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Maintaining the appropriate number of mitochondrial DNA (mtDNA) molecules is crucial for supporting mitochondrial metab-
olism and function in both plant and animal cells. For example, a substantial decrease in mtDNA levels occurs as a key part of
pollen development. The molecular mechanisms regulating mtDNA copy number are largely unclear, particularly with regard
to those that reduce mtDNA levels. Here, we identified and purified a 20-kD endonuclease, M20, from maize (Zea mays) pollen
mitochondria. We found M20 to be an His-Asn-His/Asn (H-N-H/N) nuclease that degrades linear and circular DNA in the
presence of Mg? or Mn?*". Arabidopsis (Arabidopsis thaliana) AtM20, which shared high sequence similarity with maize M20,
localized to the mitochondria, had a similar H-N-H/N structure, and degraded both linear and circular DNA. AtM20 transcript
levels increased during pollen development, in parallel with a rapid reduction in mtDNA. Clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9 genome-editing techniques were used to generate knockout lines
of AtM20 (atm20), which exhibited a significant delay in the reduction in mtDNA levels in pollen vegetative cells but normal
mtDNA levels in somatic cells. The delayed reduction in pollen mtDNA levels was rescued by the transgenic expression of
AtM?20 in atm20 plants. This study thus uncovers an endonucleolytic DNase in plant mitochondria and its crucial role in reducing

mtDNA levels, pointing to the complex mechanism regulating mtDNA levels in plants.

Mitochondria are key organelles that generate
energy (ATP) for eukaryotic cells and mediate cellular
processes such as apoptosis, calcium signaling, and
reactive oxygen species (ROS) homeostasis (Attardi
and Schatz, 1988; Wallace, 2008). Mitochondria, which
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were originally derived from bacterial endosymbionts,
contain small DNA molecules termed mitochondrial
genomes that support their metabolism and function
(oxidative phosphorylation). These genomes are small;
for example, mitochondrial genomes in human are only
16.6 kb in length, encoding 22 transfer RNAs and 15
polypeptides (Wallace, 2008). However, numerous
clinical symptoms, such as nerve and muscle dys-
function, reduced fertility, diabetes, cancer, aging,
Parkinson’s disease, and many other diseases, are as-
sociated with mutations in the human mitochondrial
genome (for reviews, see Wallace and Murdock, 1999;
Dimauro and Davidzon, 2005; Schapira, 2012). Plant
mitochondrial genomes are usually larger than those in
human. For example, Arabidopsis (Arabidopsis thaliana)
contains a 372-kb mitochondrial genome encoding 22
transfer RNAs and 36 polypeptides (Klein et al., 1994).
Since precision medicine is not performed in plants,
little is known about mitochondrial diseases in plants.
However, a classical agronomic trait that is widely
used in crop production, cytoplasmic male sterility,
could be considered a plant mitochondrial disease,
albeit one with important applications for production
of hybrid seed. Abnormal recombination in the mito-
chondrial genome underlies abnormalities in male
fertility (Wang et al., 2006; Luo et al., 2013). Clearly, the
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correct composition and expression of mitochondrial
genes are essential for proper cellular functioning in
eukaryotes.

Another mitochondrial factor that is almost equally
important for the functioning of eukaryotic cells is the
copy number of mitochondrial genomes per cell. In an-
imals, cells in a given tissue contain a constant amount
of mitochondrial DNA (mtDNA), which usually ranges
from 1,000 to 10,000 copies per cell, depending on the tis-
sue or cell type (Masuyama et al., 2005; Xie et al., 2015).
Changes in the copy number of mtDNA per cell, includ-
ing either an increase or decrease, cause dysfunction in
the mitochondria and result in the diseases described
above (for reviews, see Higuchi, 2007; Clay Montier
et al., 2009). A proper and stable amount of mtDNA is
therefore required to ensure cellular functioning.

Plant cells possess relatively low levels of mtDNA,
with up to 300 to 400 copies per cell in root tips and
only 40 to 140 copies per cell in other tissues (Preuten
et al., 2010). Strikingly, through direct observation, we
previously determined that one-third of the mitochon-
dria in Arabidopsis leaf cells contain a partial genome,
comprising approximately 100 kb of mtDNA, while
over two-thirds of mitochondria contain absolutely
no DNA (Wang et al., 2010). This finding is in contrast
to our knowledge about animal cells, in which each
mitochondrion is thought to contain at least one copy
of mtDNA; each human, rabbit, rat, and mouse mito-
chondrion was shown to contain an average of 2.6 +
0.3 copies of mtDNA (Robin and Wong, 1988). Given
that an Arabidopsis leaf cell contains approximately
670 mitochondria (Sheahan et al., 2005), it appears that
approximately 10 mitochondria share one complete
genome in a cell. Plant mitochondria undergo frequent
and coupled fusions and divisions, which explains
how mitochondria share this information (Arimura
et al., 2004; Arimura, 2018). The low copy number of
mtDNA in plant mitochondria has also been observed
in egg and pollen cells, a phenomenon termed “the ge-
nomicinsufficiency of plant mitochondria” (Wangetal.,
2010; Cai et al., 2015). Interestingly, although there are
great differences in mtDNA copy number between
plant and animal cells, changes in copy number in both
types of organisms result in mitochondrial defects.
Increases in mtDNA copy number in Arabidopsis pollen
vegetative cells were recently shown to cause reduced
ATP production, the overproduction of ROS, and in-
hibited pollen tube growth (Cai et al., 2015).

It is clear that maintaining the proper copy number
of mtDNA is essential for both plant and animal cells.
However, the mechanism that regulates mtDNA copy
number is largely unknown. The turnover of mtDNA
occurs very rapidly: the half-life of mtDNA in rat is
several days or fewer (Gross et al., 1969; Kai et al.,
2006), and only 24 h are required for the complete turn-
over of mtDNA in mung bean (Vigna radiata; Dai et al.,
2005). These findings imply that both plant and animal
cells undergo rapid mtDNA replication at a rate equiv-
alent to that of turnover to stabilize copy number. In
fact, rapid and continuous mtDNA replication indeed
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occurs in animal mitochondria independent of the
cell cycle (Bogenhagen and Clayton, 1977; Magnusson
et al., 2003). It is thus thought that the regulation of
mtDNA copy number in cells must occur in a highly
dynamic, well-balanced manner in which up-regulation
(replication) is triggered when the copy number is low
and down-regulation (turnover) is triggered when the
copy number is high (Clay Montier et al., 2009). This
regulatory model is logical and fact based, although
several key points of the model, such as the molecular
mechanism that monitors cellular mtDNA copy num-
ber and the regulatory pathways that trigger replica-
tion and turnover, remain to be elucidated.

According to the current hypothesis, both the up- and
down-regulation of mtDNA play equally important
roles in maintaining the proper mtDNA copy number
in a cell. A group of replication-related factors are known
to be involved in mtDNA replication in animals, such
as DNA polymerase (Sharief et al., 1999), RNA poly-
merase (Wanrooij et al., 2008), mtDNA helicase (Liu
et al., 2009), and mitochondrial single-stranded DNA
binding protein (Maier et al., 2001). Similarly, mtDNA
polymerases IA and IB are involved in mtDNA rep-
lication in Arabidopsis (Parent et al., 2011). Another
group of protein factors that bind to mtDNA, including
MITOCHONDRIALTRANSCRIPTIONFACTOR Aand
WHIRLY2, are thought to protect mtDNA from deg-
radation in human (Alam et al., 2003) and Arabidop-
sis (Cai et al., 2015), respectively. However, although
turnover is another component required for maintain-
ing mtDNA at the proper levels, little is known about
the molecules that are directly responsible for mtDNA
down-regulation. The only such molecule identified to
date is DEFECTIVE IN POLLEN ORGANELLE DNA
DEGRADATION1 (DPD1), an exonuclease found in
plant mitochondria and plastids (Matsushima et al.,
2011; Shen et al., 2015; Sakamoto and Takami, 2018).
The down-regulation of mtDNA copy number is sig-
nificantly impaired in the pollen cells of dpd1 mutants
(Matsushima et al., 2011; Shen et al., 2015). Moreover,
given that the majority of mtDNA exists in circular
form (Kolodner and Tewari, 1972; Kool et al., 1985;
Satoh et al., 1993; Kayal et al., 2012), the complete
degradation of mtDNA must require an additional
mitochondrial endonuclease that has yet to be iden-
tified in plants.

In this study, we identified a DNase, which we termed
M20, from maize (Zea mays) pollen mitochondria and
purified it using biochemical approaches. We found
that M20 and AtM20, the homologous protein in
Arabidopsis, share the typical molecular features of
His-Asn-His/Asn (H-N-H/N) nucleases and that
both had endonuclease activity in vitro. Using the clus-
tered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein9 (Cas9) knock-
out technique, we performed intensive analysis of
AtM20 and showed the participation of this mitochon-
drial endonuclease in the reduction of mtDNA levels
in pollen cells. Our findings uncover the requirement for
multiple DNases in mtDNA degradation, highlighting
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Figure 1. Purification and identification of M20 from maize pollen mitochondria. A, Quality monitoring of purified mitochon-
dria from maize pollen by bright field (top left), fluorescence (bottom left, the same field stained with MitoTracker Green),
and transmission electron microscopy (right). B, Total mitochondrial proteins after SDS-PAGE (top) and in-gel activities of mi-
tochondrial nucleases M20 and M30 in the presence of Mn?* and Mg?** (bottom). C to E, Purification of M20 by hydrophobic
chromatography (C), cation-exchange chromatography (D), and HPLC (E). The nucleolytic activity of M20 was monitored via
both in-gel and plasmid (pUC18) digestion assays. Single M20 bands (white and transparent in a silver-stained SDS-PAGE gel)

were excised and subjected to LC-MS analysis.

the complexity of the molecular mechanisms underly-
ing mtDNA homeostasis in plant cells.

RESULTS

Purification of M20 from Pollen Mitochondria

mtDNA undergoes rapid, massive degradation
during pollen development (Sodmergen and Suzuki,
1992; Nagata et al., 1999; Wang et al., 2010), providing
us with an appropriate model for studying mtDNA
down-regulation. We collected premature, fresh pollen
grains from maize and purified pollen mitochon-
dria via a step-by-step procedure (Supplemental
Fig. S1). We obtained pollen mitochondria with almost
no contamination after a secondary centrifugation
through Suc gradients (Fig. 1A). We loaded a lysate of
purified mitochondria onto a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel
pre-embedded with DNA to identify protein molecules
with DNA hydrolytic activity (in-gel assay; Rosenthal
and Lacks, 1977). We identified two proteins with M s
of 20 kD and 30 kD, namely M20 and M30, exhibiting
nucleolytic activity in the presence of Mn* or Mg**
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(Fig. 1B). We focused our analysis on M20 due to its
water solubility and robust in-gel activity.

We purified M20 using two different methods. For
both methods, we performed prepurification by treat-
ing the supernatant of a mitochondrial lysate with
ammonium sulfate to salt out the active components
(Supplemental Fig. S1) and subjected the components to
hydrophobic interaction chromatography on a phenyl-
Sepharose column after dialysis (Fig. 1C).

For further purification, we performed ion-exchange
chromatography (Fig. 1D), followed by high-performance
liquid chromatography (HPLC; Fig. 1E) for the first
method and gel filtration followed by heat precipita-
tion for the second method (Supplemental Fig. S1).
Using an in-gel assay with silver staining, we confirmed
the presence of clear bands with M20 activity in both gels
(Fig. 1E; Supplemental Fig. S1). Finally, we performed
liquid chromatography-mass spectrometry (LC-MS) to
analyze the gel contents (activity bands). The results
from both gels yielded identical peptide information,
i.e. M20 corresponds to the product of the maize gene
ACG45136.1. These results indicate that we successfully
identified M20, a soluble mitochondrial DNase from
maize with heat stability.
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M20 Is an H-N-H(N) Endonuclease

Bioinformatic analysis involving searches against the
National Center for Biotechnology Information (NCBI)
Zea mays protein database revealed that ACG45136.1
encodes a putative endonuclease/nucleic acid binding
protein with a molecular mass of 20 kD (Supplemental
Fig. 52). A comparison with the nucleolytic molecules
identified to date revealed that M20 shares an H-N-H/N
domain, i.e. a nonconsecutive His-Asn-His/Asn motif,
that forms a conservative f-f-a structure found in a
group of endonucleases identified in bacterial, phage,
and animal cells (Fig. 2A). The molecular characteristics
of M20 are not unexpected, since the p-f-a structure
is essential for the binding of bivalent cations and is
crucial for nuclease catalytic activity (Mehta et al., 2004).
To investigate the evolutionary conservation of M20 in
plants, we performed further BLAST searches of M20
homologs using the entire amino acid sequence of M20
as a query against the GenBank database (http:/ /www.
ncbi.nlm.nih.gov/genbank/). The results revealed M20
homologs in plants ranging from a moss (Physcomitrella
patens) to a fern (Selaginella moellendorffii) and most
spermatophytes (Supplemental Fig. S2), suggesting
that this molecule is highly conserved in plants.

An analysis of the Arabidopsis genome showed that
the protein encoded by Atlgl18680 shares high simi-
larity (63%) with M20 and also contains an H-N-H/N
domain (Supplemental Fig. S2). We designated this
putative protein AtM20. Since the H-N-H/N domain is a
molecular feature of endonucleases (Mehta et al., 2004),
we reasoned that M20, as well as AtM20, might exhibit
endonuclease activity to hydrolyze DNA. This notion
was verified using an in vitro digestion assay. Both
purified M20 and the recombinant products, M20-GST
and AtM20-His, hydrolyzed circular plasmid DNA
(Fig. 2B). In addition, point mutations in the H-N-H/N
domain blocked the hydrolytic activity of M20-GFP
and AtM20-GFP (Fig. 2, C and D). These results indi-
cate that M20, together with its Arabidopsis homolog
AtM20, are endonucleases and that the H-N-H/N
domains within these molecules are indispensable
for their hydrolytic activity. The similarities between
M20 and AtM20 in terms of amino acid sequence, M,
conserved H-N-H/N domain, and in vitro endonuclease
features suggest that these molecules play conserved
roles in maize and Arabidopsis.

AtM20 Localizes to Pollen Mitochondria

To investigate the functions of these endonuclease
molecules and their conservation between maize and
Arabidopsis, we performed GUS reporter activity analy-
sis and reverse transcription quantitative PCR (RT-qPCR)
to examine the expression patterns of AtM20 in dif-
ferent tissues. We detected GUS signals in pollen (Fig.
3A), with the highest transcript accumulation in tricel-
lular pollen (TCP) (Fig. 3B). We did not observe GUS
signals in other tissues, although RT-qPCR revealed
low levels of AtM20 transcript in roots, stems, leaves,
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Figure 2. M20 and AtM20 are H-N-H/N nucleases with endonucle-
olytic activity in vitro. A, Partial sequence alignment of M20 with
representative endonuclease proteins with H-N-H/N domains. Con-
served residues comprising the H-N-H/N domain are shown in differ-
ent shades of green. The secondary structure derived from the crystal
structure of nuclease-ColE7 is shown above the alignment. Numbers
indicate omitted amino acids. AtM20, a highly similar molecule in
Arabidopsis, shares very close sequence features with M20. B, Cata-
lytic features of purified M20, recombinant M20-GST, and AtM20-His
proteins. Salmon sperm DNA (top) and the pUC18 plasmid (bottom)
were used as substrates. C, Control; OC, open-circular DNA; L, lin-
ear DNA; SC, supercoiled DNA. C, Schematic representation of point
mutations in M20 and AtM20. The positions of the point mutations
and amino acid conversions are shown in blue boxes. D, In-gel assays
showing the nuclease activity of M20-GFP and AtM20-GFP fusion pro-
teins. Cell lysates of E. coli expressing recombinant M20-GFP, AtM20-
GFP, and genes with point mutations were analyzed by in-gel assays.
A recombinant line expressing M20 was used as the positive control,
and recombinant lines expressing the empty pET28a vector and GFP
were used as negative controls. Arrowheads indicate the activity bands
of M20, M20-GFP, AtM20, and AtM20-GFP; ben, bacterial endoge-
nous nucleases. AtM20 and AtM20-GFP showed much higher in-gel
activity than bacterial endogenous nucleases (ben), which had not yet
emerged after the optimal incubation time.
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and siliques (Fig. 3B). These results indicate that AtM20
is expressed ubiquitously but at low levels, with the
highest levels detected in pollen; these results are in
agreement with microarray data from the Arabidopsis
eFP Browser database (http://bar.utoronto.ca/efp_
arabidopsis/cgi-bin/efpWeb.cgi; Supplemental Fig. S3).
During pollen development, AtM20 transcript levels
began to increase in bicellular pollen (BCP), reached
a peak in TCP, and then decreased sharply in mature
pollen grains (Fig. 3B). Notably, this expression pattern
fits the pattern of mtDNA degradation during pollen
development (Sodmergen and Suzuki, 1992; Nagata
et al., 1999; Wang et al., 2010), pointing to a possible
relationship between AtM20 and the down-regulation
of mtDNA in pollen.

We then examined whether AtM20 localizes to mito-
chondria by performing transient expression analysis
of an AtM20-GFP fusion protein in Nicotiana benth-
amiana leaf cells. We detected a clear merging of GFP
fluorescent signals with those of mitochondria (Fig.
3C), indicating that AtM20 is a mitochondrial protein
(nuclease) that is likely involved in pollen mtDNA
degradation. To confirm the higher expression level of
AtM?20 in pollen (as indicated at the RNAlevel via GUS
reporter and RT-qPCR analyses; Fig. 3, A and B), we
constructed transgenic plants harboring AtM20-GFP
driven by its native promoter (AtM20,, -AtM20-GFP).
The construct was transformed into LAT52  -Dips-RFP
plants, an independent transgenic line in which pollen
mitochondria exhibit red fluorescent protein fluores-
cence (Matsushima et al., 2011). In the pollen cells of
these transgenic lines, we again observed the colocal-
ization of AtM20-GFP with fluorescent signals from
mitochondria (Supplemental Fig. S4). Notably, how-
ever, the fluorescent signals from AtM20-GFP were
very weak and had to be captured using enhanced
exposure. This is a common characteristic of DNases,
which are present at very low abundance (discussed
below). Indeed, fluorescent signals from AtM20-GFP
were undetectable in leaf cells using the same expo-
sure conditions (Supplemental Fig. S4). These results
are in good agreement with the transcription pattern of
AtM20, suggesting it is a mitochondrial nuclease that
may function in mtDNA degradation in pollen.

AtM20 Participates in mtDNA Degradation in Pollen

We used CRISPR/Cas9 technology (Feng et al., 2013,
2014; Miao et al., 2013) to specifically knock out the
AtM20 gene in Arabidopsis, since all of the transfer
DNA (T-DNA) insertion lines examined, including five
from ABRC (www.arabidopsis.org/servlets/order)and
one from GABI-KAT (www.gabi-kat.de/), were unus-
able; AtM20 expression was not disrupted in any of
these lines, as revealed by RT-qPCR (Supplemental
Fig. S55). We designed three AtM20-specific spacers
(single guided RNA1-3 [sgRNA1-3]) for the expression
of guide RNAs driven by the AtU6-26 promoter (Fig.
4A; Supplemental Fig. S6). Transformations using
whole vectors containing sgRINA cassettes and additional
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developmental stages. UNM, Uninucleate microspore; BCP, bicellular
pollen; TCP, tricellular pollen; MPG, mature pollen grain. The bar for
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1 mm, and bars for all pollen images are 5 pm. B, RT-PCR analysis of
AtM20 transcript levels in different tissues and pollen cells. The histone
variant H3 was used as the control. Rt, Root; St, stem; RLf, rosette leaf;
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ture showing signals of chlorophyll autofluorescence captured from
a Col-0 protoplast with the same exposure conditions. Bars, 10 pm.
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Cas9 genes driven by the Cauliflower mosaic virus
(CaMV) 355 promoter (Fig. 4A) yielded a group of T1
transgenic plants with various mutations in AtM20
(Supplemental Fig. S6). Most mutations involved one
or several nucleotide deletions or insertions, in accor-
dance with previous reports (Feng et al., 2013, 2014).
Through self-crosses, we identified a homozygous
mutant line with a 4-bp deletion (termed d4 mutation)
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Figure 4. Generation of the atm20 mutant using CRISPR/Cas9 technology. A, Schematic diagram of the CRISPR construct
containing a Cas9 expression cassette driven by an enhanced CaMV 35S promoter and an sgRNA controlled by the AtU6-26
promoter. B, A 4-bp deletion was detected in genomic DNA and cDNA of a T1 transformant (d4 mutation). The target sequence
is shaded in blue, and the (PCI/PINT associated module) PAM domain is shaded in red. C, The 4-bp deletion causes a frame-shift
within AtM20 and may lead to early translational termination. D, A smaller product (AtM20A) of AtM20 due to base deletion
and early termination was detected in plants with the d4 mutation (top), and the mutation inactivates its nucleolytic activity in
vitro (bottom). Arrowheads indicate the molecular products of AtM20 and AtM20A.

in the first exon of AtM20 (Fig. 4B). Sequence analysis
of the d4 mutation revealed the occurrence of a frame
shift (Fig. 4C) resulting in the loss of the H-N-H(N)
structure and a premature stop codon resulting in early
translational termination. This mutation was verified
by the disappearance of the in-gel activity of the product
of the d4 mutation (AtM20A), as well as a band shift
(Fig. 4D). Therefore, we succeeded in obtaining a genetic
line with functional knockout of AtM20; we designated
the d4 mutant atm20.

Using homozygous atm20 plants, we examined the
phenotypes induced by the AtM20 knockout mutation.
We observed a distinct delay in mtDNA down-regulation
during pollen development in the mutant. With devel-
opmental progression roughly divided into the uni-
nucleate microspore, BCP, and TCP stages (Fig. 5A),
the down-regulation occurred during the BCP stage
in wild-type Arabidopsis (Col-0), resulting in unde-
tectable fluorescent signals from mtDNA in TCP cells
(Fig. 5B). This phenomenon is commonly observed in
pollen cells, representing the necessary down-regulation
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of mtDNA during pollen development (Sodmergen
and Suzuki, 1992; Nagata et al., 1999; Wang et al., 2010;
Matsushima et al., 2011). In atm20 plants, however, the
fluorescent signals that are usually detected in BCP cells
remained distinct in early TCP cells (Fig. 5B), an unusual
observation suggesting that the down-regulation of
mtDNA might be impeded in pollen cells. We failed to
detect these fluorescent signals in late TCP cells (Fig.
5B), indicating that the down-regulation of mtDNA
proceeded at a markedly slower pace in mutant plants
lacking AtM20 compared to the wild type. Analysis via
gPCR revealed relatively high levels of mtDNA in early
TCP cells of the atm20 mutant (Fig. 5, C and D), confirm-
ing the impeded down-regulation of mtDNA in the
mutant. Thus, the preservation of mtDNA in early TCP
cells is a clear outcome of AtM20 knockout, which we
observed repeatedly in CRISPR/Cas9 mutant lines other
than atm20 (the d4 mutant; Supplemental Fig. 57).

To evaluate the degree of impedance of the down-
regulation of mtDNA in the absence of AtM20, we
performed quantitative analysis of mtDNA using a
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Figure 5. Degradation of mitochondrial DNA in pollen vegetative cells is delayed in the atm20 mutant. A, Schematic diagram
of pollen development in Arabidopsis. Red arrow indicates the stage of mtDNA degradation. PMI, Pollen mitosis I; PMII, pollen
mitosis II. B, Pollen cells of Col-0 and atm20 plants observed via DAPI staining. Arrowheads indicate fluorescent signals from
organelle DNA (including mtDNA and plastid DNA). Bars, 10 pm. C, Relative mtDNA levels analyzed with the mitochondrial
cox1 gene via qPCR. TCPe, Early TCP; TCPI, late TCP. Error bars represent the sp (n = 3). D, Relative mtDNA levels analyzed
with the mitochondrial nad9 gene via PCR. Histograms summarize the results of independent analyses. Error bars represent

the sp (n = 3).

single-cell-based competitive PCR method to determine
the copy number of mtDNA per pollen grain (Wang
etal., 2010). In Col-0, early BCP, early TCP, and late TCP
grains contained an average of 131.3 + 13.1, 16.7 + 3.5,
and 11.3 + 1.5 copies of mtDNA, respectively, whereas
in the atm20 mutant, early BCP, early TCP, and late TCP
grains contained an average of 144.7 + 6.1, 83.7 + 12.9,
and 17.0 = 1.0 copies per pollen grain, respectively
(Supplemental Fig. S8). These values point to the quan-
titative difference in the progression of mtDNA deg-
radation between Col-0 and atm20 pollen. Therefore,
approximately 90% of mtDNA ([131.3 - 11.3]/131.3)
was degraded during Col-0 pollen development, with
87% degradation ([131.3 - 16.7]/131.3) occurring in
BCP cells. In AtM20 knockout plants, however, a total
of 88% of mtDNA ([144.7 - 17.0]/144.7) was degrad-
ed during pollen development, with 42% degradation
occurring in BCP cells ([144.7 - 83.7.0]/144.7) and 46%
occurring in TCP cells ([83.7 - 17.0]/144.7). Therefore,
the absence of AtM20 in pollen mitochondria led to de-
layed mtDNA degradation, indicating that AtM20 par-
ticipates in the down-regulation of mtDNA in pollen. A
complementary experiment showing that transformation
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of the atm20 mutant with the AtM20 coding sequence
rescued the impaired down-regulation of mtDNA
(Supplemental Fig. S9) supported this conclusion.

Plants Lacking AtM20 Exhibit Normal Somatic Growth
and Reproduction

As indicated above, we detected AtM20 transcripts
in leaves, roots, stems, and siliques (Fig. 3B), although
the transcript levels were much lower than that in pol-
len. This finding suggests that AtM20 might function in
these somatic cells. After careful examination of atm20
plants, however, we did not identify any alterations
in vegetative growth or reproduction. Plant and seed
development and morphology were normal in the
mutant (Supplemental Fig. S10). We did not detect
abnormalities in reproductive growth, including flower
and pollen morphology (Fig. 6, A and B), pollen viability
and germination (Fig. 6, B to F), pollen tube growth
(Fig. 6G), or seed development (Fig. 6H). In addition,
we quantified the relative levels of mt- and plastid
DNA in leaf cells of Col-0 and atm20 plants. Again, no
significant differences were detected between the lines
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Figure 6. Normal reproductive growth and pollen germination in the
atm20 mutant. A, Single flowers from Col-0 and atm20 plants. Bars,
1 mm. B, Pollen grains from Col-0 and atm20 plants stained with
Alexander solution. Bars, 50 pm. C, Col-0 and atm20 pollen germi-
nated in vitro. Bars, 50 ym. D, Pollen germination in vitro. Error bars
represent the sp (n = 3). E, Col-0 and atm20 pollen germinated in vivo.
Bars, 50 pm. F, Pollen germination in vivo. Error bars represent the sp
(n = 3). G, Pollen tube growth in vivo. Bars, T mm. H, Immature Col-0
and atm20 seeds. Bars, 5 mm.

(Supplemental Fig. S11). These results suggest that the
function of AtM20 in somatic cells is not as crucial as
that in pollen.

The degradation of mtDNA during pollen devel-
opment is crucial for normal respiration in pollen.
The presence of high levels of mtDNA (approximately
130 copies/TCP) induced by blocking its degradation
resulted in reduced male competence (Cai et al., 2015).
In the current study, we found that late TCP cells with
knockout of AtM20 had 17.0 + 1.0 copies of mtDNA
(Supplemental Fig. S8), which is significantly higher
than the 11.3 + 1.5 copies detected in Col-0 TCP (P <
0.05). To determine whether this higher mtDNA copy
number affects male competence in the mutant, we
performed reciprocal crosses between Col-0 and het-
erozygous atm20 plants. The transmission efficiency
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of atm20 through male or female gametes was not sig-
nificantly reduced (Supplemental Table S1). These
results indicate that although knockout of AtM20 leads
to a significant increase in mtDNA levels in TCP, these
increased levels do not appear to affect pollen tube
growth or fertilization.

DISCUSSION

Many important biological processes, such as pro-
gramed cell death, DNA repair, gene transmission and
organ or cell senescence require the participation of
DNase to cleave or degrade DNA molecules. We re-
cently searched the Arabidopsis genome using DNase
as a query and detected more than 50 open reading
frames that are predicted to encode proteins with puta-
tive DNase activity (http://www.arabidopsis.org/
index.jsp). This finding indicates that plants contain
a wide variety of DNase molecules. An earlier study
using an in-gel assay detected 13 independent DNase
molecules from rice (Oryza sativa) leaves (Sodmergen
etal., 1991), pointing to the complexity of the molecular
backgrounds and functions of plant DNases. Due to
the importance of DNA hydrolytic activity for numer-
ous biological processes in plants, many studies have
focused on identifying specific DNase molecules in
particular plant cells, showing that they participate in
plant defense responses (Mittler and Lam, 1995), leaf
senescence (Canetti et al., 2002), flower and embryo
development (Lombardi et al., 2007; Gu et al., 2011),
xylem formation (Chen et al., 2012), and other pro-
cesses (see Sakamoto and Takami, 2014, for review).
However, in most studies performed to date, DNase
molecules were identified indirectly based on in-gel
activity, and there is little evidence that these molecules
cleave or degrade DNA in vivo (Sakamoto and Takami,
2014). This can at least be partially attributed to a com-
mon molecular characteristic of DNases, namely, their
very low abundance in cells despite their sufficiently
high activity, impeding the direct purification and
characterization of these molecules. In this study,
through repeated purification based on the molecular
features of DNases, we succeeded in obtaining the
minimal amount of purified M20 (lower than the limit
of silver staining, presumably 1 ng; Fig. 1E; Supple-
mental Fig. S1) required for LC-MS analysis from more
than 10 kg of fresh maize pollen. Due to the difficulty
in directly identifying DNases, we adopted different
purification methods, verifying the successful identi-
fication of M20.

The very low abundance of DNase impedes the study
of cellular localization, as well. Our result showed the
existence of AtM20 transcripts in root, leaf, and stem
cells (Fig. 3B), agreeing with the microarray data show-
ing constitutive expression of the gene in Arabidopsis
(Supplemental Fig. S3). The fluorescence signals of
AtM20-GFP, however, were undetectable from the cells
except for in pollen (Supplemental Fig. S4). We believe
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that such conflictions may be a normal condition in the
study of DNase, a protein factor with cellular abun-
dance as low as near the limitation of fluorescence
detection. The subcellular localization of AtM20 is
a similar case. Our result confirmed the localization
within mitochondria (Fig. 3C; Supplemental Fig. 54).
This accordingly could not exclude the possibility for
a dual-localization of AtM20 in another DNA-containing
organelle, plastids, although knockout of AtM20 does
not affect the degradation of plastid DNA during pollen
development (Supplemental Fig. S12). In fact, prediction
programs suggest both mitochondria (Nair and Rost,
2005) and plastids (Emanuelsson et al., 2000) as potential
targets for AtM20.

The regulation of mtDNA levels is another import-
ant biological process that requires the participation
of DNase. Unlike the nuclear genome, in which stable
levels of chromosomes are usually maintained in dif-
ferentiated cells, mitochondrial genome levels are reg-
ulated via the dynamic balance between continuous
replication and turnover (Clay Montier et al., 2009).
Although mitochondrial DNase is thought to be in-
dispensable for mtDNA turnover and down-regulation,
little is known about this molecule in plants or animals.
To the best of our knowledge, DPD1 is the first mito-
chondrial DNase that was shown to degrade mtDNA in
vivoin Arabidopsis. DPD1isa plastid-and mitochondrial-
localized exonuclease associated with the down-
regulation of plastid and mtDNA in pollen to the
minimum required levels (Matsushima et al., 2011;
Shen et al., 2015), providing the first direct evidence
for the participation of DNase in the regulation of
mtDNA levels. In flowering plants including Arabi-
dopsis, mtDNA is significantly down-regulated during
pollen development to approximately 10 copies (the
minimum required level) per pollen grain (Wang et al.,
2010). Impeding this down-regulation results in in-
creased ROS levels, impaired ATP production and
reduced male competence (Cai et al., 2015).

In this study, we identified the endonuclease M20, a
plant mitochondrial DNase, providing direct evidence
for the molecular participation of DNase in mtDNA
down-regulation. The discovery of M20 in the mito-
chondria does not conflict with the reported function
of DPDI, but rather, it helps elucidate the molecular
mechanism underlying mtDNA degradation, as the
exonuclease DPD1 requires the participation of an en-
donuclease when degrading circular mtDNA. Our
in vitro assay showing the rapid digestion of plasmid
DNA by DPD1 in the presence of AtM20 (Fig. 7A)
supports this idea. To provide a clearer picture of the
roles of AtM20 and DPD1 in regulating mtDNA levels
in pollen, we quantified mtDNA in the pollen of
DPD1-knockout plants. The BCP, early TCP, and late
TCP cells possessed 141.7 +13.6,116.7 + 8.1, and 106.0 +
16.5 copies of mtDNA (Supplemental Fig. S13), respec-
tively. These results confirm that mtDNA degradation
in pollen is impeded in the absence of DPD1, which
is in agreement with previous results (Matsushima
etal.,, 2011). Considering that 120 copies of mtDNA are
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degraded in Col-0 pollen during pollen development
(131.3 [BCP] - 11.3 [late TCP]), Supplemental Figure
S8], our analysis suggests that DPD1 may induce ap-
proximately 70% ([120 - (141.7 - 106)]/120) of this deg-
radation, thereby playing a dominant role in mtDNA
down-regulation in pollen. Therefore, the remaining
30% of mtDNA degradation might be performed by
AtM20 and perhaps other, yet-to-be-identified, DNases.
Although the progression of mtDNA degradation
was quite slow in atm20 pollen, late TCP grains had
mtDNA levels (17.0 copies/pollen) very close to the
minimum appropriate value (11.3 copies in Col-0;
Fig. 7B). These results strongly suggest that the endo-
nucleases within pollen mitochondria play redundant
roles (Fig. 7C). The identification of M30, with lower
in-gel activity than M20 (Fig. 1B), and the slow mtDNA
degradation in the absence of AtM20 are in accordance
with this suggestion. Thus, completely elucidating
the molecular mechanism underlying mtDNA down-
regulation would require the characterization of addi-
tional endonucleases such as M30.

The aim of this study was to reveal the molecular
mechanism underlying mtDNA down-regulation, an
important component in maintaining the balance of
mtDNA levels in eukaryotic cells. We identified the
mitochondrial endonuclease M20, developed a work-
ing model for its activity in conjunction with the ex-
onuclease DPD1, and proposed the existence of other
endonuclease molecules in mitochondria. The possible
molecular redundancy of endonuclease activity high-
lights the complexity of the mechanism underlying
mtDNA down-regulation. We also demonstrated that
AtM20 is extensively transcribed in various tissues of
Col-0 plants (Fig. 3B; Supplemental Fig. S3) but that
mtDNA levels are not altered in the leaf cells of AtM20
knockout plants (Supplemental Fig. S11). This finding
indicates that the absence of AtM20 has little or no ef-
fect on somatic cells, which is in agreement with the
absence of other phenotypes in pollen (Fig. 6; Supple-
mental Fig. S10). Similar phenomena were observed
in DPD1 knockout plants. Although DPD1 transcript
levels are much higher than AtM20 transcript levels
in various tissues (Tang and Sakamoto, 2011), neither
vegetative development nor mtDNA levels are ab-
normal in the somatic cells of DPD1 knockout plants
(Matsushima et al., 2011). The insensitivity of mtDNA
to the knockout of mitochondrial DNases adds another
level of complexity to our understanding of the reg-
ulatory mechanism of mtDNA in the somatic cells of
plants. Perhaps this effect is due to the redundancy of
DNase activity in somatic mitochondria. Alternatively,
a balanced reduction in mtDNA duplication may also
help stabilize mtDNA copy number in DPD1 or AtM20
knockout plants. Therefore, pollen cells, which exhibit
almost complete silencing of mtDNA duplication and
protection factor genes (such as genes encoding PolIA,
single-stranded DNA binding protein, SSB, and
WHIRLY2; from the array data by Honys and Twell,
2004), may serve as an ideal model for further analyzing
the down-regulation of mtDNA.
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Figure 7. Possible role of AtM20 in the down-regulation of mtDNA. A, In vitro assay showing rapid DPD1-induced digestion of
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and S13). Error bars represent the sp (n = 3). C, Schematic diagram of the degradation of mtDNA by endo- and exonucleases.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Zea mays pollen was collected from cultivar Zhengdan 951. Arabidopsis
(Arabidopsis thaliana) ecotype Col-0 was used as wild-type plant material for
the mutagenesis experiments. Arabidopsis seeds were first germinated on
50% Murashige and Skoog medium containing 3% (w/v) Suc and solidified
with 0.8% (w/v) agar. The seedlings were transferred into soil and grown in a
greenhouse at 22°C with a light/dark cycle of 16 h/8 h.

Mitochondria Purification from Zea mays Pollen

Zea mays pollen grains (14,100g) were collected for purification. All pro-
cedures were carried out at 4°C. Pollen grains were collected in 1,000 mL of
pretreatment buffer (30 mm 3-(N-morpholino)propanesulfonic acid buffer
(MOPS) [pH 7.3], 1 mm EDTA, 0.2% [w/v] bovine serum albumin, 30% [w/V]
Suc), suspended for 30 min, and transferred into shock buffer (30 mm MOPS
[pH 7.3], 1 mm EDTA, 0.2% [w/v] bovine serum albumin, 13% [w/v] Suc) to
burst. The mixture was centrifuged for 5 min at 500¢. The suspension was
collected, filtered through a 20-um pore nylon mesh filter, and centrifuged for
10 min at 4,000g. The supernatant was then centrifuged for 20 min at 11,800g,
and the pellet (crude pollen mitochondria) was resuspended with 50 mL wash
buffer (30 mm MOPS [pH 7.3], 1 mm EDTA, 13% Suc) and centrifuged for
5 min at 1,000¢ to separate the nuclear and plastid material. The supernatant
was centrifuged for 15 min at 12,000g to precipitate the mitochondria pellet.
The pellet was resuspended with 5 mL wash buffer, and the suspension was
loaded onto a buffer gradient (90 mm MOPS [pH 7.3], 1 mm EDTA, with Suc
content of 20% [10 mL], 40% [6 mL], and 50% [10 mL]) in 50-mL tubes (the gradient
buffer was prepared just before use). Next, the samples were ultra-centrifuged
for 1 h at 18,000g using a swinging rotor (centrifuge, Optima L8-80XP, Back-
man; rotor, SW32Ti). The purified mitochondria were collected within the in-
terface between the 40% and 50% Suc sections. The mitochondria were then
diluted twice with wash buffer and centrifuged for 20 min at 21,0008. The pellet
was resuspended, frozen in liquid nitrogen, and stored at —~80°C.

Fluorescence and Electron Microscopy

For the fluorescent microscopy experiments, the mitochondria were
stained with 500 nm MitoTracker Green FM (Thermo Fisher) for 15 min and
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observed under an inverted epifluorescence microscope (Leica DMI6000 B).
Photomicrographs were captured with a CCD camera (Leica DFC420) using
the Leica Application Suite (V4.2).

For the electron microscopy experiments, purified mitochondria were
fixed, embedded, sectioned, and photographed using an electron microscope
(JEOL-1010) according to a described protocol (Ma et al., 2017).

Protein Purification and Identification from Mitochondria

All purification steps were carried out at 4°C, and every chromatography
step was carried out using an automatic fast protein liquid chromatography
(FPLC) station (Amersham Pharmacia Biotech).

Purified mitochondria were resuspended in mitochondria lysis buffer
(100 mm Tris-HCI [pH 8.0], 2% Triton X-100, 15 mm EDTA, 200 mm NaCl, 1 mm
phenylmethylsulfonyl fluoride, 0.1% f-mercaptoethanol) and homogenized at
500 rpm for 40 min. The sample was shaken on ice for 20 min and centrifuged
for 20 min at 9,000g, after which the supernatant was obtained as total protein
sample from the pollen mitochondria.

After obtaining total protein samples from pollen mitochondria, ammonium
sulfate was added to reach a final concentration of 1.17 m. After rotating the
mixture on ice for 30 min, the sample was centrifuged for 20 min at 11,000g.
Ammonium sulfate was added to a final concentration of 1.95 M, and the mix-
ture was stirred for 30 min. The sample was centrifuged for 20 min at 11,000g.
The precipitate was resuspended with buffer A (50 mm Tris-HCI [pH7.5], 0.1%
3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS),
200 mm Suc, 1 M ammonium sulfate), rotated for 20 min, and centrifuged for
20 min at 11,000g. The supernatant was applied to a phenyl sepharose 6 Fast
Flow column (GE Healthcare). Before running, the column was pre-equilibrated
with binding buffer (50 mm Tris-HCI [pH 7.5], 0.1% CHAPS, 200 mm Suc,
1 M ammonium sulfate) at a flow rate of 1 mL/min. After loading the sam-
ple on the column, it was eluted in a 50-mL linear gradient of elution buffer
(50 mm Tris-HCI [pH 7.5], 0.1% CHAPS, 200 mm Suc) at a flow rate of 1 mL/
min. Fractions of 3 mL were collected and numbered, and their nuclease ac-
tivity was tested. The obtained elution fractions were divided into two parts,
which were used in different purification flow paths.

For one part, the sample was dialyzed overnight, concentrated, and loaded
on a RESOURCE S IEX column (GE Healthcare) equilibrated with 3 column
volumes of binding buffer (50 mm Tris-HCI [pH 7.5], 0.1% CHAPS, 0.1%
f-mercaptoethanol) at 5 mL/min. The column was eluted with 20 column vol-
umes of a linear gradient (from 0% to 100%) of elution buffer (50 mm Tris-HCl
[pH 7.5], 0.1% CHAPS, 1 m NaCl, 0.1% p-mercaptoethanol) at a flow rate of
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1 mL/min. Fractions of 1 mL were collected and numbered, and their
nuclease activity was tested. The fractions with the most enzymatic activity
were concentrated to 500 uL. Each sample was expanded to 1 mL by adding
500 pL of loading buffer (5% acetonitrile, 0.1% trifluoroacetic acid) prior to
HPLC. For the HPLC analysis, a SunChrom C8 5-um column was used with a
linear gradient of acetonitrile in water (0-100% [v/v], over 160 min) contain-
ing 0.1% trifluoroacetic acid. The flow rate was maintained at 0.5 mL/min.
The area of each product peak was collected, and each peak was identified
by LC-MS.

For the other part, the sample was loaded on a Superdex-7516/60 gel-filtration
column. This column was pre-equilibrated with 150 mL of binding buffer
(50 mm Tris-HCI [pH 7.5], 0.1% CHAPS, 150 mm NaCl, 0.1% p-mercaptoethanol)
at a flow rate of 1 mL/min. The column was eluted with binding buffer at a
flow rate of 0.5 mL/h. Fractions were collected and assayed for M20 activity.
The active fractions from the gel-filtration column were treated at 100°C for 20 s
and centrifuged for 10 min at 17,000g. The samples were subjected to 12.5%
SDS-PAGE, after which the positive bands were cut and analyzed by LC-MS.

LC-MS/MS Protein Identification

The gel bands containing the protein sample were manually excised. Each
of the protein bands was digested individually. The protein bands were cut
into small plugs and washed twice in 200 mL of distilled water for 10 min.
The gel bands were dehydrated in 100% acetonitrile for 10 min and dried in
a Speedvac (Labconco) for approximately 15 min. Reduction (10 mm dithio-
threitol in 25 mm NH,HCO, for 45 min at 56°C) and alkylation (40 mwm iodo-
acetamide in 25 mm NH,HCO, for 45 min at room temperature in the dark)
were performed, after which the gel plugs were washed twice with 50% ace-
tonitrile in 25 mm ammonium bicarbonate. The gel plugs were then dried us-
ing a Speedvac and digested with sequence-grade modified trypsin (40 ng for
each band) in 25 mm NH,HCO, overnight at 37°C. The enzymatic reaction was
stopped by adding formic acid to a 1% final concentration. The solution was
then transferred to a sample vial for LC-MS/MS analysis.

LC-MS/MS analysis was performed using a Thermo Fisher Finnigan LTQ
linear ion trap mass spectrometer in line with a Thermo Fisher Finnigan Sur-
veyor MS Pump Plus HPLC system. Tryptic peptides generated as described
above were loaded onto a trap column (300SB-C18, 5 x 0.3 mm, 5 um parti-
cle; Agilent Technologies), which was connected through a zero-dead-volume
union to a self-packed analytical column (C18, 100 pm 4.6 x 100 mm, 3 pm
particle; SunChrom). The peptides were then eluted over a gradient (0%—45%
B over 55 min, 45%-100% B over 10 min, where B = 80% acetonitrile/0.1% for-
mic acid) at a flow rate of 500 nL./min and introduced online into the linear ion
trap mass spectrometer (Thermo Fisher) using nano-electrospray ionization
(ESI). Data-dependent scanning was incorporated to select the five most abun-
dant ions (one microscan per spectra, 1.0 m/z precursor isolation width, 35%
collision energy, 30 ms ion activation, 90 s exclusion duration, repeat count 1)
from a full-scan mass spectrum for fragmentation by collision induced disso-
ciation (CID).

The MS data were analyzed using SEQUEST against the Zea mays database,
and results were filtered, sorted, and displayed using Bioworks 3.2. Peptides
with +1, +2, or +3 charge states were accepted if they were fully enzymatic and
had a cross correlation (Xcorr) of 1.90, >2.5, and >3.0, respectively. The follow-
ing residue modifications were allowed in the search: carbamidomethylation
on Cys and oxidation on Met. The search was made with a peptide tolerance
of 3 Amu and a fragment ion tolerance of 1.0 Amu.

Nuclease Activity Assay

In-gel SDS-PAGE zymography for detection of nuclease activity was
performed as previously described (Rosenthal and Lacks, 1977). The reaction
buffer (25 pL) consisted of 10 mm Tris-HCI, 0.1 mm EDTA (pH 8.5), 5 mm
MgCl,/CaCl,/ZnSO,/MnS0O,, and 0.1% f-mercaptoethanol.

For the inhibition analyses using purified M20 and the expressed fusion
proteins, the reaction buffer (25 uL) consisted of 10 mm Tris-HCI, 0.1 mm EDTA
(pH 8.5), 5 mm MgCl,, 0.1% p-mercaptoethanol, and DNA substrates (250 ng of
pUC18 plasmid or 1 pg of salmon sperm DNA). Proteins (2.5 ug) were added
to initiate the reaction. The reactions were conducted at 37°C and complet-
ed by adding stopping buffer (1% [w/v] SDS, 50% [v/v] glycerol, and 0.05%
[w/v] bromophenol blue). The reaction products were subjected to 1% (w/v)
agarose gel electrophoresis. The gel was visualized by a UV video capture sys-
tem (HEROS BIO) after staining with ethidium bromide.
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Bioinformatics and Phylogenetic Analysis

We used the NCBI (http://www.ncbi.nlm.nih.gov/) and TAIR (http://
www.arabidopsis.org) databases to analyze the genetic sequences of M20
and AtM20. To generate the phylogenetic tree, the M20 (ACG45136) protein
sequence from Zea mays was used to perform a BLAST search in NCBI that
identified sequences with high similarity. These sequences were imported
into ClustalW (gap open penalty, 11; gap extension penalty, 1, BLOSUM®62) for
alignment. Phylogenetic analysis was conducted using MEGA version 4.0 with
the neighbor-joining algorithm. All parameters were set to their default values.

RNA Extraction and RT-PCR

Total RNA was extracted from maize and Arabidopsis tissue samples
using Trizol reagent (Invitrogen) according to the manufacturer’s instructions.
To synthesize the complementary DNA (cDNA), total RNA was reverse-
transcribed using the PrimeScript first Strand cDNA Synthesis Kit (TaKaRa).

Plasmid Construction

Construction for Recombinant Protein Expression and
Site-Directed Mutagenesis

The M20 coding sequence (CDS) was PCR amplified with M20_F and
M20_R primers (all primers are listed in Supplemental Table S2) from maize
cDNA. The fragment was cloned into the BamHI and NotI sites of pGEX-4T-1
to generate the pGEX-M20 vector. pET28a-AtM20 was constructed by ampli-
fying the AtM20 CDS with AtM20_F and AtM20_R from Arabidopsis Col-0
cDNA, and the fragment was cloned into the Ncol and HindlIll sites of the
pET28a plasmid.

To perform site-directed mutation of M20 and AtM20, PCR-based site-
directed mutagenesis was performed with primers (M20_m1 and M20_m?2 for
M20; AtM20_m1 and AtM20_m2 for AtM20) using the QuickChange Multi
Site-Directed Mutagenesis Kit (Stratagene) according to the instruction manual.
The altered fragments (H82D, N96A, or N105A for M20; H92D, N106A, or
N115A for AtM20) were sequenced and subcloned into PBI121-355  -GFP to
generate three PBI121-355 -AM20(H82D/N96A /N105A)-GFP plasmids and
355Pm—AAtM20(H92D/ N106A/N115A)-GFP plasmids, respectively. PBI121-
355,,,-GFP was constructed by modifying pBI121-JGB, _-GFP (Ju etal., 2016) by
replacing the JGB promoter with the CaMV 35S promoter. Finally, the AM20-
GFP and AAtM20-GFP fragments were each cloned into the pET28a plasmid.

Construction for Spatiotemporal Expression Analysis

To construct pBI121-AtM20, -GUS, a 1,718-bp fragment upstream of the
start codon of AtM20 (termed the AtM20 promoter) was amplified with At-
M20pro_F and AtM20pro_R from Col-0 genomic DNA and cloned into the
HindlII and Smal sites of the pBI121 vector.

For the subcellular localization assay, three constructs were made: pGreen-
355,,,-AtM20-GFP and pGreen-355, -GFP for transient expression in Nicoti-
ana benthamiana leaf cells and pBI121-AtM20 -AtM20-GFP for stable trans-
formation of Arabidopsis. To construct pGreen—355pm—GFP, the 35S promoter
was amplified with the XhoI-35S_F and 35S-HindIII_R primers, and GFP was
amplified with HindIII-GFP_F and GFP-EcoRI_R. These two fragments were
cloned into the Xhol and EcoRI sites of the pGreen0179 plasmid. To construct
pGreen—3SSpm-AtM20—GFP, the AtM20 CDS (without a stop codon) was am-
plified with the HindIlI-AtM20_F and AtM20-G5-EcoRI_R primers from
Arabidopsis Col-0 cDNA and cloned into the HindIIl and EcoRI sites of the
pGreen0179 plasmid. Next, the MCS fragment between EcoRI and Xbal was
replaced with the GFP fragment.

To construct pBI121-AtM20, -AtM20-GFP, the AtM20 promoter was ampli-
fied with KpnI-AtM20Pro_F and AtM20Pro-XhoI_R from Col-0 genomic DNA,
and the AtM20 CDS (without a stop codon) was amplified with XhoI-AtM20_F
and AtM20-Spel_R from Col-0 cDNA. These two fragments were ligated into
the Kpnl and Spel sites of the PBIlZl-]GBpm-]GB-GFP vector (Ju et al., 2016).

Construction for Genetic Complementation

The pBI121-AtM20, -AtM20 vector was constructed by ligating the AtM20
promoter fragment and AtM20 CDS fragment into the pBI121 vector between
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the Kpnl and Sacl sites. The AtM20 promoter was amplified with the Kpnl-
AtM20Pro_F and AtM20Pro-XhoI_R primers from Col-0 genomic DNA, and
the AtM20 CDS was amplified with Xhol-AtM20_F and AtM20-SacI_R from
Col-0 cDNA.

Transient and Stable Genetic Transformation

Plasmids were introduced into Agrobacterium tumefaciens. For transient trans-
formation, the transformants were used to infiltrate Nicotiana benthamiana leaves
as described previously (Waadt and Kudla, 2008). After 48 h, the infiltrated
leaves were enzymolyzed with enzymolysis buffer (0.1% [w/v] pectinase Y-23,
1% [w/v] cellulose-RS, 0.4 M mannitol, 20 mm 2-(N-morpholino)ethanesulfonic
acid (MES) [pH 5.5], 100 nm MitoTracker Red CMXRos, Thermo Fisher) and sub-
jected to observation using a confocal microscope (Olympus FV3000). For stable
genetic transformation, plants were treated with Agrobacterium tumefaciens strain
GV3101 via the floral-dipping method (Clough and Bent, 1998).

Recombinant Protein Expression

Constructed vectors were transformed into Escherichia coli strain BL21
(TransGen Biotech). Protein induction expression was performed with 1 mm
isopropyl f-p-1-thiogalactopyranoside in 400 mL of culture medium. M20-GST
and AtM20-His were purified using glutathione sepharose 4 B and ni sephar-
ose 6 Fast Flow (GE Healthcare), respectively, according to the manufacturer’s
instructions.

Expression Pattern Analysis

Histochemical staining for GUS activity was performed using a previously
described method (Ju et al., 2016). RT-qPCR was used to determine the spatial
expression pattern of AtM20. Total RNA was extracted from different tissues
(root, stem, leaf, flower, and pollen grains) from Col-0 plants as described
above. A 561-bp fragment of AtM20 was amplified with primer pair AtM-
20RT_F and AtM20RT_R to evaluate the expression level of AtM20 in different
tissues and at different stages. The housekeeping gene histone H3 (At4g40040)
was used for normalization (primers H3_F and H3_R). The PCR products
were checked by 1.5% agarose gel electrophoresis.

Mutant Verification

All T-DNA insertion alleles in AtM20 were obtained from the ABRC
(CS825515, SALK-084907, SALK-113210, SALK-140217, and SALK-140219)
and the GABI-Kat (934A04) seeds center. Total genomic DNA was isolated by a
cetyl-trimethyl-ammonium bromide protocol (Murray and Thompson, 1980).
Gene-specific primers (see Supplemental Table S2), together with the Lbal/
TP primer (http:/ /signal.salk.edu/tdnaprimers.2.html), were used to test the
T-DNA insertion lines.

Generation of atm20 Mutants Using CRISPR-Cas9
Technology

For each AtM20 targeting site, two complementary 24-bp oligonucleotides
with a 20-bp target sequence were synthesized (sequences of the synthesized
DNA oligos are shown in Supplemental Table S2). The oligo pairs were an-
nealed to generate three double-stranded DNAs with 4-bp overhangs on both
ends and cloned into the BbsI sites of the AtU6-26SK vector (Feng et al., 2013).
Next, the three chimeric sgRNA cassettes between Kpnl and Sall in AtU6-26SK
were cloned into the Kpnl and EcoRI region of the pCambial300 vector, to-
gether with the Sall and EcoRI fragment of the hSpCas9 expression cassette
from SSSpm-Cas9-SK (Feng et al., 2013). The constructed pCambial300 vectors
were introduced into Agrobacterium strain GV3101. Arabidopsis Col-0 wild-
type plants were stably transformed via the floral-dipping method (Clough
and Bent, 1998). Transformants were screened on 1/2 Murashige and Skoog
plates with 40 ng/L hygromycin. The genomic DNA of wild-type and stable
transgenic plants was extracted and used as a template for PCR with specific
primers (Supplemental Table S2) for each site. The PCR products were ana-
lyzed by Sanger sequencing.

Fluorescence Microscopy

To allow direct observation of the mtDNA signal from vegetative pollen
cells, fresh pollen grains were immersed in staining buffer (20 mM Tris-HCI
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[pH 7.7], 0.5 mM EDTA, 1.2 mM spermidine, 7 mM 2-mercaptoethanol)
(Nemoto et al., 1988) supplemented with 10 ug/mL 4’,6-diamino-phenylindole
(Invitrogen) on a glass slide and crushed by the described method (Matsushima
et al., 2011). The samples were examined with an epifluorescence microscope
(DMI 6000B; Leica) and captured with a CCD camera (DFC480; Leica).

Determination of mtDNA Copy Number

The relative mtDNA levels in the total DNA samples were measured by
amplification of the mitochondrial cox1 gene (psbA gene for plastid DNA quan-
tification) and nuclear 18S rRNA gene with specific primers (Supplemental
Table S2; Rowan et al., 2009). Total DNA samples were prepared from pollen
cells and young seedlings. Amplification was conducted using a LightCycler
II Real-Time PCR System (Roche) with SYBR premix ExTaq (TaKaRa). qPCR
was performed in a 10-pL reaction mixture containing 5 mL of SYBR premix
ExTagq, 0.2 mm of each primer, and 40 ng of genomic DNA. The amplification
procedure was 95°C for 10 min followed by 45 cycles of 95°C for 20 s and
60°C for 45 s. The data were analyzed using LightCycler3 software (Roche).
The abundance of mtDNA was normalized to that of 185 rRNA using the AC.
method (Livak and Schmittgen, 2001).

To further evaluate the mtDNA level in atm20 and Col-0 pollen, extracts
from five pollen grains were subjected to PCR. The nad9 gene was amplified
(Matsushima et al., 2011), and the products were subjected to 1.5% (w/v) aga-
rose gel electrophoresis. After staining with ethidium bromide, the gels were
imaged and quantified using software (ImageJ; NIH).

Absolute quantification of mtDNA copy number in single pollen cells was
conducted by a competitive PCR method described by Wang et al. (2010). In
brief, five pollen grains for each quantification were crushed and pretreated
by rapid freezing, thawing, and proteinase K digestion. The resulting mixture
was divided into five aliquots. The mtDNA copy number per pollen grain was
obtained after two rounds of competitive PCR with mitochondrial matR as
the target.

Analysis of Pollen Viability and Pollen Germination

For the pollen viability test, pollen grains were collected from stage
13 Arabidopsis flowers and stained with Alexander stain for 2 h (Alexander,
1969). For in vitro germination, mature pollen grains from newly opened
flowers were collected and placed onto the germination medium (0.01%
[w/v] H,BO,, 5 mm KCl, 5 mm CaCl,, 1 mm MgSO,, and 18% [w/v] Suc,
pH 7.5; 1.5% [w/v] agar; Boavida and McCormick, 2007). To detect the pol-
len tube elongation efficiency, the pre-emasculated wild-type stigmas were
pollinated with 40 to 60 pollen grains. After specific periods of tube growth,
the stigmas were fixed in acetic acid/ethanol (v:v = 1:3) solution, cleared in
8 M NaOH, and stained with Aniline Blue (Mori et al., 2006). The images of
germinated pollen and pollen tubes stained by Aniline Blue in the pistils
were captured with a CCD camera (DFC480; Leica) using a microscope (DMI
6000B; Leica).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: Zea mays M20, ACG45126; Arabidopsis thaliana AtM20, Atlgl18680;
Arabidopsis thaliana DPD1, At5g26940; Oryza sativa Japonica, XP_015613125.1;
Picea sitchensis, ABK21604; Sorghum bicolor, XP_002467035.1; Vitis vinihera,
XP_003634305.1; Selaginella moellendoffii, XP_002992844.1; Physcomitrella patens,
XP_001755719.1.

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Isolation of maize pollen mitochondria and pu-
rification of M20.

Supplemental Figure S2. Sequence alignment and phylogenetic analysis
of M20.

Supplemental Figure S3. Tissue-specific expression pattern of AtM20 pre-
dicted using the Arabidopsis eFP Browser database.
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Supplemental Figure S4. AtM20 levels are elevated in pollen mitochon-
dria.

Supplemental Figure S5. Transcriptional analysis of AtM20 T-DNA inser-
tion mutants.

Supplemental Figure S6. Mutation of AftM20 via CRISPR/Cas9.

Supplemental Figure S7. Preservation of fluorescent signals from organ-
elle DNAin the early TCPs of three additional independent T1 CRISPR/
Cas9 mutant lines.

Supplemental Figure S8. Quantification of mtDNA per pollen grain using
the single-cell-based competitive PCR method.

Supplemental Figure S9. Introducing the AtM20 coding sequence into the
atm20 mutant rescues the impeded mtDNA degradation in the mutant.

Supplemental Figure S10. Plant architecture and reproductive ability of
atm20 homozygous mutants.

Supplemental Figure S11. Organelle DNA in mesophyll cells.

Supplemental Figure S12. Degradation of plastid DNA in pollen vegeta-
tive cells is not affected in the atm20 mutant.

Supplemental Figure S13. Copy number of mtDNA per single dpd1 pollen
grain quantified using the competitive PCR method.

Supplemental Table S1. Segregation analysis via reciprocal crosses be-
tween Col-0 and heterozygous atm20 plants.

Supplemental Table S2. Primers (DNA oligos) used in this study.
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