMS ANN2 mitochondrial
DNA sequence revealed the following reorganization events: twelve rearrangements, seven insertions,
and nine deletions. Comparisons of coding sequences from the male-sterile line with the male-fertile
line identified a deletion of 01f777 and seven new transcriptionally active open reading frames (ORFs):
orf324, orf327, orf345, orf558, orf891, orf933, orf1197. Three of these ORFs represent chimeric genes
involving atp6 (orf1197), cox2 (orf558), and nadé6 (orf891). In addition, orf558, 0rf891, orf1197, as well
as 0rf933, encode proteins containing membrane domain(s), making them the most likely candidate
genes for CMS development in ANN2. Although the investigated CMS phenotype may be caused
by simultaneous action of several candidate genes, we assume that orf1197 plays a major role in
developing male sterility in ANN2. Comparative analysis of mitogenome organization in sunflower
lines representing different CMS sources also allowed identification of reorganization hot spots in the
mitochondrial genome of sunflower.

Keywords: sunflower; cytoplasmic male sterility (CMS); mitochondrial genome; reorganizations;
next generation sequencing (NGS)

1. Introduction

Low substitution rate in genes along with considerable variability in size and structure are
distinct features of plant mitochondrial genomes (mitogenome) [1,2]. Reorganization events in
mitochondrial DNA (mtDNA) are primarily caused by disruption of a fragile equilibrium of
intramolecular recombinations, maintained by nuclear-mitochondrial genetic interactions [3,4].

Plants 2019, 8, 439; doi:10.3390/plants8110439 113 www.mdpi.com/journal/plants
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Runaway recombination of mtDNA can lead to changes in gene content and expression patterns of
mitochondria [5,6]. The mitogenomes of flowering plants carry genes for rRNAs, tRNA, subunits of the
respiratory chain complexes, as well as genes for the ribosomal proteins (rps and rpl). Maturase-related
protein gene (matR) and genes responsible for the biogenesis of cytochrome ¢ (ccmB, ccmC, ccmFC,
and ccmFN) are also part of the plant mitochondrial gene set [7]. Alterations in transcription activity
of the mitochondrial genes can have profound effects on the functionality of mitochondria and, thus,
on different plant traits. Among the phenotypic traits caused by mitochondrial impairments, special
attention is devoted to cytoplasmic male sterility (CMS) [8]. CMS is an inability to produce or shed
functional pollen, which has been described in more than 140 higher plant species [9]. As a result of
mtDNA rearrangements, new open reading frames are created, leading to male sterility [10]. In turn,
dominant nuclear-encoded restorer-of-fertility genes (Rf genes) can restore normal development of
pollen. Hence CMS/Rf systems are important both for studying pollen development in plants and for
commercial applications [11,12]. The existence of the CMS phenotype in plants eliminates the need for
laborious, manual emasculations for a directional crossing of plants, thus promoting its utilization in
hybrid breeding [13].

Comparing mtDNA configurations in sunflower is especially interesting, as more than 70 CMS
sources have been described within the Food and Agriculture Organization (F.A.O.) program for
sunflower [14], even though modern sunflower hybrid breeding predominantly relies on a single
male-sterile cytoplasm, the so-called CMS PET1 [15]. This CMS source originated from an interspecific
cross of H. petiolaris with H. annuus [16]. The molecular characterization of the CMS mechanism helps
to introduce new CMS sources into breeding programs. So far, the mitogenomes of only a few CMS
sources have been sufficiently characterized to be used in sunflower hybrid production. The CMS
phenotype can arise spontaneously in wild populations, while in breeding lines—after wide crosses,
interspecific exchange of nuclear and/or cytoplasmic genomes, and mutagenesis [11]. It has been
demonstrated that some CMS sources obtained from different inter- or intraspecific crosses showed
the same mechanism of male sterility formation as the CMS PET1 type [17]. Even though these CMS
sources had different origins, they have the same mitochondrial genome organization indicating that
some configurations may be preferentially maintained in sunflowers [17].

Less is known about the spontaneously occurring CMS sources in Helianthus annuus L. [14].
ANN?2 was derived from wild sunflower population N517 in Texas [18]. In this population, 40% of
the plants were male-sterile [19]. However, sunflower cultivars with ANN2 CMS type, developed
from the N517 population by maintaining with lines like HA89 or RHA265, showed 100% male-sterile
progenies, which indicates a stable mitochondrial DNA configuration and absence of heteroplasmy:.
ANN2 and other spontaneously occurring CMS sources like ANN1, ANN3, and ANN4 maintained
by RHA265 were hardly restored [20]. None of the tested maintainer and restorer lines of CMS PET1
were able to restore pollen production in CMS ANN1 and CMS ANNB3. Only 12.5% and 15.8% of
all investigated lines showed restorer capacity towards CMS ANN2 and CMS ANN4, respectively,
indicating very different CMS mechanisms compared to CMS PET1. Three restorer lines, Rf ANN2-PI
413178, Rf ANN2-P21, and Rf ANN2-RMAXI, carry a restorer-of-fertility gene for ANN2 [21,22].
A suppressor gene S1 overpowering the restorer gene action has been recently described by Liu et
al. [23], thus making the CMS-Rf interactions in the ANN2 source even more complicated.

Previous mtDNA investigations of some spontaneously occurring CMS sources were based on
Southern blot hybridizations with mitochondrial genes [24]. Hybridizations of the CMS sources ANNT1,
ANN2, ANN3 with atp6, atp9, cob, cox1, cox2, cox3, rrnl8/rrn5mad5, orfH522, orfH708, or orfH873 as a
probe revealed unique banding patterns for 4 out of the 10 probes [24]. Besides, the analyses showed
that CMS ANN4 and ANNS5 are very similar to each other and form a distinct group from CMS ANNI,
ANN2, and ANNB3 [24]. It was also shown that ANN1/ANN2/ANN3 mtDNA-type significantly differs
from both the male-fertile sunflower cytoplasm and the CMS PET1 source [24].

We describe the first assembly of the CMS source ANN2, which occurred spontaneously in
Helianthus annuus L. The current study also provides insights into the flexibility of sunflower
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mitochondrial genome by comparing different isonuclear male-sterile lines HA89 (ANN2, MAX1,
PET1, PET2) and the male-fertile line HA89, allowing identification of hot spots for rearrangements in
the sunflower mitochondrial genome. For the CMS mechanism in ANN2, new open reading frames
were identified, which were transcriptionally active. The ANN2 CMS source may be interesting not
only for oilseed hybrid breeding, but also for horticultural purposes, as it is difficult to restore. Itis a
highly desirable trait in ornamental sunflowers since pollen production is usually not required nor
looked-for, except if the pollen color enhances the contrast with the florets.

2. Results

2.1. Rearrangements in the Mitochondrial Genome of the Male-Sterile Line HA89(ANN2)

We assembled the complete mitochondrial genome of the HA89 sunflower line with ANN2
cytoplasmic sterility type (NCBI accession MN175741.1). The master chromosome of HA89 (ANN2)
consists of 306,018 bp (Figure 1), and it is 5071 bp longer than the mitogenome of the male-fertile
isonuclear line HA89 (NCBI accession MN171345.1).

The HA89 (ANN2) mitochondrial genome has a wide range of rearrangements as compared to
the male-fertile HA89 mitogenome. The summary of whole mitogenome alignment of male-sterile and
male-fertile lines is presented in Table 1.

Table 1. Alignment of the mitochondrial genomes of HA89 and HA89(ANN?2) lines.

Positions in

No of The Alignment Positions in mtDNA of
Alignment  Region Length, mtDNA of Male-Sterile Orientation  Similarity % Localized Genes
Region bp Male-Fertile HA89

HA89(ANN2)

nad2_ex34, trnY,
1 29,196 1-29,196 1-29,204 Plus/Plus 99 trnN, trnC, ccmC,
trnT, atp4, nad4L

2 557 33,772-34,328 78,343-78,899 Plus/Plus 99 -
3 1245 34,329-35,573 148,163-149,411 Plus/Minus 98 -
atp8, cox3, trnV,
rpl5, nad4, trnD,
trnK, ccmB, rpl10,
4 77,441 36,739-114,179 217,575-295,553 Plus/Plus 95 trnM, trnG, trnQ,

trnH, trnE,
nad1_ex1, cox1,
nad5_ex3,4, rps11
atp9, trnM, rps4,
5 41,702 114,180-155,882 35,657-77,315 Plus/Minus 99 126, rrnb, rrnlé,
rps13, nad1_ex2,3

6 4150 155883160032 300,892-305041  Plus/Plus 99 -

7 8584 160,320-168903  129,358-137,946  Plus/Plus 99 nad2_ex1,2, nad6 *
nad6 *, trnP, trnF,

8 21,433 168906-190275  171,388-192,871  Plus/Minus 98 tms, trnM,

mttB, cob
9 8158 194543-202,700  163232-171,387  Plus/Plus 99 cemFC, orf$73
10 24,687 202701227387 192915217574  Plus/Minus 99 atpl, comFN, nad7
nad1_ex4, rps3,

11 41,505 227,396-268,900 87,945-129.446  Plus/Plus 9 rplLG, trn, matR,
nad3, rps12, nad9,
trnW, nad5_ex1,2

12 6029 269217-275245  141,704-147,732  Plus/Minus 9 atp6*

13 12,520 275536-288,055  150,723-163231  Plus/Plus 99 cox2

14 977 299971-300947  305042-306018  Plus/Plus 99 trmK

* genes, which had impaired sequences as a result of rearrangements.
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Figure 1. Mitochondrial genome map of HA89(ANN?2) cytoplasmic male sterility (CMS) line of
sunflower. Intron containing genes are marked by an asterisk (*) symbol. Trans-spliced genes are
presented as the compilation of exons (ex).

The mitochondrial genomes of male-sterile ANN2 and male-fertile HA89 share 14 complementary
regions, but their localizations and orientation differ. We showed the localization of complementary
regions in a scheme with both genomes shown in linear forms in Figure 2. Since regions #1 and #14
in the case of the circular molecule represent the same region, we classified the other twelve regions
(#2—#13) as rearrangements.

In most cases, rearrangements only resulted in a reversal of a gene’s direction or a change in
gene order. However, the 8584 bp (#7) and 21,433 bp (#8) rearrangements influenced the coding
sequence of nad6, and the 6029 bp rearrangement (#12) impaired atp6. The largest part of the nadé6
gene sequence (~88%) is in the rearrangement #8, while the 3’ terminal part of nad6 lies in the
rearrangement #7. As a result of the convergence of #8 and #10 rearrangements in mitochondrial DNA
of HA89(ANN?2), the new nad6-chimeric open reading frame—orf891—was created. Analyses of orf891
transcription pattern gave ambiguous results. Transcripts were detected for both nad6 (HA89) and
orf891 (HA89(ANN?2)) when using primers derived from the 5’ identical sequence of their mRNA
(Supplementary Table S1). Nevertheless, using the same forward primer, but different reverse primers
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(Supplementary Table S1), complementary to the 3’ sequence of nad6 and o0rf891, transcription was
detected only for nadé6 (the fertile line), but not for 0rf891 (CMS line). It is important to note that almost
all the rearrangements found in mtDNA of HA89(ANN?2) are accompanied by other types of genome
reorganizations—deletions and insertions.

HAB89 fertile line

1 23 4 5 67 8 9 10 11 12 13 14
HA89(ANN2) CMS line 300947 bp
1 5 2 1 7 123139 8 10 4 614
) ECOmpE) ee— )
306018 bp

Figure 2. Schematic illustration of homologous regions between mitochondrial genomes of HA89
male-fertile and HA89(ANN2) CMS lines. 1—29,196 bp; 2—557 bp; 3—1245 bp; 4—77,441 bp; 5—41,702
bp; 6—4150 bp; 7—8584 bp; 8—21,433 bp 9—8158 bp; 10—24,687 bp; 11—41,505 bp; 12—6029 bp;
13—12,520 bp; 14—977 bp.

2.2. Deletions and Insertions in the Mitochondrial Genome of the Male-Sterile Line HAS9(ANN?2)

In comparison to the male-fertile analog, we identified nine longer than 100 bp deletions in the
mtDNA of HA89(ANN2), which are shown in Table 2. Most deletions did not affect the protein-coding
sequences, except for two deletions of 316 bp and 1165 bp. The 1165 bp deletion resulted in the
total elimination of orf777, while the 316 bp deletion affected the part of the atp6 gene. Interestingly,
in previous studies, we also discovered the removal of orf777 from the mitochondrial genomes of two
other CMS lines—HAS89(PET2) [25] and HA89(MAX1) [26].

Table 2. Deletions (>100 bp) localized in the mitochondrial genome of HA89(ANN2) CMS line.

Deletion Localization

Positions in mtDNA of according to the

Deletion Length, bp the Male-Fertile Line Male-Fertile Line HAS9 Deleted Genes
HAS89 .
Genetic Map

287 160,032-160,319 rps13-nad6 -

290 275,246-275,535 atp6-cox2 -

299 56,701-56,999 nad4-ccmB -

316 268,901-269,216 nad9-atp6 atp6 (partial)

583 70,338-70,920 rpl10-nadl -

1165 35,574-36,738 nad4L-orf777-atp8 orf777
4204 190,339-194,542 cob-ccmFC -

4575 29,197-33,771 nad4L-orf777 -
11,901 288,070-299,970 cox2-nad2 -

Seven longer than 100 bp insertions were detected in mtDNA of the HA89(ANN2) CMS line
(Table 3). As a result of these insertions in the mitochondrial DNA of HA89(ANN?2), five new open
reading frames, namely 0rf324, orf327, orf345, orf558, and 0rf933, have appeared. All five ORFs are
transcribed in the case of ANN2, contrary to the HA89 line.

A search for transmembrane domains (TDs) revealed that the protein encoded by 0rf558 contained
a single TD. In the case of 0rf933, two TDs were detected. The 0rf933 encoded protein did not show
homology to other sunflower proteins in GeneBank, and had only limited similarity (40-60 amino
acids) to hypothetical mitochondrial proteins with unknown functions in Lactuca sativa (accession
PLY70338.1), Salvia miltiorrhiza (accession YP_008992338.1), Beta vulgaris (accession CBJ23356.1), etc.
Forty-six amino acids of the N-terminus of the protein encoded by 0rf558 matched the N-terminus
of cytochrome c oxidase subunit 2 (cox2 gene). Moreover, most of the amino acids that form the
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transmembrane domain in 07f558 protein are identical to those in COX2. However, the sunflower
cytochrome c oxidase subunit 2 has two TD and the protein encoded by 0rf558—only a single one
(Figure 3). So the orf558 represents a chimeric cox2 gene and could potentially play a role in the ANN2
CMS phenotype development.

Table 3. Localization of insertions (>100 bp) in the mitochondrial genome of HA89(ANN2) CMS line.

Positions in mtDNA of New ORFs Based on

Insertion in bp HAS9(ANN2) Insertion Homology to
430 147,733-148,162 orf1197 * atp6
1027 77,316-78,342 orf324 orf285 (CMS PET2)
1310 149,412-150,722 orf345
3757 137,947-141,703
5338 295,554-300,891 orf558 cox2
6452 29,205-35,656
9045 78,900-87,944 orf327, orf933

* appeared as the result of several simultaneous reorganizations of mtDNA structure.

A‘2 B12

" —
1 \
08 l
\
04
02
0

50 100 150 200 250 300 350 20 40 60 8 100 120 140 160 180

probabilty
probability
o
5

inside outside

transmermbrane outside

inside

transmembrane

Figure 3. Comparison of transmembrane domains of proteins encoded by cox2 (A) and orf558 (B).

The most complex among the discovered ORFs in the HA89(ANN2) mitogenome was orf1197,
which has appeared from three simultaneous reorganization events involving the 316 bp deletion,
the 430 bp insertion, and the 6029 bp rearrangement. The orf1197 represents a chimeric atp6 gene,
with transcription activity specific for the CMS line HA89(ANN?2). In sunflower, the atp6 gene typically
encodes a protein consisting of 351 aa, whereas the predicted size of the translation product of the
orf1197 is 399 aa. Both proteins share 251 identical amino acids in the C-terminus. Thus, the protein
encoded by the 0rf1197 carries all seven TDs present in the C-terminus of the ATP synthase Fo subunit
6 from mitochondria of male-fertile sunflower (Figure 4).
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MINYVLQSMKVTASSS55GISFPFVLEIVGTPLPGDSF INRL TASTVSIPGYIVDPKISSL THFNRLLVDLK YDFLEGRMYPEYTF
SLQQQLDNTPESLGKKLDSMRQDELTGLSDYLQSLGY SDQAYLE YLKICDERYRDMVVPSPLEQFSILPLIPMKIENLYFSE
INSSLFMLLTLSLVLLLIHFVIK KGGGNLVPN AWQSLVELIYDFVLNLVNEQIGGLSGNVKQKFFPCILVTFTFLLECN
LOGMIPYSFTVISHELITLGLSFSIFIGITIY GEQRNGLHELSFLLPAGVPLPLAPFLVLLELISYCFRALSLGIRLEANMM
AGHSLYKILSGFAWIMLCMNDLLYFIGDLGPLEIVLALTGLFLGYAILOAY VETILICIYLNDAINLH
Figure 4. Comparison of orf1197 and atp6 encoded proteins and prediction of transmembrane helices.
The amino acid sequence of the 0rf1197 encoded protein is presented. Amino acids identical to ATP6

are shown in bold. Amino acids forming transmembrane domains are marked by red bars.
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3. Discussion

Recently, we had investigated complete mitochondrial DNA sequences for three CMS sources
in sunflower, coming from interspecific crosses: PET1, PET2, MAX1 [25,26]. Comparison of the
HAB89(ANN?2) mitogenome with mitochondrial genome assemblies of male-fertile lines [25,27] and
the other HA89 male-sterile analogs provides insights into reorganizations of mtDNA associated
with CMS phenotypes. The male-fertile lines (HA89, HA412) have only slight variations in the
mtDNA sequence [25]. Whereas the mitogenomes of the CMS sources (HA89(ANN2), HA89(PET1),
(HA89(PET2), HA89(MAXT1)) showed significant differences as compared to their alloplasmic
male-fertile analog. The complete mitochondrial genome of the male-fertile line HA89 adds up
to 300,947 bp (NCBI accession MN171345.1), while HA89(PET1) has a size of 305,217 bp (NCBI
accession MG735191.1), HA89(PET?2) of 316,582 bp (NCBI accession MG770607.2), HA89(MAX1) of
295,586 bp (NCBI accession MH704580.1) and HA89(ANN?2) of 306,018 bp (MN175741.1). The difference
in genomes sizes is due to several deletions and insertions. For instance, in the mtDNA of all the
investigated CMS sources, except HA89(PET1), a similar deletion in the nad4L-orf777-atp8 region was
observed. In the case of HA89(PET?2), this is due to a 711 bp deletion, in HA89(MAX1) has a 978 bp
deletion, and in HA89(ANN?2) there is an 1195 bp deletion. All these deletions resulted in removal of
orf777 from the mtDNA in the CMS lines. Another region enriched by deletions is the area between
cob-ccmFC, here three overlapping deletions were detected: a 451 bp deletion in HA89(PET1), one of
3780 bp in HA89(PET2) and another one of 4204 bp in HA89(ANN2).

The coincidence between locations of these deletions is not accidental. There are three 265 bp
repeats present in the sunflower mitochondrial genome, with the following positions in the mtDNA of
the male-fertile HA89 line: 36537-36801 (adjacent to atp8), 190074-190338 (next to cob), and 202902-202638
(between orf873-atp1). These repeat regions are shown by red stars in Figure 5. Repeats represent
common recombination points in mtDNA molecules [4,28]. The identification of small repeats involved
in recombination is important because they influence the maintenance and evolution of mitochondrial
genomes [28]. An imbalance in the nuclear-mitochondrion relationship that may occur in distant
hybridizations impairs the recombination of mtDNA sub-genomic molecules, therefore, leading to
reorganizations in the mitochondrial master chromosome. For instance, in HA89(PET1) the deletion,
insertion, and inversion were mentioned in the cob-atp1 region, directly between two repeats (Figure 5).
In HA89(PET?2), there were also several rearrangements in hot spots, resulting in the formation of a
new gene cluster cob-atp8-cox3, as well as in the translocation of the ccmFC-orf873-atp1 gene cluster into
the nad4L-orf777 region, combined with a deletion and huge insertion (Figure 5). In the mtDNA of
both lines, HA89(MAX1) and HA89(ANN?2), the specific atpl-atp8-cox3 gene order was created, while
in the MAX1 CMS source ccmFC-0rf873 translocated into the nad4L-orf777 region (with deletion and
huge insertion in this region). In the case of ANN2, the ccmFC-o0rf873 region is located next to the cob
gene (Figure 5). Thus, we have established that these three 265 bp repeats represent a reorganization
hot spots in the sunflower mitochondrial genome.

Considering the insertions discovered in the HA89(ANN2) mitogenome, we also observed a
similarity between the insertions of different CMS sources in sunflower. For instance, about 85% of the
1027 bp insertion sequence (ANN2) is complementary to the part of the 15,885 bp insertion (PET2).
The 3757 bp insertion (ANN2) contains 1959 nucleotides identical to the 15,885 bp insertion (PET2) and
1215—to the 5272 bp insertion (MAX1). Also, 2343 bp of the 5338 bp insertion in ANN2 are similar to
another region of sunflower mtDNA proximal to the cob gene (position 185,987-188,330 in the mtDNA
of HA89 fertile line). So, this sequence is duplicated in the mitochondrial genome of the HA89(ANN2)
CMS line. About 10% of 6452 bp insertion (ANN2) is complementary to both the 5050 bp (PET2) and
the 5272 bp (MAX1) insertions. As well as 1158 bp of the 9044 bp insertion (ANN?2) are identical to the
5050 bp and 15,885 bp insertions (PET2) and 5272 bp insertion (MAXT).
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Figure 5. Reorganizations in CMS lines involving the 265 bp repeats (red stars) shown in the male-fertile
mtDNA of HA89.

Although there are similarities in deletions, insertions, and rearrangements between mitochondrial
genomes of the HA89(ANN2) and other CMS lines, the discovered ORFs were different. We summarized
the data of all identified ORFs in the male-sterile cytoplasms in Table 4. The ORFs encoding proteins
with similarity to other mitochondrial proteins and especially having transmembrane domains are of
particular interest since the chimeric proteins with TD most often cause CMS phenotypes [10,29]. In the
mtDNA of HA89(ANN2), we detected three new transcriptionally active ORFs, encoding proteins
with TD—orf558 (one TD), 0rf933 (two TD), 0orf1197 (seven TD). The 0rf933 shows no homology to
other sunflower genes, while orf558 represents a chimeric cox2 gene, and orf1197 a chimeric atp6 gene.
It is difficult to estimate the exact contribution of 07558, 0rf933, 0rf1197 to the development of the
male-sterile phenotype in ANN2. However, the possibility of involvement of more than one open
reading frame might be one explanation that ANN2 is so difficult to restore. On the other hand, the
presence of a suppressor gene S1 discovered by Liu et al. [23] might be the reason for low rates of fertility
restoration of the ANN2 CMS source. Previous studies indicate that the chimeric atp6 genes or new
OREFs that are co-transcribed with atp6 most often cause CMS phenotypes in flowering plants [10,30-33].
Therefore, we suggest that orf1197 is the major CMS candidate gene for ANN2 CMS source. Moreover,
chimeric atp6 genes were also identified in MAX1 [26] and CMS3/ANT1 [34] CMS types of sunflower.
In CMS lines, chimeric afp6 genes encode N-terminal extended proteins compared to the normal ATP
synthase subunit 6 (351 aa): ANN2—399 aa, MAX1—429 aa, (AYV91168.1), CMS3/ANT1—437 aa
(CAA57790.1). Moreover, 397 of 399 amino acids in the orf1197 protein are identical to the chimeric
ATP6 of CMS3/ANT]1 line, and therefore this protein represents a shorter version of this 437 aa-long
protein. Such similarities support our hypothesis about the importance of orf1197 in shaping the CMS
phenotype in ANN2.
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Table 4. Summary of transcriptionally active open reading frames in the mitochondrial genome of
isonuclear fertile and CMS lines.

Fertile mtDNA CMS ANN2 CMS MAX1 CMS PET2 CMS PET1

- - - orf228 -

- - - orf285 -

- - orf306 - orf306

- orf324 - - -

- orf327 - - -

- orf345 - - -

- - orf480 - -

- - - - orfH522

- 01f558 - - -

- - orfo45 orfo45 -
orf777 - - - orf777

- orf891 - - -

- orf933 - - -

- orf1197 - - -

- - orf1287 - -

- - - 0rf2565 -

In bold: ORFs encoding proteins with transmembrane domains.

The 0rf558 (as the chimeric cox2 gene) might also cause cytoplasmic male sterility in ANN2.
In other plants species, modified cox2 sequences seem to be involved in the male sterility. For instance,
the CMS specific pcf gene in petunia is composed from sequences of the 5’ portion of atp9, segments
of cox2, and a large region of unknown origin—urfS [35]. In wild beets, the CMS-associated orf129
shows homology to the 5" flanking and the coding sequence of cox2 [36]. In the mitogenome of the
inap CMS source of Brassica napus, which was created by a somatic hybridization with Isatis indigotica,
a novel cox2-2 gene was detected, which represents recombination of the cox2 of woad and cox2-2 of
rapeseed [37].

Another unique feature of HA89(ANN2) mitogenome is the formation of 0rf891. According to the
OREFs predictions, a 3’ elongation of the nad6 gene (orf891) may occur. However, the cDNA analyses
did not agree with the genomic data. Perhaps due to nad6 mRNA editing instead of a 3’ elongated
transcript, the shorter one is formed. Heteromorphism in nad6 transcript length was also observed in
Mimulus guttatus x M. nasutus hybrids with the CMS phenotype [38]. Both male-fertile and male-sterile
hybrids have a single copy of the nad6 gene, and the divergence in mRNA length was only observed in
male-sterile plants [38].

4. Materials and Methods

4.1. Plant Material

The CMS line HA89(ANN?2) of sunflower was obtained from the genetic collection of the N. L
Vavilov All-Russian Institute of Plant Genetic Resources (Saint Petersburg, Russia). The original source
of the ANN2 male-sterile cytoplasm was obtained by Serieys in 1984 [18]. All sunflower lines were
grown in regularly irrigated pots in the growth chamber KBWF 720 (Binder, Tuttlingen, Germany)
with the following growth conditions: temperature—26 °C, humidity—70%, photoperiod—10/14 h
(dark/light).

4.2. Mitochondrial DNA Extraction, NGS Library Preparation, and Sequencing

First, the organelle fraction from leaves of 14-days-old sunflower seedlings was isolated,
as described by Makarenko et al. [39]. Such preparations significantly reduced the amount of
nuclear DNA. Then DNA extraction was performed with PhytoSorb kit (Syntol, Moscow, Russia),
according to the manufacturer’s protocol. Equal amounts of DNA from seven plants were mixed,
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and we used 1 ng of DNA pull for the NGS library preparation step. The library was made with
Nextera XT DNA Library Prep Kit (Illumina, Mountain View, CA, USA), following the guidelines
of Illumina. The quality of the library was evaluated using Bioanalyzer 2100 (Agilent, Santa Clara,
CA, USA). The library was quantified at the Qubit fluorimeter (Invitrogen, Carlsbad, CA, USA) and
by qPCR, then diluted up to the concentration of 8 pM. Sequencing was performed on two different
Ilumina sequencing platforms: HiSeq 2000 using TruSeq SBS Kit v3-HS 200-cycles and MiSeq using
MiSeq Reagent Kit v2 500-cycles (Illumina, Mountain View, CA, USA). A total number of 3,063,836
reads (100-bp paired) and 3,305,268 reads (250-bp paired) were generated.

4.3. Mitochondrial Genome Assembly and Annotation

Quality control of reads was done using FastQC (https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/). Trimming of adapter-derived and low quality (Q-score below 25) reads was
performed with Trimmomatic software [40]. For contig generation, we used SPAdes Genome Assembler
v.3.10.1 [41]. The whole mitochondrial genome was manually assembled using scaffolds based on
high coverage (depths > 70) contigs (length > 1000 kbp) and available bridge contigs (length =
0.3-1 kbp). The genome assembly was validated by remapping the initially obtained reads using
Bowtie 2 v.2.3.3 [42]. All observed rearrangements were verified by PCR analysis. For variant calling,
we used samtools/bcftools software [43] and manually revised polymorphic sites using the IGV tool [44].

The mitochondrial genome was annotated with MITOFY [45], BLAST tool [46], and ORFfinder
(https://www.ncbi.nlm.nih.gov/orffinder). Using GeSeq [47], we provided comparisons of our
annotation with the current reference annotations (NCBI accessions NC_023337.1, CM007908.1)
of the sunflower mitochondrial genome. Graphical genome maps were generated using the OGDRAW
tool v.1.3.1 [48]. The prediction of transmembrane domains was made with TMHMM Server v.2.0
(http://www.cbs.dtu.dk/services/ TMHMMS-2.0/). The scheme of the bioinformatic pipeline is presented
in Supplementary Figure S1.

4.4. Expression Analyses

RNA was extracted from leaves of seven 28-days-old sunflower plants using a guanidinium
thiocyanate-phenol-chloroform based method with the ExtractRNA reagent kit (Evrogen, Moscow,
Russia). The quality and concentration of the RNA were evaluated with the Qubit fluorimeter
(Invitrogen, Carlsbad, CA, USA) and the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Total RNA (0.5 nug) was treated with DNAse I (Thermo Fisher Scientific, Waltham,
MA, USA), and then cDNA was synthesized using the MMLV RT kit (Evrogen, Moscow, Russia) with
random primers. As a negative control for each DNAse treated mRNA sample, the same reverse
transcription protocol was performed, but without the MMLV enzyme. The quantitative PCR was
performed with EvaGreen based RT-PCR kit (Syntol, Moscow, Russia) on Rotor-Gene 6000 (Corbett
Research, Mortlake, NSW, Australia). A summary of all primer sequences is given in Supplementary
Table S1. The primers annealing temperature (Tm) was 60 °C.

5. Conclusions

Assembly of CMS ANN2 mitochondrial genome (HA89(ANN2) line) revealed several
rearrangements, insertions, and deletions, as well as seven new open reading frames: 01324, orf327,
orf345, 0rf558, 0rf891, 0rf933, and orf1197. Transcripts were detected for all new open reading frames in
CMS ANNZ2, but not in the fertile cytoplasm. Only 01558, 0rf891, 0rf933, and 0rf1197 encoded proteins
that contained membrane domains, making them the most likely CMS candidate genes for the ANN2
source. Notably, 071197 represents a chimeric atp6 gene and presumably plays a major role in the CMS
phenotype development of ANN2. However, CMS ANN2 may be caused by simultaneous action
of several candidate genes. Hot spots for rearrangements (265 bp repeats) were identified, and we
propose that they influence the maintenance and evolution of the mitochondrial genome in sunflower.
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Abstract: Plastomes of parasitic and mycoheterotrophic plants show different degrees of reduction
depending on the plants’ level of heterotrophy and host dependence in comparison to photoautotrophic
sister species, and the amount of time since heterotrophic dependence was established. In all but
the most recent heterotrophic lineages, this reduction involves substantial decrease in genome size
and gene content and sometimes alterations of genome structure. Here, we present the first plastid
genome of the holoparasitic genus Prosopanche, which shows clear signs of functionality. The plastome
of Prosopanche americana has a length of 28,191 bp and contains only 24 unique genes, i.e., 14 ribosomal
protein genes, four ribosomal RNA genes, five genes coding for tRNAs and three genes with other or
unknown function (accD, ycf1, ycf2). The inverted repeat has been lost. Despite the split of Prosopanche
and Hydnora about 54 MYA ago, the level of genome reduction is strikingly congruent between the
two holoparasites although highly dissimilar nucleotide sequences are observed. Our results lead
to two possible evolutionary scenarios that will be tested in the future with a larger sampling: 1) a
Hydnoraceae plastome, similar to those of Hydnora and Prosopanche today, existed already in the
most recent common ancestor and has not changed much with respect to gene content and structure,
or 2) the genome similarities we observe today are the result of two independent evolutionary
trajectories leading to almost the same endpoint. The first hypothesis would be most parsimonious
whereas the second would point to taxon dependent essential gene sets for plants released from
photosynthetic constraints.

Keywords: Piperales; Hydnoraceae; Hydnora; Prosopanche; parasitic plants; holoparasite; plastid genome

1. Introduction

In photoautotrophic plants, the plastid chromosome encodes essential genes for major
photosynthesis related functions and is mostly considered highly conserved with respect to gene order
and gene content [1] as well as its organization as quadripartite structure consisting of two single copy
regions separated by two copies of an inverted repeat [2,3]. The plastomes of parasitic plants are a
prime subject to study the possibilities and changes of otherwise highly conserved genomic structures
that can occur when organellar genomes are released from selective constraints [4,5]. Plastid genomes
of members from nearly all of the at least 11 independently evolved parasitic angiosperm lineages [6]
have been studied to a more or less extensive degree [3,7-15]. Recent in-depth papers and reviews
summarized similar evolutionary stages of plastome decay [5,16,17], eventually resulting in possible
complete loss in Rafflesiaceae [14], depending on the respective level of heterotrophy. However, a vast
variety of changes in plastid genome size and organization, gene content, nucleotide composition and
mutational rates has been reported within individual lineages and the speed and extent of degradation
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seem lineage-specific [3]. Despite those lineage-specific differences, an underlying pattern can be
found that plants follow as they transition from autotrophic to heterotrophic lifestyle. With increasing
heterotrophy, genes involved in photosynthesis show signatures of relaxed functional constraints and
eventually become pseudogenized and lost, often starting with ndh genes [16,18]. Following the initial
losses is a relaxation of purifying selection in genes related to photosynthesis and genes involved in the
translation and transcription machinery. General housekeeping genes that carry out non-photosynthesis
related functions can show less relaxation or even slightly higher purification [18]. There are many
examples of the different stages of parasitism in numerous lineages with the Orobanchaceae being the
prime subject to study the whole range from facultative to holoparasitism [19,20]. It is apparent that
often gene order and plastome structure such as the quadripartite nature (large single copy region LSC,
small single copy region SSC and inverted repeats IR) are retained in different parasitic plastomes.
Yet, there are some exceptions such as the loss of the inverted repeat for example in the highly reduced
plastomes of Pilostyles [12,21], Balanophora [22] and many other lineages of autotrophic plants [23-26].
Functionally the inverted repeats are hypothesized to stabilize the plastid genome [27]; therefore, their
loss is shown to lead to more frequent rearrangements [28].

One of the 11 parasitic angiosperm lineages is the holoparasitic family Hydnoraceae (Piperales).
In contrast to all other parasitic angiosperm lineages Hydnoraceae are the only lineage outside the
monocot and eudicot radiation and among one of the oldest parasitic lineages with an estimated
stem group age of ~91 MYA [29]. The family consists of the two genera Hydnora (7 species) [30] and
Prosopanche (5/6 species) [31] with Hydnora occurring exclusively in the Old World and Prosopanche
in the New World [32,33]. According to molecular dating analyses the two genera split from each
other about 54 MYA [29]. The plastid genomes of Hydnoraceae are also among the least known with a
single known plastome of Hydnora visseri [10], for which not only a drastic reduction in genome size
but also in gene content has been shown, exceeding the loss of genes involved in the photosynthesis
apparatus, yet maintaining the quadripartite structure of the plastome as well as showing nearly
identical gene order and orientation compared to the closely related photoautotrophic genus Piper
(Piperaceae, Piperales) [10]. Given that the two Hydnoraceae genera diverged in the early Eocene and
the plastome of Hydnora visseri is among the most reduced holoparasitic angiosperms knowledge about
its sister genus Prosopanche would be highly valuable for putting the sequenced plastomes in context to
better understand the evolution of this specific lineage and to compare it to the other different parasitic
lineages. We here report the plastid genome of Prosopanche americana and compare it to the published
genome of Hydnora visseri as well as to the plastome of Aristolochia contorta [34] (Aristolochiaceae,
the closest autotrophic relatives of Hydnoraceae).

2. Results

2.1. The Plastome of Prosopanche Americana

In total, 373 million reads were sequenced and de novo assembled using CLC Workbench [35],
resulting in a total of 8,342,403 scaffolds of which 372 had BLAST hits for plastid features (Figure 1),
using a query of 45 angiosperm plastomes from GenBank and setting the e-value to 1le-10. In depth
analyses of these scaffolds based on quality of BLASTn hit in combination with scaffold coverage,
resulted in the exclusion of all but scaffold 424, which received the highest number of BLAST hits for
plastid genome features. Additionally, it is the longest scaffold with plastid BLAST hits (28,191 bp)
and shows the highest depth of coverage (4678) and with a total of 952,705 reads mapped to it.
The scaffold has identical ends in sequence, forming 47 bp of overlap, allowing for circularization.
The circularization was verified by PCR and the Sanger sequenced product was aligned to the assembled
scaffold, which also revealed and corrected a misassembly and an insertion at the respective contig
ends, but introduces two unresolved characters in this region.
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Figure 1. The plastid genome of Prosopanche americana is found on a single scaffold. a) Stoichiometry
plot of the scaffold lengths and the respective mean coverage depth of the Prosopanche americana
assembly. Scaffolds are visualized as blue circles. The green dots represent scaffolds with BLAST hits for
annotated fractions of the plastome (derived from “gene features” in NCBI). The black arrow points to
scaffold 424. b) Distribution of the reads mapped to the linear scaffold 424 with the scale displaying the
depth of coverage in 1k increments. The red boxes represent the coverage of the Prosopanche amercana
repeat regions.

With this, the Prosopanche americana plastome is 28,191 bp in length (Figure 2). Using DOGMA (%
identity cutoff = 25, e-value = 1le-5) [36], 25 potential plastid genes were initially identified, consisting
of 17 protein coding genes, 3 rRNAs and 7 tRNAs. Only 24 of the initial 25 genes could be verified and
were used for further testing and analysis because the hit for trnP-GGG could not be confirmed and
is a result of the low stringency search settings. With the methods described below, one additional
rRNA could be identified, which was not detected by the DOGMA analysis. For comparison, we also
ran an analysis of scaffold 424 using MFannot [37] which resulted in a similar result, but failed to
identify rrn5, ycf2 or trnfM-CAU. trnW identified by DOGMA is identified as trnC with MFannot.
In total, the plastome contains 25 genes, of which 24 are unique. There are 14 ribosomal protein
genes (rpl2, rpl14, rpll6, rpl36, rps2, rps3, rps4, rps7, rps8, rps1l, rps12, rpsl4, rps18, rps19), two of which
contain introns (rpl16, rps12), four ribosomal RNA genes (rrn4.5, rrn5, rrnl6, rrn23), five genes coding
for tRNAs (trnE-UUC, 2x trnl-CAU, trnfM-CAU, trnW-CCA, trnY-GUA) and three genes with other
or unknown functions (accD, ycf1, ycf2). The Prosopanche americana plastome (GenBank accession
number MT075717) lacks genes involved in photosynthesis, such as genes for the photosystems I
and II, RuBisCO large subunit, cytochrome-related or ATP synthase, NADH dehydrogenase genes,
as well as RNA polymerase subunits, cpP and matK. All protein coding genes in the plastome have
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feature continuous reading frames with the only exception of the ps19 gene, which does not possess
an in-frame start codon in close proximity. Amino acid isotypes predicted by DOGMA [36] are
confirmed by tRNAscan-SE [38,39] anticodon prediction (Figure S1) in all but the case of trnW-CCA.
The underlying sequence is predicted to form a cloverleaf structure with three leaves but it has an
ACA anticodon (as predicted by MFannot) instead of CCA. Alignments of the respective tRNAs
from Aristolochia (Aristolochia contorta NC_036152) [34] indicate that this tRNA is homologous to the
Aristolochia trnW-CCA. A three-loop cloverleaf 2D structure is predicted for all identified tRNAs, except
for trnY-GUA. The latter shows an additional, variable arm in the tRNAscan-SE prediction, which is
also present in the trnY of Aristolochia contorta. The anticodon versus isotype model prediction (Table
S1) by tRNAscan-SE is consistent for two tRNAs (trnfM-CAU and trnY-GUA). The correctness of the
anticodon prediction for all tRNAs was verified via alignments with respective genes of Aristolochia
contorta. Given the abovementioned information, it is likely that trnW-CCA is a pseudogene.

Prosopanche americana
plastid genome
28,191 bp

[ ribosomal proteins (SSU)
[ ribosomal proteins (LSU)
M other genes

[ hypothetical chloroplast reading frames (ycf)
W transfer RNAs

M ribosomal RNAs 5
Ointrons H

pi2,

Figure 2. The highly reduced plastome of Prosopanche americana. The circular plastome of holoparasitic
Prosopanche americana contains 24 unique genes (14 ribosomal protein genes, 4 ribosomal RNA genes,
five genes coding for transfer RNAs and three genes with other or unknown function), which are
distributed over a total length of 28,191 bp. Gene distribution is displayed on the outer circle with color
coded gene groups according to the legend (bottom left). GC content is visualized as inner, grey circle.
* indicates genes with introns.

130



Plants 2020, 9, 306

The Prosopanche plastome contains 27 intergenic regions with an average length of 173 bp and
the longest one being 879 bp in length. In total, 23 open reading frames were identified within the
intergenic regions (ORF finder, implemented in Geneious 11.1.5 [40]), while setting the minimum size
to 90 bp, which is the shortest plastid encoded protein coding gene in Piperales and allowing for the
detection of smaller ORFs within a larger ORF. In-depth analyses of intergenic regions through BLAST
or automatic annotation (as low as 50% sequence similarity) did not return meaningful hits for genes
or pseudogenes. Structurally, the plastome of Prosopanche americana does not have any inverted repeats
and therefore does not show the typical quadripartite structure. All genes are found as a single copy
on the plastome, except the trnl-CAU gene, which is found in two copies both showing the same
orientation on the circular plastome. Analysis of the flanking regions of both copies (Figure 3) show
a stretch of 195 bp with only four substitutions between them. In addition to the fully duplicated
tRNA, an alignment of the two copies also shows a duplication of the first 25 bp of the rpl2 gene.
The gene is truncated downstream in one repeat (copy B) due to sequence divergence and the end of the
duplication. The coverages of the duplication copies are neither significantly higher nor significantly
lower than the average plastome coverage (4678). In copy A coverage ranges from 4285 to 4682 and
from 4316 to 4868 for copy B.

| / /[
ldenntyw
Copy A e A .

ComaL o sam R * g wecene
P ma s H - s SR

CopyB *™* e T AT 3

195 bp

Figure 3. Prosopanche americana trnl-CAU repeat region. Alignment of the two trnl-CAU repeat
copies highlights high sequence identity (green identity bar) over 195 bp with only four nucleotide
differences (arrows pointing to gaps in identity graph and nucleotide differences highlighted by color
and nucleotide code in sequence alignment). The trnl-CAU gene is fully contained within the repeat
whereas only 25 bp of the rpI2 gene start fall within repeat borders. Contrary to copy B, which stays with
a truncated rpl2 pseudogene, copy A is preceded by the complete rpl2 ORF of Prosopanche americana.

The GC content of the whole plastome is 20.4% (Figure 2, Figure 4a). Protein coding regions,
which make up 64.9% (18,303 bp) of the total length consist to 17.9% of GC nucleotides, rRNA genes
make up 16.5% (4639 bp) and contain with 37.2% the highest percentage of GC in the Prosopanche
plastome (Figures 2 and 4a). Noncoding regions (excluding introns) on the other hand show the least
amount of GC content with 11.3%, while making up 16.3% (4600 bp) of the plastome.
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Figure 4. Prosopanche americana has a low GC content. (a) Comparison of the GC content
and (b) proportional changes of plastid genome compartments (protein coding, ribosomal RNA,
intergenic region) among the photosynthetic Aristolochia contorta (Aristolochiaceae, NC_036152) and
the holoparasitic Hydnoraceae highlighting the extent of changes the plastomes of the Hydnoraceae
have undergone with respect to nucleotide composition and conservation of specific genome regions.

2.2. Comparison of the Plastomes of the Holoparasitic Hydnoraceae

The plastome of Prosopanche americana (28,191 bp) is slightly larger than the plastome of Hydnora
visseri (27,233 bp, NC_029358) even though it lacks the inverted repeat, which contributes 1466 bp
to the length of Hydnora. Prosopanche, however, contains a 195 bp repeat and two additional genes
(Figure 5). The remaining set of genes is shared between the genomes of Hydnora and Prosopanche.
All protein coding genes are putatively functional with the exception of the Prosopanche rps19 and
the Hydnora rps7. Single gene alignment of the accD gene shows a drastic size difference between the
copies of the two Hydnoraceae genera. The closest ATG start codon in frame eligible as accD gene
start of Prosopanche leads to a 184 bp increase in length, which does not align to the Hydnora accD gene.
Apart from the protein coding genes, the set of ribosomal RNAs also is identical between the sister taxa,
solely the number of transfer RNAs differs between the two plastomes. Prosopanche contains with trnW
and trnY two additional tRNAs, yet the former in the form of a pseudogene. The gene order between
the two plastomes is mostly consistent with an exception of an inversion of the ‘rps7-rps12 exon 2 and
3’- region and the ‘trnl-rpl2-rps2’- region. Contrary to Hydnora visseri, the plastome of Prosopanche
americana does not possess inverted repeats, though it contains a duplicated trnI-CAU-region while
both copies share the same orientation. The same tRNA, trnl, is the only complete gene duplicated in
the inverted repeat of Hydnora. The overall GC content in Prosopanche is lower than in its sister genus
(Figure 4a) with the most drastic difference showing in the non-coding regions. The dotplot (Figure A1l
in Appendix A) of the two plastomes shows a fairly straight diagonal line with many interruptions due
to differences on sequence level and an inversion towards the end (Figure A1, red circle) illustrating
the larger of the two inversions between the species.
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Prosopanche americana
plastid genome i
28,191 bp

Hydnora visseri
plastid genome
27,233 bp

Clintrons

Figure 5. High structural similarity between the plastomes of Hydnoraceae. Linear plastid genome
comparison of Prosopanche americana and Hydnora visseri (NC_029358). Genes are color coded; the
dotted lines highlight inversions between the two genomes compared, genes containing introns are
marked with *.

2.3. Plastome Comparison to Aristolochia

A comparison of the plastomes of Hydnoraceae with the closely related photoautotrophic
Aristolochia contorta (NC_036152) [34] demonstrates large differences in genome size, gene and GC
content. With a length of 160,576 bp, the plastome of A. contorta is about six times the size of
the holoparasites and with a total of 131 genes it contains about six times the amount of that of
Prosopanche americana and Hydnora visseri. Aristolochia contorta shows a characteristic plastid genome for
photoautotrophic Piperales, with all necessary genes for the photosynthesis machinery [34]. The overall
GC content (38.3%), as well as the GC content in different parts of the plastome, is higher than in the
respective parts of the Hydnoraceae (Figure 4a) with the highest overall GC contents found in the
rRNA genes across the three genera. The reduction of G and C nucleotides in Hydnora and Prosopanche
occurs at a similar rate, with the latter having slightly lower percentages than Hydnora. The intergenic
regions of P. americana however, show a much more drastic increase in AT content than observed in
Hydnora and make up to 88.3% of the nucleotides (Figure 4). The comparison of changes within the
three categories protein coding genes, rRNAs and intergenic regions (IGR) highlights the proportional
increase in length in relation to the total plastome length for protein coding genes and the four rRNA
genes (Figure 4b). The rRNA genes of the Hydnoraceae make up about three times as much of the total
plastome length compared to the corresponding genes in A. contorta. A proportional decrease is shown
for the intergenic regions in the parasitic plastomes compared to the photoautotrophic relative where
IGRs contribute to about twice as much to the total plastome length.

An in-depth look at GC content and codon usage of the protein coding genes shared between
the three plastomes using CodonW [41] shows a decrease in G and C nucleotides at the third codon
position of these genes in the Hydnoraceae (Table S2). The two protein coding genes with the lowest
GC proportion in the parasitic plastomes are ycf2 and rps18, with ycf2 being also one of the longest
plastid-encoded genes. The lowest GC content in A. contorta is found in the ycf1 gene with 31.9%,
which is the highest percentage found in all of the H. visseri protein coding genes. The lowest overall G
and C percentage is found in the ycf2 gene of P. americana with only 13.3%.

2.4. Phylogenetic Placement of Hydnoraceae

The phylogenetic maximum likelihood (ML) tree (Figure 6) of the concatenated 82 gene alignment
estimated with GTR+I+G substitution model and rapid bootstrapping (1000 replicates) recovers all
major clades as monophyletic with high backbone support, except for the eudicot-monocot split which
has a lower bootstrap value of 68. Prosopanche and Hydnora are supported as sister genera (bootstrap
value = 100) and the monophyletic Hydnoraceae are placed within the Piperales as sister to a sister
group of Aristolochioideae and Asaroideae with low support (bootstrap value = 13). Piperales as a
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monophyletic group receive only moderate support (bootstrap value = 76). The phylogram (Figure 6,
left) highlights extremely long branches, not only leading to the most recent common ancestor (MRCA)
of Hydnora and Prosopanche but also from the MRCA to the terminals, demonstrating the extremely
high substitution rates in Hydnoraceae.
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Figure 6. High mutational rate within Hydnoraceae relative to other Piperales and diverse
photosynthetic angiosperms. Phylogenetic maximum likelihood tree reconstruction as cladogram (left)
and phylogram (right) estimated using RAXML with the GTR + I + G model and conducting rapid
bootstrapping (1000 replicates) recovers Hydnora and Prosopanche as sister genera and Hydnoraceae
together as sister to a sister group of Aristolochioideae and Asaroideae (both Aristolochiaceae) within
the Piperales. Bootstrap support values are displayed above the nodes. The scale bar shows the
number of substitutions per site. Ingroup taxa are color coded, with eudicots being green, monocots
red, Piperales dark blue and remaining Magnoliids and ANITA grade taxa light blue. Taxa refer to the
dataset of Jansen et al. [42] if not otherwise indicated by GenBank number.

Phylogenetic tree reconstruction based on a gene set reduced to the genes that are present
in Hydnoraceae, as well as on amino acid alignments of the complete and reduced gene set
recovered relationships with generally lower support that are different from widely accepted topologies
(Figures 52-54).
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3. Discussion

Phylogenetic tree reconstruction using maximum likelihood confidently verifies Hydnora and
Prosopanche as sister genera (100 bootstrap support) and shows Hydnoraceae monophyletic, placed
within Piperales. The placement of Hydnoraceae as sister to Aristolochiaceae in its widest
circumscription (i.e., including Aristolochioideae and Asaroideae, Lactoridaceae not sampled) receives,
however, no support (bootstrap value = 13) and might be a result of the long branches as well as
missing data (few genes present in Hydnoraceae compared to other angiosperms). The inclusion
of Hydnoraceae within Piperales is congruent with previous analyses. However, the positioning
within the order differs between multiple different datasets and analyses. Naumann et al. [29] place
Hydnoraceae as sister to Aristolochia and Thottea (Aristolochioideae) with Lactoris (Lactoridaceae) being
sister to this group (Asaroideae not sampled). Nickrent et al. (six gene analysis) [33] reconstructed
Hydnoraceae as sister to Lactoris (Lactoridaceae) and this group as sister to Aristolochia, but missing
Asaroideae in the sampling. Massoni et al. [43] (12 gene analysis) recover Hydnoraceae as sister to
Lactoris and Aristolochioideae with moderate support and this group sister to Asaroideae.

The plastome of the holoparasite Prosopanche americana was found on only one of the 372 scaffolds
taken into consideration based on the BLAST for pt features with low stringency settings. The exclusion
of the other scaffolds was due to a combination of coverage and quality of the BLAST hit. Careful analysis
showed that many of the hits, often only a few bp, were for features that are similar between the
different plant genomes (e.g., tRNA, rRNA), especially between the mitochondrial genome and the
plastome. An additional BLAST with mitochondrial features (data not shown) revealed overlapping
with the pt BLAST results. As a result, the plastome of Prosopanche americana solely consists of scaffold
424 and shows a high similarity to the plastome of the sister genus Hydnora with respect to genome
size, gene content and order as well as levels of AT richness. Both Hydnoraceae plastomes contain
the identical gene set with the exception of two additional tRNA genes in Prosopanche (trnW, trnY).
All ribosomal RNAs and protein coding genes are putatively functional (based on feature continuous
reading frames), with rps7 being the exception for Hydnora visseri and rps19 the exception for Prosopanche
americana. The plastome of Aristolochia, the closest available, photoautotrophic relative, is about six
times the size of Hydnoraceae and contains over six times as many genes with the complete set of
plastid-encoded photosynthetic genes. These findings make Hydnoraceae ideal candidates to visualize
and compare the degree of reduction and gene loss in a parasitic lineage that is close to a potential
endpoint, the potential complete plastome loss [14]. Orobanchaceae, a relatively young parasitic
lineage [29], display the entire range of parasitic lifestyles [19] and allow for the visualization of most
of the proposed stages of plastome breakdown [5,16,17]. However, plastomes of Orobanchaceae are
not nearly as reduced in size or gene content as some mycoheterotrophes and a few parasitic plants,
such as Pylostyles [12,21], Balanophora [22] or Hydnoraceae. The quadripartite plastome structure with
two single copy regions and inverted repeats is common between most photoautotrophic plants and
also retained in the majority of the parasitic lineages. Hydnora [10] still possesses an IR, though only
containing one complete gene (trnl-CAU) and two pseudogenes. With a length of 1466 bp, it is much
smaller than the one of Aristolochia contorta (25,459 bp) [34] containing 17 complete genes and one
pseudogene. Prosopanche americana also contains a gene duplication (trnl-CAU), but as both copies
appear in the same orientation, this is not to be considered an inverted repeat. The fact that the
duplicated gene as well as the partial gene (rpl2) on the repeats can be found in the inverted repeat of
Aristolochia as well as the extremely reduced IR of Hydnora visseri leads to the conclusion that these
duplicated regions are remnants of an inverted repeat and potentially have changed orientation during
a rearrangement process that occured along with genome reduction in Prosopanche americana. The
coverage in both duplicated regions in Prosopanche is also not significantly higher than in the rest of
the plastome, something usually common for inverted repeats. Additionally, the sequencing reads
representing both copies are not assembled together as one sequence, which is the case for inverted
repeats due to their identical sequence. The loss of one IR copy in Prosopanche could also be associated
with the larger of the two inversions (‘trnl-rpl2-rps2’) when comparing the gene order of the two
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Hydnoraceae genera. As these genes usually can be found in the inverted repeats, the loss of a different
copy in Prosopanche compared to Hydnora could result in this apparent inverted gene order, as well
as possible recombination events, for example, flip-flop recombination resulting in two plastome
isoforms [44] before the IR loss in Prosopanche. The position of the second copy of the 195 bp duplication
in the latter, nested in between the ribosomal RNA genes is noteworthy, as those are usually part of
the inverted repeat. Therefore, the repeat position and the inverted region in comparison to H. visseri
could potentially be a consequence of the IR loss, which is shown to lead to an increase in genome
rearrangements. The occurrence of direct repeats instead of inverted repeats, although larger and
containing more genes, is also known for species of the photoautotrophic genus Selaginella [45,46] and
it is hypothesized that their recombination and gene conversion are not inhibited by the orientation of
the direct repeat [47].

All protein coding genes present in the plastome of Prosopanche americana have a feature continuous
reading frame, making them very likely functional (potential exception rps19) although evidence from
transcriptome is currently unavailable. Functionality through structural analysis of the six tRNAs,
as tested with tRNAscan-SE [38,39] is likely given for five of them. The sequence for trnW-CCA (Trp)
is predicted by tRNAscan to have an ACA anticodon instead of a CCA anticodon. No tRNA with an
ACA anticodon is known from Piperales plastomes but was found, for example, in Asterales (e.g.,
Pogostemon cablin MF287373 [48]). Sequence similarity strongly suggests that said Asterales tRNA
with ACA anticodon is known as the intron-containing trnV-UAC in Piperales. Alignments of neither
Asterales tRNA nor the trnV from Piperales did result in reasonable alignments.

Evaluation of nucleotide compositions of the shared protein coding genes between Hydnoraceae
and Aristolochia visualizes the proportional increase in A and T nucleotides, also known from other
plastomes of parasitic lineages [5,22]. Hydnora and Prosopanche showed a drastic decrease in G and C
nucleotides across the whole plastome compared to the photoautotrophic Aristolochia with Prosopanche
having slightly lower values than the sister genus Hydnora. Despite the drastically low proportion
of G and C nucleotides in the Hydnoraceae plastomes compared to most photoautotrophic species,
the record setting AT richness is known for holoparasitic Balanophora with most protein coding genes
consisting to more than 90% of A and T [22]. For protein coding genes, mutations to the favored
nucleotides predominantly occur on the third, variable codon position which has also been observed
for other parasitic lineages such as Orobanchaceae [3]. Out of the three available stop codons (i.e.,
TAG, TGA and TAA) only two (TAG and TAA) are found in the protein coding genes of Prosopanche.
The predominantly used stop codon found was TAA, highlighting another specific case of A and T
nucleotide preference, whereas TAG was only found twice (accD, rpl16) as stop codon. Similar cases
of favoring certain stop codons or exclusively using a single one have been described, e.g., for the
parasitic lineage Cytinus (Cytinaceae) [11] and Balanophora (Balanophoraceae) [22].

A comparison of the proportional amount that protein coding regions, ribosomal RNAs and IGRs
contribute to the whole plastome highlights the many macro level changes Hydnoraceae plastomes
experienced in comparison to the photoautotropic Aristolochia. The parasitic genomes have lost all
plastid encoded genes related to the photosynthesis apparatus and their intergenic regions show a
much more drastic decrease in length compared to Aristolochia, resulting in a proportional increase of
space that the remaining protein coding genes and ribosomal RNAs take up in the plastome.

The comparisons of the two Hydnoraceae plastomes and the highlighted common set and order
of genes between the genomes that have evolved independently since the split ~54 MYA lead to two
possible scenarios. Either a similarly reduced plastome existed already in the MRCA of Hydnora
and Prosopanche and did not experience many changes with respect to gene content and order since
or the observed similarities are a result of two independent evolutionary pathways leading to the
same endpoint. Although the first hypothesis would be more parsimonious, a larger sampling within
Hydnoraceae would be needed to test these hypotheses. However, the second hypothesis would
support the existence of taxon dependent essential gene sets for heterotrophic plants [3,49].
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4. Materials and Methods

4.1. Plant Material, DNA Extraction, Library Preparation and Sequencing

Plant material of Prosopanche americana was collected near Chancani (Cérdoba, Argentina).
A herbarium voucher with number AAC5681 was placed at Museo Botanico de Cérdoba (CORD).
Fresh tepal material was sliced and air dried for 24 hours and subsequently stored in silica
gel. DNA extraction was done using the DNeasy Plant Maxi Kit (Qiagen, Venlo, Netherlands).
Molecular weight of isolated DNA as well as quality was tested using gel electrophoresis, and NanoDrop
2000 (Thermo Scientific, Waltham, MA, U.S.). Illumina TruSeq DNA PCR-free library preparation was
done using 2.2 ug genomic DNA with an insert size of 650 bp. The library was sequenced using a partial
lane of an Illumina NextSeq High Output with 300 cycles creating 37,324 million reads. Both, the library
preparation and library sequencing were performed at the DRESDEN concept Genome Center of TU
Dresden (https://genomecenter.tu-dresden.de).

4.2. Assembly and Identification of Scaffolds with Plastid Information

Using the de novo assembly function, raw data were assembled with CLC Workbench [35]
allowing for automatic word and bubble size. The assembly resulted in a total of 8,342,403 scaffolds
to which the reads were mapped back to obtain coverage information and to be able to evaluate the
assembly in specific regions of interest. The assembly was blasted (BLASTn, e-value e1-10) against a
database containing 45 angiosperm plastid reference genomes from GenBank. Contigs with hits to
plastid genomes were extracted and used together with the readmapping information for the creation
of a stoichiometry plot in RStudio [50] allowing for highlighting of contigs with hits to plastid gene
features followed by a directed and more efficient search for contigs potentially belonging to the plastid
genome. The latter contigs were selected for further investigation.

4.3. Gene Annotation and Circularization

To check for and identify genes the scaffolds were uploaded and analyzed using DOGMA [36] at
low stringencies (percent identity cutoff for protein coding genes and RNAs = 25, E-value = le-5) and
additionally using MFannot [37]. Additionally, alignment tools such as “Map to reference” and LASTZ
version 7.0.2 [51] were used as a plug in within Geneious [52] and applied to the scaffolds identified in
the initial BLASTn search and the stoichiometry plot. In addition, the published plastome of Hydnora
visseri (NC_029358) [10] was used to identify and annotate genes due to potentially higher sequence
similarity between the sister genera. Gene boundaries were identified, then genes were annotated using
Geneious [52] by aligning respective genes of Hydnora visseri and closely related photoautotrophic
species of Piperales and in case of protein coding, genes feature continuous reading frames were
checked manually. As a proxy of functionality of tRNA genes, in the absence of transcriptome data,
the respective sequences were used as input for tRNAscan-SE [38,39] to predict their 2D structure.
Criteria used were a cloverleaf structure with three leaves and that the predicted anticodon through
tRNAscan found at the anticodon arm matches the anticodon predicted through sequence similarity.
The full output is available as supplementary material (Table S1).

The Prosopanche americana plastome was finally circularized using the “Circular Sequence”
tool in Geneious [52] and drawn using OGDRAW [53]. The correctness of this circular
connection was verified using PCR followed by Sanger sequencing (forward and reverse) with
a forward (ProAm-rps2F: AACTAAATTACAAGCCATTGATA) and a reverse primer (ProAm-rps14R:
TCCTAGAGGTTATTATCGTTAT) derived from the available flanking regions.

4.4. Plastome Comparisons

The plastome of Prosopanche americana (GenBank accession number MT075717) was compared with
the plastome of its sister genus Hydnora (Hydnora visseri, NC_029358) [10] as well as a plastome of its close
autotrophic relative Aristolochia (Aristolochia contorta, NC_036152) [34] in terms of multiple parameters
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such as length, gene content and order, GC content and plastome structure with Geneious [40].
A dotplot (Score matrix: exact, window size: 100, threshold: 200), implemented in Geneious, was used
to visualize differences between the Prosopanche and Hydnora plastome nucleotide sequences. For the
protein coding genes shared between the three species, the rates of the four nucleotides were determined
using CodonW (version 1.4.2) [41].

4.5. Phylogenetic Placement of Prosopanche Americana

Protein coding and rRNA genes of Prosopanche americana and Hydnora visseri were added and
aligned to the 81 angiosperm-wide alignments published by Jansen et al. [42]. Additionally, an alignment
for the accD gene was created using data from GenBank. The sampling was then improved by adding all
complete plastid genomes of Piperales accessions available in GenBank (https://www.ncbi.nlm.nih.gov/),
increasing the data set to 83 taxa. After automatic alignment with MAFFT (version 7.450) [54,55],
individual alignments were inspected and improved by eye using AliView (version 1.20) [56] and
concatenated in Geneious [40]. Single gene alignments have been uploaded to TreeBASE (http:
/[purl.org/phylo/treebase/phylows/study/TB2:525836). RAXML analysis [57] using the GTR+I+G model
with 1000 bootstrap replications was carried out on the concatenated data set using the CIPRES Science
Gateway [58] after calculating the optimal substitution model using jModelTest (version 2.1.7) [59].
Phylogenetic trees were rooted using the three Gymnosperms (Cycas, Ginkgo, Pinus) as outgroup.
The output was visualized in TreeGraph 2 [60]. In addition to the 82 gene analysis, we used a gene
set reduced to the ones that are present in the Hydnoraceae (Figure S2) and also did RAXML analysis
based on amino acid alignments (translated with Geneious [40]), both on the complete (Figure S3) and
reduced gene set (Figure 54).

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/3/306/s1,
Figure S1: Secondary structure of Prosopanche americana tRNAs. The secondary structure of the five unique
Prosopanche tRNAs as predicted with tRNAscan-SE [38,39] shows the cloverleaf structure with three leaves for
all but trnY-GUA, which has an additional, variable arm. The predicted anticodon (boxes) matches the one
predicted by DOGMA and through sequence similarity in all but the case of trnW-CCA, where tRNAscan predicts
an ACA anticodon, Table S1: Anticodon prediction versus isotype model prediction visualizes tRNA sequence
divergence in the Prosopanche americana plastome. Tabular tRNAscan-SE [38,39] output for the annotated P.
americana tRNAs shows the anticodon predicted isotype, predicted anticodon and consistency of the anticodon
versus isotype model predictions. Isotype scores are displayed with the top score being red, the 2nd highest score
orange and the third highest score yellow, Table S2: Hydnoraceae protein coding genes show increase of A and
T nucleotides at third codon position. The nucleotide usage as well as the GC content of the Hydnoraceae and
Aristolochia protein coding genes as predicted by CodonW [41] highlights higher overall A and T content of the
holoparasitic protein coding genes and shows the drastic differences at the third, variable codon position compared
to photoautotrophic relative Aristolochia contorta [34], Figure S2: Angiosperm phylogeny based on a reduced
plastid gene set. Phylogenetic maximum likelihood tree reconstruction as cladogram (left) and phylogram (right)
based on a plastid marker set reduced to the genes present in the Hydnoraceae, estimated with RAXML using
the GTR + I + G model and conducting rapid bootstrapping (1000 replicates) recovers Hydnora and Prosopanche
as sister genera and Hydnoraceae together as sister to all other Piperales. Monocots are recovered as sister to
eudicots and a group of Piperales together with Drimys, Calycanthus and Liriodendron. Bootstrap support values are
displayed above the nodes. The scale bar shows the number of substitutions per site. Ingroup taxa are color coded,
with eudicots being green, monocots red, Piperales dark blue and remaining Magnoliids and ANITA grade taxa
light blue. Taxa refer to the dataset of Jansen et al. [42] if not otherwise indicated by GenBank number, Figure S3:
Phylogenetic tree reconstruction based on amino acid alignments of plastid markers places Hydnoraceae as sister
to all other angiosperms. Phylogenetic maximum likelihood tree reconstruction as cladogram (left) and phylogram
(right) based on a translated and concatenated set of 78 plastid protein coding genes using RAXML and conducting
rapid bootstrapping (1000 replicates) recovers Hydnora and Prosopanche as sister genera and Hydnoraceae together
as sister to all other Angiosperms. Bootstrap support values are displayed above the nodes. The scale bar shows
the number of substitutions per site. Ingroup taxa are color coded, with eudicots being green, monocots red,
Piperales dark blue and remaining Magnoliids and ANITA grade taxa light blue. Taxa refer to the dataset of
Jansen et al. [42] if not otherwise indicated by GenBank number, Figure 5S4 Phylogenetic tree reconstruction based
on a reduced set of amino acid plastid markers places Hydnoraceae within eudicots. Phylogenetic maximum
likelihood tree reconstruction as cladogram (left) and phylogram (right) based on a translated and concatenated
set of plastid protein coding genes reduced to genes present in Hydnoraceae using RAXML and conducting rapid
bootstrapping (1000 replicates) recovers Hydnora and Prosopanche as sister genera and places Hydnoraceae within
Eudicots. Illicium is recovered as sister to all other Angiosperms. Bootstrap support values are displayed above
the nodes. The scale bar shows the number of substitutions per site. Ingroup taxa are color coded, with eudicots
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being green, monocots red, Piperales dark blue and remaining Magnoliids and ANITA grade taxa light blue.
Taxa refer to the dataset of Jansen et al. [42] if not otherwise indicated by GenBank number.
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Figure Al. Dotplot comparison of the plastomes of Prosopanche americana and Hydnora visseri
(NC_029358) highlights differences on nucleotide level and inversion (red circle). The diagonal
lines indicate sequence similarity between the plastomes of Hydnora and Prosopanche, the gaps visualize
areas of drastic nucleotide sequence differences. The red circle highlights the larger of the two inversions
between the Hydnoraceae plastomes. The dotplot was created with Geneious (v 11.1.5) by using an
exact score matrix, a window size of 100 and a threshold of 200.
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