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" Check for updates Non-Mendelian transmission of mitochondria has been well established across

most eukaryotes, however the genetic mechanism that governs this uni-
parental inheritance remains unclear. Plants in the genus Cucumis, specifically
melon and cucumber, exhibit paternal transmission of the mitochondrial (mt)
DNA, making them excellent models for exploring the molecular mechanisms
underlying mitochondrial transmission. Here, we develop a toolkit to screen
for mutants in mitochondrial inheritance (mti), and use fine mapping to suc-
cessfully identify a mitochondrially targeted endonuclease gene (MTII) con-
trolling mitochondrial transmission. Knockout of MTI1 results in a shift from
paternal to bi-parental inheritance of the mtDNA, confirming the crucial role of
MTII in uniparental inheritance of mitochondria. Moreover, we demonstrate
that MTI1 exhibits robust endonuclease activity both in vitro and in vivo,
specifically expresses in mitochondria of the fertilized ovule within 24 h of
pollination. Collectively, this study reveals that a nuclear-encoded but
mitochondria-targeted gene plays a causative role in governing the non-
Mendelian mitochondrial inheritance, revolutionizing our knowledge about
mitochondrial DNA transmission.

Mitochondrion is the energy-generating powerhouse that plays critical
roles in many cellular processes such as respiration, apoptosis, and
metabolism'. It is a semi-autonomous organelle possessing its own
genome (mtDNA), which governs numerous important cytoplasm-
related traits or diseases, including cytoplasmic male sterility in plants
and Parkinson’s disease in humans®’. Unlike nuclear genes that obey
Mendel’s laws, non-Mendelian inheritance is regarded as the central
dogma for the transmission of mitochondria®. In almost all eukaryotes,
mtDNA is maternally inherited. Although sperm-derived paternal
mitochondria have been shown to enter the oocyte’s cytoplasm after

fertilization, paternal mtDNA is never transmitted to the offsprings>®.
However, how the DNA-containing mitochondria are often transmitted
uniparentally, or conversely, is accidentally biparentally transmitted,
remains a long-standing and unresolved question.

Recently, the copy number of mtDNA in male gametic cells has
been shown to be highly regulated and associated with mitochondrial
inheritance in plants®. Nuclease activity has been implicated in con-
trolling the quantity of mtDNA, and emerging research has identified
nucleases that reduce the copy number of mtDNA during male
gametogenesis®’. Defective in Pollen Organelle DNA Degradation 1
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(DPD1) is one such exonuclease, which was found to be directly
responsible for the reduction of the copy number of chloroplast DNA
(cpDNA) and mtDNA in pollen®. As an exonuclease, DPDI requires the
participation of an endonuclease when degrading circular mtDNA.
M20 is this type of endonuclease, involved in mtDNA degradation in
pollen by acting with DPD1°. Although the proteins encoded by these
cloned genes have been proven to have nuclease activity involved in
the degradation of mtDNA, none have been shown to regulate the
mode of mitochondrial inheritance. That is why when either gene was
knocked out, leakage of paternal mtDNA was only found in a few
progenies'®, suggesting that there must be other mechanisms affecting
transmission of mtDNA. Unfortunately, due to the lack of natural
mutants and efficient tools to study mitochondrial inheritance with
forward genetics, hidden genes that regulate the mode of mitochon-
drial inheritance remain elusive and unresolved.

Maternal inheritance of mitochondria is considered a general
rule, but it is not universal in plants. For instance, paternal inheri-
tance of mtDNA has been observed in the Cucumis species cucumber
(Cucumis sativus L.) and melon (C. melo L.)"2, which are relatively
rare exceptions among Angiosperms. Cucumis is the only genus in
Cucurbitaceae that exhibits paternal inheritance of mitochondria®,
which could serve as a genetic model to explore the important bio-
logical question regarding how paternal mitochondria and their
mtDNA are selectively transmitted to their zygotes after fertilization.
To address this question, we developed a toolkit to screen for key
genes regulating mitochondrial inheritance by crossing with the
mitochondrial mutant MSC16, which exhibits paternally transmitted
mosaic (MSC) phenotypes. Fortunately, we identified an accession
whose progeny displayed biparental inheritance of mitochondria
after pollination by MSC16, along with a restoration of the wild-type
(WT) phenotype. This unique germplasm allowed us to employ for-
ward genetics to clone key genes involved in regulating mitochon-
drial inheritance. Finally, we identified and validated the causal gene
responsible for paternal mitochondrial transmission in cucumber.
Our study provides important genetic evidence behind the non-
Mendelian inheritance of mitochondria and opens new avenues for
further understanding the evolutionary implications of mitochon-
drial genetics.

Results

Development and validation of a unique mitochondria-
specific marker

Paternal transmission of the mtDNA has been well documented in
cucumber and melon”. We previously used a highly inbred line
(MSC16) of cucumber that possesses a paternally transmitted MSC
phenotype on cotyledons and true leaves for genetic analyses of
mtDNA transmission®. The MSC phenotype is associated with under-
representation of specific regions of the mtDNA, resulting in both
reduced transcript numbers and protein abundance of partial mito-
chondrial genes, including the ribosomal protein S7 (rps?)™. As a
result, these gene regions are appropriate for developing molecular
markers that minimize competition between paternal and maternal
mtDNA during PCR detection and efficiently detect maternal mtDNA
leakage in the hybrid progenies”.

When MSCI6 is crossed as the paternal parent to WT maternal
plants, ~96% of progenies show the MSC phenotype and 4% are WT",
This proportion of WT progenies agrees closely with the frequency of
maternal leakage of mtDNA in melon (Supplementary Table 1), when
we evaluated the homogeneity of melon seeds with mitochondrial
markers. Therefore, we inferred that leakage of maternal mtDNA may
occasionally occur in the female gametes of Cucumis plants. Due to
the presence of mtDNA sequences in the nucleus (NUMTSs), genetic
analyses of biparental mtDNA inheritance have been challenging and
remain controversial’®. To validate our hypothesis of leakage of
maternal mtDNA in cucumber, we developed a degenerated cleaved

amplified polymorphic sequence (dCAPS) marker, rps7SNCATO g
determine the origin of mitochondrial polymorphisms in hybrid
progenies (Fig. 1a, b). The marker-assisted results from the poly-
merase chain reaction (PCR) showed paternal transmission of the
dCAPS marker in F; hybrids from reciprocal crosses between Calypso
and MSC16 (n=10) (Fig. 1c), demonstrating the specificity of this
marker for differentiating mtDNA from NUMTs. Maternal mtDNA
was only detected in WT F; hybrids (n=10) from the cross of the
WT cucumber cultivar ‘Calypso’ as the maternal parent with MSC16
as the paternal parent. We also used a segregating population for
marker and phenotype verification, and the results showed that
our newly developed dCAPS marker co-segregated with the MSC
phenotype (n =84, Supplementary Data 1). Therefore, we confirmed
that leakage of maternal mtDNA leads to the occurrence of relatively
rare WT progenies in the cross with MSC16 as the male parent
(Fig. 1d, e).

However, this observation is not in agreement with previous
research proposing that the appearance of rare WT progenies in
crosses with MSC16 as the paternal parent was due to the sorting of the
WT sublimon that exists at low levels in MSC16'*%, Thus, we reasoned
that it should be feasible to screen for mutants that exhibit altered
mtDNA transmission by crossing WT cucumber plants from diverse
germplasm accessions as maternal parents with MSC16 as the paternal
parent and use forward genetics to search for genes affecting mtDNA
transmission.

Screening for natural mutants with maternal transmission of
the mtDNA

We used plants from a core collection of 78 cucumber accessions as
maternal parents in crosses with MSC16 as the male parent, and
successfully identified a cucumber line (P3A) that when crossed as
the female parent with MSC16 as the male produced high numbers
(48/50) of WT progenies and a small number (2/50) of MSC pro-
genies (Fig. 2a and Supplementary Data 2). Based on the rps75N(¢AVT0
marker, we distinguished the source of mtDNA in the progenies from
P3A (?) x MSC16 (J) (n=100). In F; individuals from P3A x MSC16
that exhibited the MSC phenotype, we detected a weaker signal of
WT mtDNA from the maternal parent compared to the WT indivi-
duals (Supplementary Fig. 1). Because a specific threshold of mito-
chondrial numbers seems to affect the progeny phenotype, we
speculated that the copy number of maternal mtDNA may not have
reached the threshold to alter the phenotype from MSC to WT. To
further confirm this, we quantified the mtDNA copy number in
hybrid progenies derived from P3A (?) x MSC16 (&) using Droplet
Digital PCR (ddPCR) and Fast NGS assay for the mitochondrial rps7
gene. The F; individuals (n=8) from P3A (?) x MSC16 (&) exhibiting
MSC phenotype possessed 18.2 +1.9 copies of mtDNA per cell, and
the average percentage of maternal rps7 was 9.2%. Accordingly, the
MSC F; individuals had 16.5+1.1 and 1.7 + 0.9 copies of mtDNA per
cell coming from the paternal and maternal parents, respectively. In
contrast, mtDNA per cell quantified from the F; individuals (n = 8) of
P3A (?) x MSC16 (&) exhibiting WT phenotype was 70.4 + 6.1 copies,
and the average percentage of maternal rps7 was 73.4%. As a result,
the F; individuals with WT phenotype had 18.9 +3.3 and 51.6 +5.5
copies per cell from the paternal and maternal parents, respectively.
This result is a 3.9-fold reduction of mtDNA in the cells of MSC
phenotype progenies relative to WT phenotype progenies. It was
clear that the primary difference between WT and MSC progenies
was the difference in the copy number of the mtDNA from the
maternal parent. These results suggest that the complete recovery of
WT phenotype requires a critical threshold of WT mtDNA from the
maternal parent. Our results reveal that cucumber line P3A produces
a high proportion of WT phenotype progenies when crossed with
MSCI16 as the male parent and shows unique biparental transmission
of mtDNA compared to other Cucumis plants.
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Fig. 1| Development and validation of a mitochondria-specific marker to
determine the origin of mtDNA. a The visual mosaic (MSC) phenotype is asso-
ciated with under-representation in the regions of the mtDNA, and sequence
polymorphism is detected in this region near rps7. b The schematic illustration for
rps7°NCATO dCAPS design for Calypso and MSCI6 lines. ¢ Examples of dCAPS
analysis detecting the sequence polymorphism. In the WT hybrids from MSC16 x
Calypso and the MSC hybrids from Calypso x MSC16, only the band corresponding
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to the paternal parent was detected. The band corresponding to the maternal
parent was detected in all WT hybrids from Calypso x MSC16. The experiment was
repeated three times with similar results. d Hybrids from the crossing of MSC16 as
the female parent with Calypso as the male produced only WT hybrids, because of
paternal inheritance of mtDNA. e Low frequencies of WT hybrids were observed
from crosses with MSC16 as the male. For hybrids from individual fruits, fre-
quencies of WT plants varied from 0% to a high level of 4.4%.

Fine mapping, cloning, and gene editing validation of the MTI1
gene-controlling mitochondrial inheritance

To further dissect the genetic basis of biparental transmission of
mtDNA in cucumber, we established F; and F, families using P3A and
MSC16 (Supplementary Fig. 2), and conducted a genetic mapping
analysis. The F, mapping population (CS21) was obtained by the self-
pollination of randomly selected WT phenotype F; progenies from P3A
(?) x MSC16 (J). The second F, population (CS22) was generated by
crossing WT phenotype F; progenies as the female parent with MSC
phenotype F; progenies as the male. The phenotype of the CS21

mapping population was obtained from the frequencies of WT versus
MSC phenotypes of approximately 100 progenies (F; individuals) from
each 382 F, individual pollinated with MSC16. The results showed a
ratio of 101: 182: 99, fitting a 1: 2: 1 Mendelian ratio (x*=0.87, P=0.65;
Supplementary Data 3). In the second F, population (CS22), 50 WT and
42 MSC phenotypic segregants were observed, fitting a 1:1 segregation
ratio (y*=0.70, P=0.40). All the results supported the presence of a
single nuclear locus controlling mitochondrial inheritance in cucum-
ber P3A. Therefore, we named the locus mitochondrial inheritance 1
(mtil), and it conditions a high frequency of WT progenies in crosses
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Fig. 2 | Identification of the MTI1 locus by map-based cloning. a The phenotypes
of P3A (?), MSC16 (&) and the F; progenies. Red arrows indicate the MSC progenies.
Scale bars, 10 mm. b Positional cloning of the MTI1 gene in cucumber. Preliminary
mapping of the MTI1 using BSA-seq, and fine mapping using KASP markers with 382
F, plants. 30 genes in the candidate region and the MTII were successfully cloned
with in silico analysis. ¢ The genomic organization of the MTI1 (CsaV3 3G040940)

premature termination

gene. Blue boxes represent 5’ and 3’ UTRs, yellow boxes and black lines represent
exons and introns, respectively. There is 1-bp deletion (A909) for P3A line.

d Sequence alignment of the MTII between the parental lines MSC16 and P3A. The
position of the 1-bp deletion (A909) in P3A caused frameshift, resulting a pre-
mature stop codon. The red asterisk indicates the premature STOP codon in P3A.

with MSC16 as the male. Our hypothesis is that the WT allele (MT/1) in
the female gamete conditions alternative degradation of maternal
mtDNA, and that the mtil allele allows the survival of maternal mtDNA,
enabling its transmission to progenies.

To identify the candidate gene for MTI1, we used BSA-seq and fine
genetic mapping to place the MTII locus within a 326 kb region con-
taining 30 predicted genes (Fig. 2b). In silico analysis revealed that only
one gene within this interval harbors a sense mutation leading to a
frameshift variant (Supplementary Table 2), providing strong evidence
for CsaV3 3G040940 as the candidate gene for MTI1. Sequence analysis
of the candidate MTII gene revealed a single-nucleotide deletion
(A909) within exon 8 of CsaV3 3G040940, leading to the premature
termination of translation and production of a truncated protein
(MTI1truc) in P3A (Fig. 2¢, d). CsaV3 3G040940 is predicted to encode
a DNA- (apurinic or apyrimidinic site) lyase belonging to a large gene
family that includes magnesium-dependent endonucleases and phos-
phatases involved in intracellular signaling®.

To confirm whether the mutation in CsaV3 3G040940 is asso-
ciated with the change in mtDNA transmission, we employed CRISPR-
Cas9 technology to construct knock-outs. Cucumber transformation is
extremely genotype-dependent, limiting its efficiency. According to
the previous study, the cucumber line CU2 has been shown to have
very high transformation efficiency®. In addition, we observed that all
the hybrids produced by crossing CU2 (?) with MSC16 (J') exhibited

the MSC phenotype, indicating CU2 contains the WT genotype for the
MTII locus. Thus, we selected CU2 for knockout constructs. We finally
obtained two null mutants (mtil-1 and mtil-2) (Fig. 3a, b). Through our
whole genome sequencing and comparative analysis, off-target
sequences of mtil mutants were identical to those of wild type, rul-
ing out off-target effects (Supplementary Table 3). We observed that
the cross of mtil-1 as the female parent with MSC16 as the male pro-
duced only progenies with the WT phenotype (Fig. 3¢, d and Supple-
mentary Table 4). When crossing heterozygotes at the MTI1 locus as
females with MSC16 as the male parent, the segregations of WT to MSC
progenies fit a 1:1 ratio (Fig. 3¢, d and Supplementary Table 4). Similar
results were obtained with the mti1-2 line. These results clearly support
the hypothesis that the fate of maternal mtDNA is determined by the
allele at the MTII locus in the female gamete. All together, we con-
cluded that the MTII gene (CsaV3 3G040940) controls mitochondrial
inheritance in cucumber. In addition, we observed high variability of
growth rates in progenies of the mtil knockout lines crossing with
MSC16 as the male, particularly in the WT progenies (Fig. 3c). Given
that all these WT progenies had identical nuclear genotypes, the pri-
mary difference between these progenies might be attributed to the
variation in the copy number of the mtDNA from the maternal parent.
This variation may potentially alter mitochondrial genome stability
and result in differences in mitochondrial activity, but further experi-
mental evidence is required.
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Fig. 3 | Functional validation of MTI1 in governing paternal transmission.

a Creation of null mutants of MTI1 using CRISPR/Cas9 carrying a 1 bp deletion (mtil-
1) and a 239 bp deletion (mti1-2) in exons. The sequences of the sgRNA target sites
are underlined, and the protospacer-adjacent motif (PAM) sites are highlighted in
red. b Isolation of gene-edited progeny without Cas9 element by GFP marker within
the self-pollinated progenies of To-1 and To-2. Yellow arrows indicate the plants
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without the CRISPR/Cas9 vector. Scale bars, 1cm. ¢ The phenotype of the hybrids
from the mtil-1, miti-2, (mtil-1 x CU2) and (mtil-2 x CU2) lines as the female parent
crossing with MSC16 as the male. Red arrows indicate the MSC progenies. Scale
bars, 1cm. d The segregation results of hybrids from the crossing of edited female
plants with MSC16 as the male parent. The number represents the proportion of
each phenotype in the hybrid offspring.

MTI1 possesses magnesium-dependent endonuclease activity

Our results have shown that the mutation (A909) in CsaV3 36040940
rendered the protein nonfunctional and allowed maternal transmis-
sion of mtDNA in cucumber. Because MT/I was annotated as a
DNA- (apurinic or apyrimidinic site) lyase, we generated a recombinant
MTI1-His protein (6x histidine-tagged at C terminus) in Escherichia coli
followed by affinity purification, in order to determine if MTI1 has
endonuclease activity in vitro. In addition to the WT MTI1-His gene, we
also expressed a mutant MTI1truc-His from the P3A line. To avoid His
tag missing for purification, we used the truncated sequence to con-
struct the vector for the mutant MTII (Supplementary Fig. 3a). The two
recombinant proteins were purified, and endonuclease activity was
assayed in a standard buffer with the magnesium bivalent cation as a
cofactor (Supplementary Fig. 3b, ¢). The results showed that plasmid
DNA was degraded by MTI1-His during the first 10 min of incubation
(Fig. 4a). In contrast, only a small amount of degradation was detected
in the mutant MTIItruc-His protein. Therefore, we postulated that the
mutation of MTII in P3A occurs in the middle of the coding region, and
the protein may still retain some nuclease activity. Heat-denatured
MTI1 did not degrade plasmid DNA even after 60 min of incubation.
The addition of EDTA inhibited the nuclease activity of MTI1-His,
suggesting that Mg*" is an essential cofactor. When Zn*" or Mn*" was
added as the cation source, the endonuclease showed much lower
activities than Mg?* (Fig. 4a). In conclusion, these in vitro enzymatic

studies indicate that MTII-His possesses a magnesium-dependent
endonuclease activity.

To further test whether MTIL is associated with degradation of
mtDNA in vivo, we constructed 35S promoter-driven overexpression
vectors with the MTI1 transcript fused with GFP and used Agrobacter-
ium rhizogenes strain K599 for cucumber transformation. Quantifica-
tion analysis revealed a 3-fold degradation of mtDNA in hairy-root cells
transformed with MTI1 compared with the control (Fig. 4b), while
there was no significant difference in plastid copy number (Supple-
mentary Fig. 4). Moreover, the GFP signals of the MTI1 transcript were
co-localized with the red fluorescence of Mitotracker Orange-labeled
mitochondria (Fig. 4¢) in cucumber hairy-root cells. Collectively, we
concluded that MTI1 is a nuclear-encoded and mitochondrially tar-
geted endonuclease that determines the transmission of mtDNA by
affecting levels of maternal mtDNA in progenies.

MTI1 degrades maternal mtDNA after fertilization, potentially
by ubiquitination labeling

The mechanism for non-Mendelian transmission of the mtDNA is a
long-standing and unsolved question?, and different mechanisms have
been proposed to explain the mode of mitochondrial inheritance in
plants**?, Two prevalent hypotheses are the ‘simple dilution model’
and ‘active degradation model™. The selective degradation of mtDNA
from one parent has gradually been recognized as the consensus
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Fig. 4 | MTI1 exhibits endonuclease activity involved in the degradation of
mtDNA after pollination. a Endonuclease assay of recombinant MTI1-His proteins.
Effects of heat treatment and EDTA were tested simultaneously as negative con-
trols. Requirements of bivalent cations: magnesium (Mg*"), manganese (Mn*'), and
zinc (Zn**) were tested. The experiment was repeated three times with similar
results. M, DNA marker; OC, open-circular DNA; L, linear DNA; SC, supercoiled DNA.
b Quantitative analysis of mtDNA copy number with the hairy-root materials
overexpressing the transcript of MTI1. Mock, the hairy roots overexpressing RUBY.
MTI1, the hairy-root materials overexpressing MTII and RUBY. Data are means + SD.
Statistical analysis was performed using two-sided student’s ¢ test. **P < 0.01 and

n =6 biological replicates. ¢ Subcellular localization of MTI1-GFP fusion protein in
cucumber hairy-root cells. Red arrows indicate the RUBY-positive hairy roots.
Yellow arrows indicate the mitochondria with GFP and Mitotracker signals. GFP
indicates the fusion protein, MitoTracker fluorescence is the mitochondrial marker,
and the yellow color is the merged image. Scale bars, 40 pm. d-h The development
stages of the cucumber female flower. -2, -1, O days after anthesis (DAA) and 1,

2 days after pollination (DAP). Scale bars, 5 mm. i-m Cross sections of female
flowers hybridized with digoxigenin-labeled antisense probes (red color) to MTI1
transcript. Scale bars, 0.5 mm.

model%, although it is still controversial about the timing of mito-
chondrial degradation prior to or upon fertilization®*?.

Identification of the MTII gene provides a unique opportunity to
leverage our knowledge about mitochondrial inheritance in cucumber.
We designed a specific RNA probe for MTI1 and conducted in situ
hybridization analysis within the ovule and ovary. Hybridization results
demonstrated that MT/1 was primarily expressed within 24 h after
pollination (Fig. 4d-m). Almost no MTII signals were observed in the
ovary or ovule after 24 h of pollination. These results were consistent
with the expression analysis with qRT-PCR in the ovary (Supplemen-
tary Fig. 5). Therefore, we concluded that MT/I-mediated degradation
of the maternal mtDNA specifically occurs shortly after fertilization.
This phenomenon has also been observed in Caenorhabditis elegans

and Drosophila melanogaster, in which a mitochondrial endonuclease
G (EndoG) regulates the degradation of paternal mitochondria after
fertilization”®”’. However, the mutation of EndoG only delayed the
degradation of mtDNA from the paternal parent and did not change
the fundamental fate of mtDNA from the parents. In this study, we
identified a mutation in the MTII gene that altered the fate of mtDNA
from the parents, supporting its key role in regulating mitochondrial
transmission. Our finding that MTI1 is expressed in ovules after ferti-
lization, which is consistent with the ‘digestion of the organelle after
fertilization” hypothesis for mitochondrial inheritance.

In most living organisms, the paternal mitochondria and their
mtDNA are eliminated from zygotes. But why maternal mitochondrial
inheritance predominates in eukaryotes remains an unresolved
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question*®, A reasonable hypothesis is that paternal mitochondria
could be severely damaged by reactive oxygen species during sper-
matogenesis, resulting in higher mutational loads after fertilization®.
However, this hypothesis does not explain the occurrence of bipar-
ental or paternal mitochondrial transmission in some plants, such as in
the genus Cucumis. In addition, how organisms selectively degrade the
mitochondria coming from one of the parents after biparental mtDNA
coexistence in the zygote is another standing question®. To address
this question and reveal the molecular mechanism associated with
MTI1, we performed RNA-seq to identify gene expression changes
between MTII and mtil gene-edited plants. A total of 93 differentially
expressed genes (DEGs) (|fold change| >2 and p < 0.05) were detected,
of which 76 genes including MTI1 were upregulated (higher expression
in MTI1 plants) and 17 genes were downregulated (Supplementary
Data 4 and Supplementary Fig. 6a). KEGG pathway enrichment analysis
was conducted, and protein ubiquitylation was the most significantly
enriched pathways for DEGs. All genes associated with protein ubi-
quitylation were significantly upregulated, indicating that the ubiqui-
tination process may participate in the recognition of target
mitochondria (Supplementary Fig. 6b). Western blot analysis of the
ovaries one day after pollination revealed that the ubiquitination level
of total protein in the knockout line (mitl-1) was significantly higher
than the wild type (CU2) (Supplementary Fig. 6c). Ubiquitination has
been shown to cause degradation of sperm mitochondria and mtDNA
in mammalian zygotes and embryos, ensuring that stringent maternal
inheritance of mtDNA arises from the selective destruction of sperm
mitochondria®**, Similar mechanisms may also exist in plants and
provide for the selective destruction of the mitochondria.

MTI1 exhibits selection footprints in Cucumis during
domestication

MTII encodes a DNA- (apurinic or apyrimidinic site) lyase belonging to
the apurinic/apyrimidinic sites endonucleases (APEs). Plants typically
contain three APE homologous®, as do cucumber and melon. Phylo-
genetic analysis of APE family proteins revealed that plant APEs belong
to three different clades, namely the ARP, APEIL, and APE2 clades,
respectively, and MTI1 clustered with Arabidopsis ARP and human
hsAPE1 clades (Supplementary Fig. 7). However, we did not observe
any clear differentiation of this gene in plants.

Cucurbitaceae is a large plant family that includes 95 genera. To
date, Cucumis is the only Cucurbit genus reported to show paternal
inheritance of mitochondria, which makes the Cucurbit family an ideal
system to explore the evolution of mitochondrial inheritance™.
Maternal mtDNA signals were also detected in hybrids with the
CmMTII knockout line (the MTII homolog in melon) as the maternal
parent (Supplementary Fig. 8a-c), demonstrating that the CmMTI1
plays a similar role to CsMTI1 in cucumber. Therefore, we analyzed the
MTII sequences of 115 cucumber accessions and 171 melon accessions
from different geographic origins (Fig. 5a) using published resequen-
cing datasets®. We identified only two accessions with a non-
synonymous mutation (Supplementary Table 5). Both of these acces-
sions were collected from Zambia, where a high diversity of wild
Cucumis species exists and may be the center of origin for cucumber
and melon. Based on these findings, we questioned whether the
genetic diversity of MTI1 conferred any adaptive advantages and
whether MTI1 experienced selection during domestication and
improvement. Notably, we found that the nucleotide diversity (1) of
the genomic region around MTI1 was much lower in the domesticated
cucumber groups from East Asian, Eurasian, and Xishuangbanna in
comparison to the wild group from India, suggesting that MTII
underwent selection during domestication (Fig. 5b). And we dis-
covered similar domesticated footprints at the region around the
CmMTII locus in melon populations (Fig. 5¢). These results suggest
that MTII has undergone positive selection during the domestication
of Cucumis plants. As a result, only cucumber and melon have evolved

to retain paternal inheritance of mtDNA", a trait seemingly linked to
the selection of MTI1. Taken together, our results provide strong evi-
dence that paternal inheritance of mtDNA in Cucumis is the derived
state, and biparental inheritance of mtDNA is suppressed during the
domestication of Cucumis. However, the biological significance of
paternal transmission in Cucumis needs further study.

Discussion

Non-Mendelian mitochondrial inheritance is a high research priority
for mitochondrial biologists and clinical geneticists®*. It is widely
recognized that the mitochondria in male gametic cells participate in
the fertilization process even in species with known maternal inheri-
tance of mitochondria®**°. The degradation of mtDNA within the male
gametic cells of plants and animals occurs during male gametophyte
development or after fertilization""*’. Increasing studies have found
that nucleases might be the key factors in mitochondrial inheritance. In
Drosophila, EndoG was thought to be the main effector of degradation
of paternal mitochondria through autophagy soon after fertilization®.
In Arabidopsis, DPD1 was the first nuclease to be relevant to the
degradation of mtDNA after mitosis during pollen cell development,
and DPDI expression is associated with the gene Autophagy 7 (ATG?)
that plays a critical role in the autophagy pathway®*’. Endonuclease
M20 was identified based on in-gel detection of endonuclease activity
from pollen, which helps to understand the molecular mechanism
underlying mtDNA degradation, as the exonuclease DPD1 requires the
participation of endonucleases to degrade the circular mtDNA’.
Recently, Chung and colleagues demonstrated that loss of dpdI and
mild chilling stress during male gametogenesis could increase the
frequency of paternal leakage of chloroplasts tobacco (Nicotiana
tabacum), which suggested that both genetic and environmental fac-
tors could affect the organelle inheritance'’. However, mutants of the
above-mentioned genes had no effect on the inheritance mode of
mitochondria, although the paternal mitochondria remained in the
zygote transiently in the EndoG mutant.

Limited research and progress on mitochondrial inheritance are
partially due to a lack of natural mutants and efficient approaches to
detect mitochondrial transmission. The previous reports about rele-
vant genes could only be identified by the degradation of mtDNA
within the male gametic cells. As a result, these genes are supposed to
be primarily involved in the degradation process, rather than deter-
mining the mode of mitochondrial inheritance. Researchers have
demonstrated that mitochondrial degradation in pollen may be wide-
spread for nutrient recycling and unrelated to mitochondrial
inheritance™. In our study, we used the paternally transmitted MSC
mutants of cucumber to identify a natural mutant among 115 cucumber
accessions, which enabled us to pinpoint the key gene determining the
fate of mitochondrial DNA through forward genetics. Remarkably,
paternal inheritance of cucumber mitochondria is controlled by a sin-
gle nuclear gene, MT11, providing direct evidence for the participation
of a nuclear-encoded and mitochondrially targeted endonuclease in
mitochondrial inheritance of plants. As an endonuclease involved in
mtDNA degradation, various factors can influence its activity, poten-
tially leading to leakage of mtDNA. In our in vitro nuclease activity
analysis, the truncated MTI1 exhibited partial endonuclease activity,
which helps explain the presence of a few MSC individuals among
hybrids from P3A x MSC16. Our data also showed that MTI1 activity is
enhanced by Mg”, whereas in the presence of Mn*" or Zn*" the activity
was lower. This finding is consistent with numerous earlier nuclease
studies®*. Our current study provides valuable insights into screening
mutants relevant to mtDNA inheritance. It enables further identification
of additional genes participating in mitochondrial inheritance, thereby
deepening our global understanding of mitochondrial genetic regula-
tion. Currently, organelle transgenic and mitochondrial gene editing
technologies are undergoing breakthroughs***’, which is promising to
create mitochondrial mutants.
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Fig. 5 | Selection footprints of MTII locus in Cucumis during domestication.

a The geographical distribution of 286 Cucumis accessions used in the domes-
tication analysis. A total 115 cucumber accessions were used, consisting of wild
populations (Indian accessions) and cultivated populations (Eurasian, East Asian,
and Xishuangbanna accessions). A total of 171 melon accessions were used,
including wild and cultivated populations. Distributions of the Cucumis plants
across geographic areas are shown as pie charts, colored in green, yellow, and blue,
respectively, with the numbers indicated. The colored lines represent the four

cucumber populations: Indian (green), Xishuangbanna (purple), Eurasian (yellow),
and East Asian (blue). b Genomic region around the CsMTII locus shows evidence of
a domestication sweep. The distribution of 1 is shown for the Indian (green),
Xishuangbanna (purple), Eurasian (orange), and East Asian (blue) populations. The
CsMTI1 is located in the gray region. ¢ Genomic region around the CmMTI1 locus
shows evidence of a domestication sweep. The distribution of 1 is shown for the
wild (light blue) and cultivated (light orange) populations. The CmMTI1 is located in
the gray region.

Another standing question regarding mitochondrial inheritance is
the timing of organelle degradation, that is, before or after fertiliza-
tion. Our research revealed that mitochondrial inheritance is affected
by the MTI1 genotype of the female gametophyte in cucumber. Similar
phenomena have been observed in studies of plastid inheritance*s.
Moreover, we found that the expression of the MTII occurs after fer-
tilization rather than before. This raises the question of how MTI1
distinguishes maternal and paternal mitochondria. Our RNA-seq data

indicated that the expression of MTI1 is primarily associated with the
ubiquitination process. Ubiquitin is a highly conserved peptide that is
covalently linked to protein lysine residues, influencing protein sort-
ing, degradation, or signal transmission depending on the ubiquiti-
nation pattern®’. In Caenorhabditis elegans, ubiquitination is the
primary mechanism responsible for the removal of paternal mito-
chondria through autophagy after fertilization®*>"". Therefore, we
assume that a similar mechanism may exist in plants, where
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mitochondria from one parent may be ubiquitinated and selectively
destroyed after fertilization, resulting in uniparental inheritance of
mitochondria.

While our study established that MTII governs paternal mito-
chondrial transmission, we are still puzzled by why Cucumis plants
exhibit paternal inheritance rather than the more common maternal
inheritance as seen in most eukaryotes. For maternal inheritance, a
reasonable hypothesis is that paternal mitochondria could be severely
damaged by reactive oxygen species created during spermatogenesis
and higher mutational loads after fertilization?**. This hypothesis does
not explain the occurrence of biparental or paternal mitochondrial
transmission in non-canonical examples such as plants in the genus
Cucumis. Although Cucurbitaceae is a big plant family including 95
genera, Cucumis is the only genus found to show paternal mitochon-
drial inheritance. We analyzed the MTII sequences of 115 cucumber
accessions and identified only two accessions with a non-synonymous
mutation. Both of these accessions were collected from Zambia, which
has a high diversity of wild Cucumis species and may be the center of
origin for cucumber and melon®. Presumably, understanding why
Cucumis plants developed the paternal transmission of mitochondria
will shed light on the elucidation of evolutionary trade-offs about the
non-Mendelian inheritance. Previous studies have shown that mito-
chondrial inheritance might be associated with sex determination®,
For example, mitochondrial inheritance can be directly controlled by
sex-determining genes in the fungus Phycomyces blakesleeanus, and
mtDNA itself could be a key factor in sex determination. The non-
canonical genetic systems of mtDNA transmission are often found in
organisms with unusual sexual determination, which is consistent with
Cucumis species that show paternal mitochondrial transmission and
complex genetic control of sex determination®* ", Interestingly, MTI1 is
homologous to animal and human APEX1. The variants of APEXI in
animals and humans are strongly associated with embryonic develop-
ment and female reproductive organ disease, like breast, cervical, and
ovarian cancers”. Genes that control mitochondrial inheritance might
be associated with sex determination or reproductive organ develop-
ment, and it may be worthwhile to combine mitochondrial inheritance
with sex determination or reproductive organ development.

In summary, our study reveals a nuclear-encoded but
mitochondria-targeted gene that acts as a switch-on/off in controlling
the non-Mendelian mitochondrial inheritance. Accordingly, we pro-
posed a model for mitochondrial inheritance in Cucumis plants (Fig. 6).
When the egg cell carries the WT MTII allele, maternal mtDNA is
degraded after fertilization, and paternal mtDNA predominates in the
zygote and eventual embryo. In egg cells carrying the mutant mtil
allele, maternal mtDNA remains after fertilization, and biparental
mtDNAs co-exist in the zygote. Our studies revealed the transcript
diversity and functional differentiation of MTII gene in Cucumis. As
endonucleases are ubiquitously present and highly conserved in living
organisms, these findings will contribute to our understanding of how
non-Mendelian inheritance of mitochondria was shaped during evo-
lution. Besides, we observed selection footprints of MTII during
Cucumis domestication, but the evolutionary implications as to why
this gene is under selection and why Cucumis plants favor non-
canonical paternal transmission of the mtDNA require further
investigation.

Methods

Plant materials and growth conditions

The melon experiments were carried out using the inbred line DHL92
(Cucumis melo L. subsp. melo), Trigonus (TRI, C. melo L. subsp. agres-
tis), TMR (Cucumis melo L. subsp. melo), Mapao (C. melo L. subsp.
agrestis). DHL92 and TRI were reciprocally crossed to obtain F; hybrids
for detecting maternal leakage of mtDNA. TMR was used to do gene
editing for melon. TMR and Mapao were reciprocally crossed to obtain
F; hybrids for analyzing the transmission of mtDNA. The cucumber

experiments were carried out using the inbred lines Hardwickii (a wild
cucumber), P3A (inbred line from a single plant from USDA PI
401734)', MSC16 (inbred line, selected after passage of the non-
mosaic, highly inbred line B through cell culture)®”, and CU2 (inbred
line)* and the cultivar Calypso®®. The segregated populations were
grown and phenotyped in the greenhouse (Zhejiang Academy of
Agriculture Sciences, Hangzhou, China).

Mitochondrial DNA marker development

The mitochondrial resequencing data of MSC16 were downloaded
from the NCBI (SRR1744691)". The reads were aligned to the mtDNA
reference sequence of ‘Calypso™®’. SNPs were filtered using the criteria
for high quality. All SNPs in the rps7 region were delimited by 195,676
and 283,618 in mitochondrial chromosome 1 and were considered to
be designed for mitochondrial markers. The dCAPS primers design
was performed with the dCAPS Finder 2.0 program, introducing a
single nucleotide mismatch adjacent to the SNP position (SNP posi-
tion: 263660-263661) in the reverse primer that created a Hindlll
restriction site in the amplified PCR product of Calypso but not in
MSC16°. The forward primer was designed with Primer Premier 6.0.
Following PCR reactions, the Hindlll restriction enzyme was added to
the PCR reaction and incubated for 30 min at 37 °C according to the
manufacturer’s instructions (New England Biolabs, United States). Two
microliters of digested PCR products were then mixed with 1 uL of 10x
loading buffer, and subjected to electrophoresis in an 8% poly-
acrylamide gel.

A phenotypic segregation population was created through hybri-
dization (P3A x Hardwickii) x MSC16, including 84 individual plants.
After sowing, collect MSC or wild phenotypes of each individual plant.
Extract the DNA from the first true leaf and use the dCAPS program to
identify the mitochondrial genotypes of each individual plant.

Quantitative RT-PCR analysis

Total RNA was isolated using a Tiangen RNA extraction kit (Tiangen,
China) and then reverse transcribed using Reverse Transcription Kit
with gDNA Eraser (Tiangen, China) following the manufacturer’s pro-
tocol. The RT-gPCR was performed with the StepOne PCR System
(Thermo Fisher Scientific, United States), and amplification was con-
ducted using ArtiCanATM SYBR gPCR Mix (Tsingke, China) with 40
cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s, and
extension at 72 °C for 30 s. The amplification specificity was tested by a
dissociation curve (65-90 °C) to compare the results from different
reactions and samples. At least three independent biological and
technical replicates were tested per sample.

Positional cloning of MTI1

To map the causal gene in the mtil mutant, the F, mapping population
(CS21) was obtained by crossing P3A and MSC16 and then by self-
pollination of the subsequent WT progenies. A total of 382 F, plants
were grown in the greenhouse, and testcrossed with MSC16 as the
male parent, and the frequencies of WT versus MSC testcross pro-
genies were scored to determine the genotype of the F, individual. The
homozygous genotype with the allele (MT/1/MTII) produced >90%
MSC progenies, while homozygotes with the unique allele (mtil/mtiI)
from P3A produced more than 90% WT progenies. The heterozygous
genotype produced approximately equal numbers of WT and MSC
progenies. And a second F, population (CS22) was generated by
crossing WT F; progenies as the female parent with MSC F; progenies
as the male.

BSA-seq (Bulked Segregation Analysis Sequencing) was per-
formed to map the mtil locus with parents and bulked DNA samples of
MTII/MTI1 and mtil/mtil F, plants. Equal amounts of DNA from 30
MTII/MTII and 30 mtil/mtil F, plants were prepared for the bulked
pools. The genomic DNA libraries were re-sequenced with an Illlumina
HiSeq 2500 (500 bp) in Novogene (Beijing, China). The clean data
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allele, maternal mtDNA persists after fertilization, and biparental mtDNAs co-exist
in the zygote.

obtained from the DNA pools were aligned to the ‘Chinese Long’
cucumber reference genome (v3.0)". Variant callings, including SNPs
and indels, were filtered to identify the candidate interval. To further
determine the location of mtil, we developed the Kompetitive Allele-
Specific PCR (KASP) markers based on the genome sequence of the
two parents and determined the genotypes of the recombinants with
these markers®.

To further find the candidate gene, an in silico analysis was per-
formed with re-sequenced cucumber accessions that had the MTI1
genotype®. All the resequencing data of cucumber accessions were
downloaded from the NCBI (SRR2096458, SRR2096471, SRR2096523,
SRR9914340, SRR543284, SRR543239, SRR543255, SRR543211,
SRR543208, SRR543209) and separately mapped on the candidate
region. By comparing the P3A sequence within the localization inter-
val, we successfully identified a candidate gene.

Plasmid construction and plant transformation
To generate the mtil CRISPR-Cas9-edited plants, the binary vector
pBSE402 containing a CRISPR cassette with a functional Cas9 under a

constitutive promoter (CaMV 35S) plus a 35S-GFP expression cassette
was used for plasmid construction (gift from Xueyong Yang, Chinese
Academy of Agricultural Sciences). The single guide RNA (sgRNA)
target site from the N terminus of MTI1 was selected to construct the
pBSE402-sgRNA-MTI1 vector. Then, Agrobacterium cells harboring the
target vector were used to transform the cotyledon explant of
cucumber and melon with a syringe under negative pressure. Cur-
rently, the genotype of the material still limits the genetic transfor-
mation of cucumber and melon, with cucumber CU2 and melon TMR
lines being the most efficient materials employed for transformation®.
In brief, cucumber or melon seeds were sterilized and plated on 1/2
Murashige and Skoog medium (Phytotech, United States) supple-
mented with 2 mg/L of 6-benzylaminopurine (Sigma-Aldrich, United
States) and 1 mg/L of ABA (Phytotech, United States) and incubated for
2d at 28°C. Shoot regeneration, elongation, and rooting were per-
formed. Genomic DNA was extracted from callus and plants using the
Hi-Pure Plant Genomic DNA Kit (Tsingke, China). PCR was performed
using KOD-FX (Toyobo, Japan) and the gene-specific primers listed in
Supplementary Data 5. PCR products were cloned into pEASY-Blunt
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Zero (Transgen Biotech, China), and the MTI1 alleles were identified by
sequencing.

Off-target analysis based on whole-genome resequencing

The genomic DNA was extracted from fresh leaves of T; plants using
CTAB method. DNA sequencing was completed by the biological
company (Novogene, China), with at least 25x coverage depth. The
CRISPR-P 2.0 website was used to seek potential off-target sites by
comparing the sgRNA target sites to the cucumber reference
genome®. The IGV program (V2.8.0) was used to analyze the
sequencing data®.

A. rhizogenes-mediated root transformation

For the construction of the GFP plasmid, we amplified the CDS
sequence of MTII except for the stop codon using KOD plus poly-
merase (Toyobo, Japan). The amplified fragment was digested with
Kpnl and Xbal, and subcloned into the pMDC32-GFP-RUBY vector,
which contains a visible RUBY reporter to the naked eye®®. The plasmid
was used for the A. rhizogenes-mediated root transformation, which
was performed as the following steps®”. Cucumber seedlings with
cotyledons just unfolded were cut at the hypocotyl 1 cm below the
cotyledons with a sterile scalpel in the liquid of A. rhizogenes. Then, the
cut of residual hypocotyl was scraped on the plate-grown A. rhizo-
genes. The hairy roots were induced in a growth medium with high
humidity by a plastic covering. After two weeks of culture, the
transgene-positive hairy roots (with RUBY) were harvested and used
for the subsequent analysis.

Quantification of copy numbers of mtDNA

Droplet digital PCR (Bio-Rad, United States) was performed to esti-
mate the copy numbers of mtDNA in the WT and MSC progenies. For
mtDNA or cpDNA quantification, two sets of primers and probes were
designed targeting the mitochondrial and nuclear genomes, respec-
tively. The probe targeting mtDNA or cpDNA was labeled with the FAM
fluorophore, whereas the probe targeting the nuclear sequence was
labeled with HEX. All probes had the BHQI quencher. Detailed infor-
mation on the probes and primers for ddPCR is provided in Supple-
mentary Data 5. The ddPCR method was performed according to the
manufacturer’s instructions (QX200 Droplet Digital PCR) modified by
the use of cucumber genomic DNAP. Data were analyzed using the
QuantaSoft software v1.4 (Bio-Rad), which determines the numbers of
droplets that were positive and negative for each fluorophore in each
sample. The fraction of positive droplets was then fit to a Poisson
distribution in the QuantaSoft software to determine the absolute
copy number per pL. By calculating the ratio of the copy numbers of
the mitochondrial gene and nuclear gene, the copy number of mito-
chondrial DNA in a single cell can be obtained. During the calculation
process, our previous studies have confirmed that CsDPDI is a single
copy in the nuclear genome”. Considering the little impact of cell cycle
on the copy number of nuclear genes®®, we determined the copy
number of the nuclear genome in a single cell to be 2. To distinguish
the proportion of mtDNA from paternal or maternal parents, we
amplified the mitochondrial sequence of rps7 from the whole genome
using KOD plus polymerase (Toyobo, Japan). The amplified fragments
were sent for Fast NGS sequencing with >100x depths (Tsingke, China)
to obtain the number of reads from each parent.

Subcellular localization experimentation

The transgene-positive hairy roots (with RUBY) were used for the
subcellular localization analysis. The confocal microscope (Olympus,
Japan) was used to observe green and red fluorescence, and the
fluorescence signals were captured with Olympus Fluoview (version
2.0). To stain mitochondria, hairy root cells were incubated with
0.5 mM MitoTracker Orange CM-H2TMRos (Invitrogen, United States)
for 30 min before observation.

RNA-Seq analysis

The shoot apex of WT (MTII) and knockout cucumber mutants (mtil)
created by the CRISPR-Cas9 strategy were sampled. Total RNA was
extracted from frozen tip meristem samples using TRIzol reagent
(Invitrogen, United States) according to the manufacturer’s protocol.
The cDNA library was prepared for sequencing according to the Illu-
mina TruSeqTM RNA Sample Kit protocol. Sequencing was performed
using an Illumina HiSeq 2500 system (Genepioneer Biotechnologies).
RNA-seq reads were generated and processed to calculate expression
levels, which were averaged over four biological replicates. Differential
expression analysis was performed using DESeq2 with Galaxy®’, and an
absolute log,(FC) value >1 and a corrected p value < 0.05 were set as
the thresholds for DEGs. All DEGs were mapped to the KEGG database
and searched for significantly enriched KEGG pathways.

Western blot analysis

The total protein was extracted from the ovaries of knockout
cucumber mtil-1and WT (CU2) lines one day after pollination. And the
samples were separated by 12.5% SDS polyacrylamide gel electro-
phoresis, transferred to nitrocellulose membranes and blotted with
monoclonal antibodies against Ubiquitin (Servicebio, China) and
polyclonal antibodies against Actin (Abbkine, China), respectively.

Nuclease activity assay

To construct pET-32a for expressing recombinant MTI1-His protein in
Escherichia coli, an MTI1 cDNA containing the entire reading frame was
amplified by PCR using the cDNA library. And the mutagenesis of pET-
32ato express MTI1truc-His was conducted using the cDNA of P3A. The
His-tag MTIl proteins were induced by isopropyl [(-D-1-
thiogalactopyranoside (IPTG) and purified using a HiLoad Superdex
column (GE Healthcare, United States) according to the manu-
facturer’s instructions. Nuclease activity assay was performed as pre-
viously described’. Briefly, the nuclease assay reaction (40 pL)
consisted of 40 mM Tris-HCI, pH 7.5, 10 mM MgCl,, and 1pg pUCI18
plasmid DNA substrate, and the purified MTI1-His or MTI1truc-His (3 pg
protein) was finally added to initiate the reaction. For inhibition of the
activity of nuclease, MTI1-His was incubated at 85 °C for 5 min prior to
nuclease assay, or the reactions were mixed with 10 mM EDTA. Reac-
tions were completed by immediately adding the stopping buffer (1%
SDS, 50% glycerol, and 0.05% bromophenol blue) and were subjected
to 1% (w/v) agarose gel electrophoresis. After staining with ethidium
bromide, the remaining undigested DNA was image-captured and
quantified using AlphaVIEW SA software (v3.2.4).

In situ hybridization analysis
The ovaries (-48h, —24h, O h, 24 h, and 48 h after pollination) were
collected and fixed in 3.7% formol-acetic-alcohol and stored at 4 °C
until use. The probe of MTII was designed according to unique gene
fragments. Sample sectioning and in situ hybridization were per-
formed as the following steps. Briefly, ten micrometer-thick sliced
sections were prepared, which were deparaffinized in 100% Histo-
clear, followed by dehydration in an ethanol gradient. Proteinase K
working solution was added for incubation and followed by adding
pre-hybridization solution and incubating. Then, the digoxin-labeled
probe was added for incubation. After incubating in the sections were
incubated with anti-DIG-HRP. Freshly prepared NBT/BCIP chromo-
genic reagent was used to mark the tissue.

The sections were naturally air-dried and mounted with a glycerol
jelly mounting medium. Images were taken with a Nikon DS-Ril
microscope (Nikon, Japan).

Nucleotide diversity analysis

Resequencing data from 115 published cucumber accessions (37 East-
Asian, 29 Eurasian, 19 Xishuangbanna, and 30 Indian) and 171 melon
accessions from different geographic origins were used for the
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analysis®. Nucleotide diversity was estimated as a  value for each
population using VCFtools. The SNPs near the MTII locus in the
cucumber genome were obtained (corresponding to Chr3:
32.0-33.0 Mb, 9930 genome v2). We measured the level of 1t using a
100-kb window with a step size of 10 kb.

Phylogenetic analysis of APE family proteins

The cucumber MTI1 endonuclease protein sequence was used as a
query to search against the genome database of each species with
BLASTP. The obtained protein sequences were aligned using the
ClustalW program in MEGA X. The neighbor-joining method in MEGA X
was used to construct the phylogenetic tree, and 500 bootstrap
replicates were conducted.

Statistical analysis

All experiments were carried out with at least three replicates. Student’s
t test and one-way ANOVA (with Tukey’s post hoc test) were performed
to assess the statistical significance of the experiment results using the
GraphPad Prism 9 software (GraphPad Software, United States) and
Excel 2019 (Microsoft, United States). Wilcoxon rank-sum tests were
used to compare the mtDNA levels for the transgenic samples.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The transcriptomic data generated in this study have been deposited
in the NCBI database under accession code PRJNA997008. All
sequencing data for the off-target mutations generated in this study
have been deposited in the NCBI database under accession code
PRJNA996879. Source data are provided with this paper.
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