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Highlights

* First mitochondrial genome of Xinjiang wild rapeseed identifies two candidate sterility genes, orf113b and orf146.
¢ orf113b and orf146 disrupt mitochondrial function, induce reactive oxygen species (ROS) accumulation, and lead to pollen

abortion.

* ROS produced by orf113b and orf146 mediates retrograde signaling to dysregulate nuclear genes essential for tapetum

and microspore development.

Abstract

Nsa CMS is a type of cytoplasmic male sterility (CMS) in rapeseed that originated from the cross between Xinjiang wild
rapeseed (Sinapis arvensis) and Xiangyou 15 (Brassica napus L.). Although this CMS variant shows promising applications,
the factors contributing to its sterility and their underlying mechanisms remain unclear. To the best of our knowledge, we
successfully assembled and analyzed the mitochondrial genome of 1258A (Nsa CMS) for the first time. This mitochondrial
genome spans 263,010 bp and contains 91 genes, including 33 protein-coding and 36 orf genes. Our analysis identified
a novel mitochondrial gene, orf113b, and a mutated, truncated gene, orf146, both likely linked to the sterility observed in
1258A. ORF113b and ORF146 were found to impede cell growth, disrupt gene expression associated with complexes |, llI,
and V of the mitochondrial oxidative phosphorylation pathway, and trigger reactive oxygen species (ROS) production. In
addition, transcriptome data analysis revealed key nuclear genes co-expressed with orf1713b and orf146, suggesting that
their aberrant expression may be influenced by retrograde signaling from the mitochondria. This signaling could lead to
atypical programmed cell death (PCD) in the tapetum layer, resulting in pollen sterility. In conclusion, our study not only
provides the first characterization of the Nsa CMS mitochondrial genome but also identifies orf113b and orf146 as crucial
for pollen sterility. Furthermore, it suggests that the ROS induced by these mitochondrial genes may play a central role in
the abnormal regulation of nuclear genes essential for pollen development, thus offering new insights into the molecular
mechanisms underlying Nsa CMS.
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1. Introduction

Cytoplasmic male sterility (CMS) is widely employed to
develop and exploit hybrid vigor in rapeseed. The discovery
and breeding of new sterile materials have expanded CMS
types, enhancing the cytoplasmic genetic diversity in three-
line hybrids of rapeseed. This diversification reduces the
risks associated with the prolonged use of a single cytoplasm
in seed production. Using distant hybridization technology,

the female parent Xinjiang wild rapeseed (wild mustard,
Sinapis arvensis) was crossed with the male parent Xiangyou 15
(XY15, Brassica napus L.) (Guan and Yin 2014). From this
hybrid progeny, a rapeseed line with Nsa CMS, which was
derived from Xinjiang wild rapeseed, was selected. Through
years of selection across multiple generations, the sterile line
1258A was developed, and it exhibits complete pollen sterility
and stable male sterility. This line shows significant potential
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for widespread application in harnessing hybrid vigor in
rapeseed.

The first Nsa CMS was generated through somatic
hybridization between Zhongshuang 4 (B. napus L.) and
S. arvensis, with orf346 being identified as its mitochondrial
male sterility gene (Hu et al. 2002; Liu et al. 2015; Sang et al.
2021). Research on Xinjiang wild rapeseed spanning over
30 years has established that it is not a new species but
rather S. arvensis (Guan 1996). Consequently, two types
of B. napus Nsa CMS lines have been developed: one via
somatic fusion technology (Hu et al. 2002; Liu et al. 2015;
Sang et al. 2019) and the other through distant hybridization
(Guan and Yin 2014; Xing et al. 2022). Both lines trace their
cytoplasmic origin to Xinjiang wild rapeseed. Although the
sterility mechanism of Nsa CMS has been partially elucidated
with the identification of 0rf346, further research is required to
fully understand the sterility mechanisms in other Nsa CMS
lines.

Mitochondrial genes previously implicated in CMS within the
Brassicaceae family include orf138 (Ogu CMS) (Singh et al.
2021), orf125 (Kosena CMS) (Iwabuchi et al. 1999), orf72 (mur
CMS) (Shinada et al. 2006), orf224 (pol CMS) (Wang et al.
1995), orf222 (Nap CMS) (Li et al. 2020), orf288 (hau CMS)
(Heng et al. 2018), orf263 (tournefortii CMS) (Landgren et al.
1996), orf220 (tubermustard CMS) (Yang et al. 2010), and
orf346 (Nsa CMS) (Sang et al. 2021). A notable feature of
these sterility genes is their chimeric structure, indicating the
fusion of sequences from different genes. For instance, orf288
in hau CMS contains a sequence from nad5 (Heng et al.
2018), while orf222 in Nap CMS and orf224 in pol CMS are
chimeric with the mitochondrial gene atp8 (Handa et al. 1995;
L'Homme et al. 1997). Similarly, orf346 in Nsa CMS exhibits
high homology to the 5" end of cox? and is co-transcribed with
nad3 and rps12 (Sang et al. 2021). The CMS mechanism
has been extensively studied in various species, including rice
(Kazama et al. 2016; Takatsuka et al. 2022), maize (Xiao et al.
2020; Yang et al. 2022), wheat (Melonek et al. 2021), cotton
(You et al. 2022; Zhang et al. 2022, 2023), rapeseed (LHomme
et al. 1997; Du et al. 2019), tomato (Kuwabara et al. 2022), chili
pepper (Wen et al. 2021; Nikornpun et al. 2023), and tobacco
(Wang et al. 2020; Dewey et al. 2023). This phenomenon
is typically linked to mitochondrial DNA rearrangements, the
emergence of novel open reading frames (ORFs), or chimeric
ORFs. However, the correlation between these genetic
factors and the CMS phenotype is not always direct. Some
ORFs associated with CMS are hypothetical, as variations in
them do not consistently correlate with the CMS phenotype,
and the case of radish Ogu CMS exemplifies this complexity
(Chase 2007; Chen and Liu 2014). In Ogu CMS, extensive
mitochondrial genome recombination and rearrangement result
in the sterile gene orf138, which is not clearly chimeric (Singh
et al. 2021). This genetic diversity in CMS underscores the
complexity of the mechanism. While chimeric mitochondrial
genes are commonly identified in CMS sterility genes, there is
no definitive evidence that such chimeric genes are essential
for inducing pollen sterility through CMS.

Reactive oxygen species (ROS) are crucial in plant cell
signal transduction and homeostasis, as they significantly
influence stress responses and reproductive development.

The occurrence of CMS is often linked to ROS accumulation
in anthers. ROS can signal the induction of programmed
cell death (PCD) in tapetum cells (Mittler et al. 2022; Ge
et al. 2025). In rice CMS-HL, the CMS protein ORFH79
binds to complex Ill, causing mitochondrial dysfunction,
oxidative stress, reduced ATP levels, and increased ROS
content. These changes, along with interactions between
mitochondrial retrograde signals like ROS and nuclear genes,
contribute to pollen abortion (Wang et al. 2013). Similarly,
the mitochondrial orf355 gene in maize CMS-S and the
chimeric atp6c gene in maize CMS-C trigger ROS bursts
which lead to premature PCD in tapetum cells and result in
maize CMS (Xiao et al. 2020; Yang et al. 2022). Studies
in wheat (Wang et al. 2022), cotton (Zhang et al. 2022),
rapeseed (Shang et al. 2021), and other CMS types have
shown that mitochondrial sterile genes cause excessive
ROS accumulation in anthers, a key factor in pollen abortion.
Transcripts or proteins from rearranged mitochondrial sterile
genes may directly impair mitochondrial gene function or
induce ROS bursts at specific stages via interacting proteins,
ultimately leading to abnormal PCD in the tapetum and CMS
development.

In this study, we explored the roles of the cytoplasmic
mitochondrial genes orf113b and orf146, derived from Xinjiang
wild rapeseed, in regulating pollen sterility. By assembling
and annotating the mitochondrial genomes of 1258A and
1258B, both originating from Xinjiang wild rapeseed, we
identified two key genes involved in CMS. The expression of
orf113b and orf146 alters mitochondrial gene expression and
oxidative phosphorylation, leading to increased mitochondrial
ROS content and reduced ATP levels, which are crucial
factors in pollen sterility induction. The expression of these
genes in Arabidopsis thaliana also triggers a defense
response and significantly upregulates certain nuclear genes,
highlighting the complex interplay between mitochondrial and
nuclear genomes in plant fertility. Therefore, these findings
offer new insights into the molecular mechanisms underlying
rapeseed CMS and provide a theoretical basis for advancing
the practical application of the Nsa CMS system.

2. Materials and methods
2.1. Plant materials

Academician Chunyun Guan developed Nsa CMS
through distant hybridization using Xinjiang wild rapeseed
(S. arvensis) as the maternal parent and Xiangyou 15 (XY 15)
as the paternal parent (Guan and Yin 2014). The Nsa CMS
materials included 1258A and its maintainer line, 1258B,
both sourced from the Oil Crops Research Institute of Hunan
Agricultural University (Changsha, China). These plant
materials were cultivated at Hunan Agricultural University’s
“Yunyuan” Experimental Field in Changsha, Hunan, from
September 2021 to May 2022.

2.2. RNA extraction, RT-PCR and quantitative real-time
PCR

During the full flowering stage of rapeseed, flower buds of
1258A and 1258B (flower bud size<2 mm) were harvested.
The tetrad stage of pollen development within the flower bud
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marks the early stage of pollen abortion in 1258A (Xing et al.
2022). Using sterilized tweezers, the anthers were quickly
removed from the peeled open flower buds and immediately
frozen in liquid nitrogen. Total RNA was extracted from
the anthers using the Plant Total RNA Rapid Extraction Kit
(Sangon Biotech Shanghai Co., Ltd., China) following the
manual’s instructions. cDNA synthesis was carried out
using the One-Step gDNA Removal and cDNA Synthesis
SuperMix (TransGen Biotech Co., Ltd., Beijing, China) with
the cDNA obtained from the reverse transcription of 1258A
and 1258B as templates. RT-PCR amplification was then
performed using the primers listed in Appendix A. The PCR
reaction system included 1 uL template, 1 pL forward primer,
1 uL reverse primer, 10 uL 2xPhanta Flash Master Mix, and
7 uL ddH,O. The PCR program comprised 94°C for 3 min,
followed by 35 cycles of 94°C for 30 s, 60°C for 30 s, and
72°C for 90 s, with a final extension at 72°C for 10 min.
The target bands were detected through 1% agarose gel
electrophoresis. In the qRT-PCR analysis, B. napus Actin2.1
served as the internal reference gene, with the primers listed
in Appendix A. Relative expression levels were calculated
using the method described by Livak and Schmittgen (2001).

2.3. Transcriptome sequencing of transgenic A. thaliana

Arabidopsis thaliana inflorescences were initially flash frozen
with liquid nitrogen and stored at —80°C until testing. Three
biological replicates were prepared for each treatment. RNA
was extracted from the inflorescences using the TRIzol
method and subjected to purity and integrity testing. The
NEBNext Ultra RNA Library Prep Kit (New England Biolabs
Co., Ltd., Beijing, China) was used to construct the library.
After construction, the library was preliminarily quantified
using the Qubit 2.0 fluorometer and diluted to 1.5 ng uL™".
The library insert size was then checked using an Agilent
2100 bioanalyzer. If the insert size met expectations, the
library’s effective concentration was accurately quantified via
gRT-PCR to ensure a concentration higher than 2 nmol L™,
thereby ensuring library quality. Sequencing was performed
on the lllumina high-throughput sequencing platform
(HiSeq2000). Differentially expressed genes (DEGs) were
identified based on the screening criteria of |log,(Fold
Change)|21 and g<0.05. These DEGs were then functionally
annotated and analyzed based on the Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases.

2.4. Mitochondrial gene extraction, sequencing and
assembly

The seeds of 1258A and 1258B were sown in nutrient
pots and incubated at 25°C in a plant incubator under dark
conditions for a week. Etiolated seedlings, each weighing
5 g, were harvested, flash frozen with liquid nitrogen, and
stored at —80°C. Mitochondria were isolated and purified
from the etiolated seedlings using the method described
by Eubel et al. (2006), involving differential centrifugation
and discontinuous Percoll gradients (40, 28, and 15%).
Mitochondrial DNA was extracted using the QlAamp DNA
Mini Kit (QIAGEN Co., Ltd., Shanghai, China). The total

amount of DNA was measured with fluorescent dye (Quant-
iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific
Co., Ltd., Shanghai, China)) and its integrity was checked
through 1% agarose gel electrophoresis. The diluted DNA
working solution was stored at 4°C, and the storage solution
was stored at —20°C. For genome sequencing, the whole
genome shotgun (WGS) strategy was used to construct
libraries with different insert fragments. These libraries were
sequenced using second-generation sequencing technology
(Next-Generation Sequencing, NGS) based on the lllumina
Novaseq sequencing platform and third-generation single-
molecule sequencing technology based on the PacBio
sequencing platform.

Mitochondrial genome assembly was initiated with the use
of GetOrganelle v1.7.1 to assemble the lllumina sequencing
data. Second-generation assembly sequences were aligned
to the PacBio third-generation data using BWA v0.7.17. The
target sample’s third-generation data was extracted and hybrid
assembled with the second-generation data using SPAdes
v3.14.1. Sequences with high coverage depth and longer
assembly length were selected. The mitochondrial scaffold
sequences were verified by alignment to the NT database and
connected based on overlap. The clean reads were mapped
back to the mitochondrial genome sequence, and bases were
corrected using Pilon v1.23. Finally, the starting position and
orientation of the mitochondrial scaffold were determined
based on the reference genome (JF920286.1) to obtain the
final mitochondrial genome sequence.

Raw reads of the rapeseed accessions generated in this
article can be accessed in the public database of the National
Center of Biotechnology Information under BioProject
accession PRJNA1100170. Sequence data from this article
can be accessed in the GenBank database under accession
numbers PP663684 and PP663685.

2.5. Mitochondrial functional component analysis

The tRNAscan-SE v2.0.7 software was used for predicting
non-coding RNAs (ncRNAs) in the genome. In sample
genomes, gene prediction was performed using a homology
alignment prediction method. First, the protein sequences
of the NCBI mitochondrial reference genome were rapidly
aligned to the sample genome using BLAST+ 2.7.1 with a
threshold—e value of 1e-5. Poor alignment results were
filtered out, and redundancy was removed. The integrity of
sample genes and exon/intron boundaries were manually
corrected to obtain a highly accurate set of conserved genes.

2.6. KEGG annotation of protein-coding genes and
genomic circle map

The KEGG Orthology (KO) of protein-coding genes primarily
employs the KAAS (ver. 2.1) Automated Annotation
System, which focuses on “Prokaryotes” and uses the bi-
directional best hit (BBH) rule for gene KO determination.
After annotation, KOs were mapped onto the corresponding
KEGG pathways. The genomic circular map is primarily
used to visualize genomes with circular structures and
is commonly applied in initial genome studies to present
basic genomic research results. Using OGDRAW software
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(https://chlorobox.mpimp-golm.mpg.de/OGDraw.html) and
the prediction results of coding genes, the 1258A and 1258B
genomes were displayed in circular maps based on the
assembled genome sequences.

2.7. Mitochondrial genome collinearity analysis and
repeat sequence analysis

The mitochondrial genome sequence of S. arvensis
(NC_031896.1) was downloaded for alignment. The starting
sequences of the other two genomes were adjusted to match
this reference. Then, Mauve (version 2.3.1) was used to
align the 1258A genome with the reference genome.

The mitochondrial genome repeats, including random and
tandem sequences, were analyzed. Forward, reverse, and
palindromic repeat sequences in the genome were identified
using bibiserv2 online (https:/bibiserv.cebitec.uni-bielefeld.de/
sessionTimeout.jsf). Tandem repeat analysis was performed
using The Tandem Repeats Finder Server (https://tandem.
bu.edu/trf/trf.html). The MAFFT online service (https://mafft.
cbrc.jp/alignment/server/) was used for Dotter plot analysis to
determine rearrangements.

2.8. Expression of the orf113b and orf146 genes in
Escherichia coli and yeast

First, the transmembrane structural domains of ORF113b
and ORF146 amino acids were predicted using an online tool
(https://services.healthtech.dtu.dk/services/TMHMM-2.0/).
Gene-specific regions were amplified using primers (Appendix
B), and the PCR products were cloned into EcoRI-Hindlll
digested pET28A and Kpnl-BamHI digested pYES2 vectors.
The recombinant products were transformed into the E. coli
(Rosetta, DE3) and Saccharomyces cerevisiae (INVSc1)
strains, respectively.

Protein induction expression analysis in E. coli: A single
colony was cultured in 100 mL of Luria-Bertani (LB) medium
with kanamycin (Kan; 50 mg L™") at 37°C and 180 r min™
shaking for 6 h, until the ODg,, reached 0.2. The culture
was then divided into two equal parts. Isopropyl-B-D-
thiogalactopyranoside (IPTG) was added to one part to a final
concentration of 1 mmol L™ for induction, while the other part
served as the control. The culture was further incubated at
37°C with continuous shaking to induce protein expression,
with monitoring of the OD value at regular intervals.

Protein induction expression analysis in yeast: A single
colony was selected and inoculated into 100 mL of SC-Ura
medium with Kan (50 mg L™") at 29°C and 220 r min~' shaking
until the ODgy, reached 0.4. The culture was then divided
equally into two parts. One part was supplemented with 2%
Glu, and the other with 2% Gal. The culture was shaken
at 29°C to induce protein expression, with the OD value
measured at regular intervals. Once the ODgy, reached 1, the
culture was diluted in ten-fold serial dilutions and grown on
SC-Ura+2% Glu and SC-Ura+2% Gal agar plates for 48 h.

2.9. ROS detection
The intracellular oxidation levels in E. coli were detected

with the Reactive Oxygen Species Assay Kit from Beijing
Solarbio Science & Technology Co., Ltd. (CA1410). Cultured

E. coli, transformed with orf113b and orf146, were incubated
at 37°C for 6 h until the ODg,, reached 0.2. IPTG was then
added to a final concentration of 1 mmol L™ to stimulate gene
expression. After 4 h of induction, 2 mL of the culture was
collected and centrifuged at 3,000xg to isolate the bacteria.
These were then resuspended in the fluorescent probe from
the ROS assay kit. Simultaneously, Rosup was added to
E. coli transformed with the empty vector pET28A at a final
concentration of 5 ymol L™ to induce a significant level of
ROS. After a 30 min incubation at 37°C, the cells were
washed twice with PBS buffer, and ROS content changes
were observed under a laser confocal microscope at 488 nm.

2.10. Construction of plant expression vectors and
genetic transformation

For the mitochondrial targeting sequence, the first 1-165 bp
sequence of the rapeseed restorer gene Rfo (LOC108827691)
was used. Following Sang et al. (2021), orf113b and orf146
were fused with this mitochondrial targeting sequence to
yield MTS:orf113b and MTS:orf146. The AP3 (APETALA3)
promoter was inserted into the PC2300 (pCAMBIA2300)
vector, and MTS:orf113b and MTS:orf146 were subsequently
introduced into the vector. The orf113b and orf146 genes
were placed under the control of the CaMV35S promoter in
the PC1300S vector. The primer sequences used for gene
cloning are listed in Appendix C. Then, the constructed
vectors were transformed into Agrobacterium tumefaciens
GV3101, and the target genes were transferred into
A. thaliana via the floral dip method.

2.11. Hydrogen peroxide (H,0,) stress test

The rapeseed seeds were sown on filter paper in a Petri dish
to maintain the necessary moisture for germination. They
were grown in a plant growth chamber for 5 d, by which time
the roots had grown to 1 cm in length. The seedlings were
then transferred to Petri dishes treated with H,0, (20 mmol
L'1) and distilled water, respectively. After a 6 h exposure,
the expression of mitochondrial oxidative phosphorylation
genes and the ATP content in the seedlings were measured.
The ATP Content Assay Kit was purchased from Sangon
Biotech (Shanghai) Co., Ltd., and used according to the
manufacturer’s instructions.

3. Results
3.1. Sequencing, de novo assembly, and general features
of the 1258A and 1258B mitochondrial genomes

We employed lllumina and PacBio Sequel Il technologies
to sequence the mitochondrial genome. The DNA sample
was sequenced using Illlumina NovaSeq 6000 technology in
a paired-end manner. After quality control processing, the
effective data volumes (clean data) for the 1258A and 1258B
samples were 7,900.3 and 7,632.1 Mb, with Q,, values of
96.66 and 96.87%, and Q,, values of 88.65 and 89.25%,
respectively. The average GC content of the effective data
was 40.25% for 1258A and 40.04% for 1258B (Appendix
D). The lllumina sequencing data were assembled using
GetOrganelle v1.7.1. The PacBio Sequel Il sequencing
data, after filtering, yielded 483,630,402 and 84,042,273
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total bases for samples 1258A and 1258B, respectively. The
number of reads was 54,583 for 1258A and 9,663 for 1258B.
The longest subread length for 1258A was 175,173 bp with
an average of 8,860 bp, while for 1258B, these values were
175,555 and 8,697 bp, respectively. Finally, the starting
positions and orientations of the mitochondrial scaffolds were
determined based on the reference genome, resulting in the
mitochondrial genome sequences for 1258A and 1258B being
263,010 and 262,916 bp long, respectively (Appendix E).
Based on the assembled genome sequences of 1258A and
1258B, along with the predicted coding genes, the genomes
were illustrated in circular diagrams (Fig. 1-A and B). In
1258A, 91 genes were identified, comprising three ribosomal
RNAs (rRNAs), 19 transfer RNAs (tRNAs), 36 orf genes, and
33 protein-coding genes. In contrast, 1258B contains 100
genes, including three rRNAs, 29 tRNAs, 35 orf genes, and 33
protein-coding genes. The lower number of non-coding RNAs
in 1258A compared to 1258B is attributed to the 10 fewer
tRNAs in 1258A (Appendix F). The 33 protein-coding genes
could be categorized into 10 functional groups: ATP synthase
(atp1, atp4, atp6, atp8, and atp9), cytochrome ¢ biogenesis
(cecmB, cecmC, ccmFC, ccmFN1, and cecmFN2), ubiquinol
cytochrome c reductase (cob), cytochrome c¢ oxidase (cox17,
cox2, and cox3), maturases (matR), transport membrane
protein (tatC), NADH dehydrogenase (nad1, nad2, nad3,
nad4, nad4L, nad5, nad6, nad7, and nad9), large ribosomal
subunit (rpl2, rpl5, and rpl16), small ribosomal subunit (rps3,
rps4, rps7, rps12, and rps14), and ribosomal RNAs (rrn5,
rrn18, and rrn26) (Appendix F). The KEGG annotation
results for the two mitochondrial protein-coding genes in
both genomes are identical, with atp1, atp6, atp9, cob, cox1,
cox2, cox3, nad1, nad2, nad3, nad4, nad5, nad6, nad7, and
nad9 being annotated in the metabolic pathways, oxidative
phosphorylation, and thermogenesis pathways (Fig. 1-C).
The genes examined are implicated in mitochondrial oxidative
phosphorylation (OXPHOS) and electron transfer, which
are both essential for energy metabolism. Annotation of the
ORFs revealed that 1258A contains four unique ORF genes
— orf108a, orf113b, orf117a, and orf147 — while 1258B has
three — orf101d, orf123, and orf164 (Fig. 1-E). An analysis
of dispersed repetitive sequences identified two types in the
mitochondrial genome: direct repeats and inverted repeats.
The mitochondrial genome of 1258A comprises 59 direct
and 41 inverted repeats, totaling 12,243 bp and representing
4.65% of the genome. In contrast, 1258B contains 47 direct
and 53 inverted repeats, totaling 10,850 bp and accounting
for 4.13% of its genome (Fig. 1-D). The most frequent
repetitive sequences were 30-39 bp in length, followed by
40-49 bp sequences, with only two exceeding 1 kb (Fig. 1-D).

3.2. Genomic evidence suggests that the 1258A
mitochondrial genome originated from Xinjiang
wild rapeseed

Although 1258A and 1258B were selected from the progeny
of distant hybridization between Xinjiang wild rapeseed and
Xiangyou 15, their mitochondrial genomes are significantly
larger — 1258A (263,010 bp) and 1258B (262,916 bp) —
than the S. arvensis mitochondrial genome (240,024 bp).

To explore the origins of their mitochondrial genomes, we
conducted a Dotter plot analysis using the MAFFT online
service (https://mafft.cbrc.jp/alignment/server/) to identify
rearrangements. As depicted in Fig. 2-A—-C, extensive co-
linear regions exist between the mitochondrial genomes
of 1258A, 1258B, and S. arvensis. While the nucleotide
sequences within these regions are highly conserved, the
arrangement and orientation of the co-linear regions have
undergone evolutionary rearrangements, indicating that
1258A may have evolved different cytoplasmic types. We
compared the phylogenetic relationships of the mitochondrial
genomes at the nucleotide level through average nucleotide
identity (ANI) analysis. The results showed that 1258A and
1258B share the highest homology at 99.92%, while 1258A
and S. arvensis exhibit 99.27% homology, and 1258B and
S. arvensis show 99.32% homology (Appendix G). This high
level of homology confirms that both the male sterile line and
its maintainer line (derived from distant hybridization offspring
of Xinjiang wild rapeseed) possess mitochondrial genomes
originating from Xinjiang wild rapeseed.

To elucidate the structural composition of the mitochondrial
genome, we conducted a collinearity analysis using Mauve
visualization technology. This analysis revealed a high
degree of collinearity between the mitochondrial genomes of
1258A, 1258B, and S. arvensis, as evidenced by numerous
homologous blocks (Fig. 2-D). Utilizing the known sequences
of 19 mitochondrial genomes from Brassicaceae plants
(Appendix H), we employed MEGA7 software to assess
the phylogenetic relationships between the 1258A and
1258B genomes and those of other species. The results
showed that the 1258A and 1258B mitochondrial genomes
are distantly related to the reported rapeseed mitochondrial
genomes, and they form distinct clusters. Notably, 1258A
clustered exclusively with S. arvensis, indicating a close
relationship and forming a separate branch (Appendix ).
Therefore, these findings suggest that the mitochondrial
genome of 1258A is distinct from the reported rapeseed
mitochondrial genomes and likely originated from Xinjiang
wild rapeseed (S. arvensis).

3.3. Screening of CMS-related genes in the mitochondrial
genome

Although the origin and evolution of new mitochondrial genes,
including plant CMS genes, and their functional acquisition
remain enigmatic, they are generally linked to specific orfs in
the mitochondrial genome (Tang et al. 2016). In this study,
we performed sequence alignment and transmembrane
domain analysis on all the orfs and protein-coding genes of
1258A and 1258B. Our findings revealed base deletions
and mutations in the mitochondrial gene 1258A orf146 (the
orf146 gene in this article refers to the CMS mitochondrial
gene unless specified otherwise) compared to its counterpart
in 1258B. Specifically, the full length of 1258B orf146 is
441 bp, whereas 1258A orf146 is 402 bp. Within the cox3-
ccmFC region, a 39 bp deletion in 1258A orf146 resulted
in a reduced transmembrane domain, thus altering the
amino acid sequence and type (Fig. 3-A). In addition, single
base mutations at positions 210, 320, and 324 bp, along
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genes. D, 1258A and 1258B mitochondrial genome repeat sequence statistics. E, Venn diagram counts of open reading frames (ORFs)

in 1258A and 1258B.

with a base deletion at 315 bp in 1258A orf146, directly
affected the amino acid sequence, resulting in the loss of a
transmembrane domain in 1258A ORF146 (Fig. 3-B). These
mutations and deletions are likely to affect gene function,
so we consider 1258A orf146 a candidate CMS gene.
Furthermore, among the four mitochondrial genes unique to

1258A, only orf113b encodes an amino acid sequence with
two transmembrane domains (Fig. 3-D). Most identified CMS
genes result from mitochondrial genome rearrangements,
typically involving chimeric ORFs that encode transmembrane
proteins (Menassa et al. 1999; Luo et al. 2013; Chen and Liu
2014). Therefore, we propose that orf113b, a mitochondrial
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gene unique to 1258A with transmembrane domains, is
a strong candidate for causing CMS. Structural analysis
of the orf113b gene in mitochondria revealed that in the
corresponding mitochondrial regions of both 1258A and
1258B, a base deletion occurred at 483 bp accompanied by
13 base mutations. This led to the production of a 729 bp
orf113b gene in the mitochondrial genome of 1258A (Fig. 3-E).
Similarly, a 117 bp deletion in the nad7-cox3 region altered
the orf164 gene sequence, resulting in the production of two
unique genes in 1258A, orf117a and orf147; however, neither
encodes transmembrane proteins (Appendix J).

We analyzed the expression of eight orfs in the flower
buds of 1258A and 1258B using RT-PCR. Six of the eight
genes were expressed in both the sterile line (1258A) and the
maintainer line (1258B), except for orf113b and orf146, which
were detected only in 1258A. However, a trace amount of
expression of orf146 was also observed in 1258B (Fig. 3-F).
We then amplified the full-length sequences of orf113b and
orf146 from 1258A, 1258B, and XY15. While orf113b was
exclusively amplified from 1258A, orf146 was amplified
from all three samples, although the band was faint in XY 15
(Fig. 3-G). Abortive CMS genes are typically specific to
sterile cytoplasm. orf113b, which is uniquely expressed in the

sterile line, contains a transmembrane domain and exhibits
characteristics of CMS-associated abortive genes. The
variation in 1258A orf146, resulting from sequence deletion
and base mutation which leads to the loss of transmembrane
domains and changes in amino acid composition, may induce
functional changes, highlighting the distinct nature of sterile
cytoplasm genes. Consequently, orf113b and orf146 were
identified as high-potential candidate genes related to CMS.

3.4. The orf113b and orf146 genes inhibit growth in
E. coli and yeast

To study the functions of the orf713b and orf146 genes,
we performed heterologous expression in both prokaryotic
(E. coli) and eukaryotic (yeast) systems. Following IPTG
induction, orf113b and orf146 significantly inhibited E. coli
growth, which eventually recovered as indicated by an
increase in OD values over time. Notably, orf146 from strain
1258B also inhibited E. coli growth after induction; however,
this inhibition was transient (Fig. 4-A), and the growth curve
soon aligned with that of the IPTG-induced empty vector.
This transient inhibition may be due to the shared amino
acid sequence and transmembrane domain between 1258B
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ORF146 and 1258A ORF146, despite the absence of a
transmembrane domain in 1258A ORF146, which leads to
functional divergence. In yeast, the inhibitory effect was
even less pronounced. The growth curves of 1258A orf146
and 1258B orf146 nearly overlapped after induction, and the
differences in growth between orf113b- and orf146-induced
yeast, and the empty vector were minimal (Fig. 4-B). On
Glu growth medium plates, transgenic yeast expressing
orf113b and orf146 showed viability that was consistent
with yeast transformed with the empty vector. Although
cell vitality decreased on Gal induction medium plates, the
differences among the various transgenic yeast strains were
insignificant (Fig. 4-C). Thus, orf113b and orf146 exhibited a
stronger inhibitory effect on prokaryotic cell activity compared

to eukaryotic cells. To determine whether this inhibition
is related to the transmembrane domain, ORF113b was
truncated and expressed in E. coli (Fig. 4-D). The results
revealed that only the truncated protein containing the
transmembrane domain inhibited E. coli growth (Fig. 4-E),
underscoring the importance of the transmembrane domain
in the function of this sterility gene.

3.5. orf113b and orf146 induce a ROS burst by regulating
the expression of OXPHOS genes

Based on the inhibitory effects observed in E. coli and
yeast cells, we hypothesize that the expression of the
orf113b and orf146 genes may affect mitochondrial gene
function. To investigate this hypothesis, we extracted
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RNA from 1258A and 1258B anthers at the pollen tetrad
stage and performed qRT-PCR analysis on 15 annotated
mitochondrial OXPHOS genes. The analysis revealed
that in the mitochondrial complex | of 1258A, nad1, nad2,
nad3, and nad5 were significantly upregulated, while
the complex Ill gene (cob), complex IV genes (cox? and
cox3), and complex V genes (atp1, atp6, and atp9) were
significantly downregulated (Fig. 5-A). The five enzyme
complexes in the electron transport chain (ETC) that support
OXPHOS — complex | (NADH, ubiquinone oxidoreductase),
complex Il (succinate dehydrogenase, SDH), complex Il
(cytochrome bc1 oxidoreductase), complex IV (cytochrome

¢ oxidase), and complex V (ATP synthase) — are critical for
mitochondrial function. The differential expression of these
mitochondrial enzyme complex genes in 1258A suggests a
potential disruption of ETC function, which may impact key
biological processes, including ROS production (Vercellino
and Sazanov 2021). To further examine this mechanism, we
confirmed in E. coli that orf113b and orf146 gene expression
stimulated excessive ROS production (Fig. 5-B). Following
IPTG-induced expression of these genes, we observed
fluorescence signals under a laser confocal microscope that
were like those seen under the ROS inducer Rosup in the
empty vector (Fig. 5-B).
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Fig. 4 Effects of orf113b and orf146 expression on yeast and Escherichia coli (Rosetta) growth. A, growth curve of transformed
E. coliin liquid medium. The E. coli single colonies containing orf113b, orf146, and the PET28A empty vector, were selected and shaken in
100 mL of Luria-Bertani (LB) liquid medium containing kanamycin. When the bacterial liquid OD,, reached 0.2, the sample was divided into
two equal parts, with one getting isopropyl-B-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mmol L-'. The sample was then
shaken and incubated at 37°C, with measurements of its OD value at intervals. B, growth curve of transformed yeast cells in liquid medium.
Yeast single colonies containing the orf113b, orf146, and pYes2 vectors, were selected and shaken in 100 mL of synthetic complete-uraci
(8C-Ura) liquid medium. When the OD,, reached 0.4, the sample was divided into two equal parts, with one getting 2% Glu, while the
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diagram of the ORF113b truncated protein. The red line segment represents the transmembrane domain. E, induced expression of the
truncated ORF113b fragment in E. coli.



Man Xing et al. / Journal of Integrative Agriculture 2026, 25(4): 1384—1401

1393

Hydrogen peroxide effectively induces plant PCD by
disrupting intracellular homeostasis. To simulate ROS
stress in rapeseed seedlings, we applied exogenous H,0,
(20 mmol L™). Seedlings of the 1258B and 1258A lines were
germinated in Petri dishes for 5 d, then transferred to dishes
containing H,0, (20 mmol L™) or distilled water as the controls.
After 6 h, roots were harvested to assess mitochondrial gene
expression and ATP content. The results revealed distinct
OXPHOS gene expression patterns between 1258B and
1258A following ROS stress (Fig. 5-C and D). Specifically, in
1258B, genes in complex | (nad1, nadb, nad6, and nad9) and
complex V (atp1 and atp9) were significantly downregulated,
whereas genes in complexes Il and IV showed significant
differences (Fig. 5-C). Conversely, in 1258A, complex | (nad1,
nad2, nad4, and nad5), complex IV (cox3) and complex V
(atp1 and atp9) genes were significantly upregulated, while
complex lll (cob) was significantly downregulated (Fig. 5-C).
Further analysis showed that after H,0O, stress, the expression
of complex | genes (nad7, nad2, and nad5) in 1258A roots
and anthers was significantly upregulated, while complex
Il (cob) and complex V (atp6) genes were significantly
downregulated, with the complex IV gene (cox3) showing the
opposite trends (Fig. 5-A and D). In addition, ATP content
measurements showed that 1258A was more sensitive
to H,0O, stress, exhibiting significantly lower ATP levels
compared to 1258B under identical conditions (Fig. 5-E).

These findings suggest that the orf173b and orf146 genes
may disrupt mitochondrial oxidative phosphorylation, leading
to excessive ROS production and contributing to oxidative
stress during 1258A anther development.

3.6. orf113b and orf146 regulate pollen abortion in
A. thaliana

To confirm the association of orf113b and orf146 with pollen
abortion, we cultivated transgenic A. thaliana lines expressing
six different constructs: AP3::MTS:orf113b, AP3::MTS:orf146,
AP3::0rf113b, AP3::0rf146, 35S::0rf113b, and 35S::0rf146.
The anther-specific APETALA3 (AP3) in A. thaliana, and the
CaMV35S (35S) promoter, were utilized in these constructs.
In addition, the mitochondrial targeting sequence (MTS)
was derived from the first 165 bp of the fertility restoration
gene Rfo (LOC108827691) from rapeseed Ogu CMS, and
fused to the target gene following Sang et al. (2021). We
observed pollen sterility in seven lines transformed with
AP3::MTS:orf113b, eight lines with AP3::MTS:orf146, five
lines with AP3::0rf113b, six lines with AP3::0rf146, five
lines with 35S::0rf113b, and seven lines with 35S::0rf146
(Appendix K). Overexpression of orf113b and orf146 in
A. thaliana clearly leads to pollen abortion, withered anthers,
and the absence of pollen production (Fig. 6; Appendix
L). Transgenic strains expressing AP3::MTS:orf113b and
AP3::MTS:orf146 exhibited severely impaired stamen
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Fig. 5 Expression of genes in the mitochondrial oxidative phosphorylation pathway and reactive oxygen species (ROS) analysis.
A, gRT-PCR results for genes in the mitochondrial oxidative phosphorylation (OXPHOS) pathway in the anthers of the sterile and maintainer

lines.

B, induced expression in Escherichia coli stimulates ROS production, with fluorescent 2,7 -dichlorodihydrofluorescein (DCF)
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development, characterized by shortened filaments (Fig. 6),
whereas the other transgenic strains did not show significant
stamen filament shortening (Appendix L). The ATP content in
the flower buds of these transgenic lines was markedly lower
than in the positive control, particularly in lines transformed
with the AP3::MTS:orf113b and AP3::MTS:orf146 vectors
(Appendix M). In addition, we found abnormal expression of
mitochondrial oxidative phosphorylation pathway genes in the
transgenic lines (Appendix M). Notably, all three expression
vectors induced pollen abortion in A. thaliana without affecting
anther or filament formation. Although the flower structure
remained unchanged, no pollen was produced, consistent
with the 1258A pollen abortion phenotype (Xing et al. 2022).

3.7. Transcriptome data analysis of orf113b and orf146
induced pollen abortion

The transgenic A. thaliana plants we cultivated consistently
exhibited a pollen abortion phenotype, regardless of the

C1
AP3:MTS::0rf113b

transformation vectors used. Therefore, we speculated
that orf113b and orf146 share mechanisms that influence
the transcriptional regulation of genes involved in anther
development. Transcriptome analysis revealed that several
of the top 10 significantly enriched GO terms were related to
defense responses, including response to abiotic stimulus,
response to light stimulus, response to radiation, response
to chemical stimulus, response to organic substance,
response to endogenous stimulus, response to hormone,
and response to oxygen-containing compound (Fig. 7-A
and B). Notably, numerous defense-related GO terms
were significantly enriched across the transgenic plants
transformed with various vector types. This indicates that
the expression of orf113b and orf146 triggers substances
that induce a series of stress responses in A. thaliana. In
the analysis of KEGG pathways, orf113b transgenic plants
were involved in 14 pathways, including metabolic pathways,
photosynthesis, and biosynthesis of secondary metabolites,

Fig. 6 Identification of transgenic plant phenotypes. A1-A4, phenotypes of wild-type Arabidopsis thaliana stamens, anthers, siliques,
and pollen. B1-B4, phenotypes of A. thaliana stamens, anthers, siliques, and pollen carrying the AP3 promoter vector. C1-C4, phenotypes
of A. thaliana stamens, anthers, siliques, and pollen carrying the AP3::MTS:orf113b vector. D1-D4, phenotypes of A. thaliana stamens,
anthers, siliques, and pollen carrying the AP3::MTS:orf146 vector. In A1, B1, C1, and D1, the bar=1 mm; in A2, A4, B2, B4, C2, C4, D2,

and D4, the bar=100 ym; and in A3, B3, C3, and D3, the bar=5 cm.
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while orf146 transgenic plants were significantly enriched
in only three pathways: photosynthesis-antenna proteins,
homogalacturonan degradation, and plant hormone signal
transduction (Fig. 7-A and B). Given that the expression
of both the orf113b and orf146 genes can induce pollen
abortion, we aimed to identify commonalities in the associated
differential metabolic pathways. Differential gene analysis
of three types of transgenic plants revealed 162 common
differential genes in orf113b transgenic plants (Fig. 7-C)
and 181 in orf146 transgenic plants (Fig. 7-D). Subsequent
KEGG enrichment analysis indicated that the differential
genes in orf113b transgenic plants were predominantly
enriched in biosynthesis of secondary metabolites, carotenoid
biosynthesis, plant hormone signal transduction, metabolic
pathways, oxidative phosphorylation, and the alanine,
aspartate and glutamate metabolism pathways (Fig. 7-E). In
contrast, the differential genes in orf146 transgenic plants
were significantly enriched in flavonoid biosynthesis, circadian
rhythm — plant, and plant hormone signal transduction
pathways (Fig. 7-F). Notably, the plant hormone signal
transduction pathway was significantly enriched across both
transgenic plant types.

Given the consistent pollen sterility observed in orf113b and
orf146 transgenic plants, we speculated that these two genes
may target the same nuclear genes in A. thaliana, thereby
inducing pollen sterility. To investigate the core regulatory genes
involved in this sterility, we analyzed transcriptome sequencing
data from the inflorescences of transgenic A. thaliana using
gene co-expression analysis. We constructed a co-expression
network comprising 83 genes, all of which exhibited positive
correlations (Fig. 8-A). Focusing on the top 28 genes with more
than 15 connections, we found that their expression levels were
significantly higher in the transgenic lines compared to the wild
type. Notably, 11 genes (AT1G01980, AT1G55560, AT3G02810,
AT3G09530, AT1G58120, AT5G50030, AT5G50830,
AT2G26850, AT4G36490, AT1G04470, and AT5G18910)
showed significantly elevated expression levels across the three
types of vector-transformed plants. Interestingly, in 35S::0rf113b
transgenic plants, 27 genes were significantly different from
the control, with 21 genes reaching highly significant levels. In
contrast, only one gene in 35S::0rf146 transgenic plants showed
a significant difference from the control. In the AP3::MTS:orf146
transgenic plants, 14 genes exhibited significantly higher
expression levels compared to the control. Conversely, in the
AP3::MTS:orf113b transgenic plants, only one gene showed
significant variation from the control. No significant differences
were found in their expression between the AP3::0rf146
transgenic plants and the control, whereas in the AP3::0rf113b
transgenic plants, 15 genes showed significant differences in
expression compared to the control. These variations may
be attributed to the vector type used or the tissue sampled,
indicating that orf113b can influence the expression of core
genes in A. thaliana through overexpression alone. In contrast,
orf146 requires precise mitochondrial targeting to function
effectively. In summary, our findings suggest that both orf113b
and orf146 can activate the defense response in A. thaliana,
leading to the significant upregulation of specific nuclear genes,
potentially contributing to pollen sterility.

4. Discussion
4.1. Characteristics of high-quality mitochondrial ge-
nomes of 1258A and 1258B

We assembled the mitochondrial genomes of two alloplasmic
cytoplasmic male sterility lines, 1258A and its maintainer
line 1258B, both of which possess cytoplasm derived
from a wild mustard species native to Xinjiang, known as
Xinjiang wild rapeseed. The mitochondrial genome of 1258A
spans 263,010 bp, while that of 1258B is slightly smaller at
262,916 bp (Fig. 1). Interestingly, the mitochondrial genome
of 1258A exceeds that of S. arvensis (240,024 bp) in size,
yet it remains 6,967 bp smaller than the previously reported
Nsa CMS mitochondrial genome (Sang et al. 2019). The
mitochondrial genome sizes of 1258A and 1258B differ by a
mere 94 bp, suggesting minimal size variation. This similarity
could be attributed to the lack of large repeated segments, as
both the sterile and maintainer lines’ mitochondrial genomes
predominantly consist of small repeated fragments.
Mitochondrial genomes in sterile plant lines are typically
larger than those in fertile lines, a difference often attributed
to large repeated segments within the genomes of sterile
lines. For example, the Ogu CMS mitochondrial genome is
approximately 14 kb larger than its fertile counterpart (Tanaka
et al. 2012), the hau CMS genome exceeds its maintainer
line by 28 kb (Heng et al. 2014), and the Nsa CMS genome is
48 kb larger than that of its maintainer line (Christensen et al.
2021). Plant mitochondrial genomes are known for their rapid
structural evolution but slow sequence evolution (Christensen
et al. 2021; Wang et al. 2024). Studies on cotton have shown
that expansions in mitochondrial genome size are mainly
due to extensive sequence duplication and the insertion of
sequences from distantly related species (Feng ef al. 2023).
These findings suggest that plant mitochondrial genomes
evolve through sequence duplication-mediated recombination.
Research on wild rice mitochondrial genes has further
demonstrated their potential to evolve into functional CMS
genes through multiple rearrangements, sequence variations,
and the sub-stoichiometric shifting of conserved mitochondrial
sequences (Tang et al. 2016). Despite the significant
conservation of nucleotide sequences within syntenic regions
across the 1258A, 1258B, and S. arvensis mitochondrial
genomes, evolutionary rearrangements have altered the
order and orientation of these regions. This suggests that
the mitochondrial genomes of 1258A and 1258B may have
undergone changes through repeat sequence-mediated
recombination, which is associated with the emergence of
new genes. Phylogenetic analysis indicates that the 1258A
mitochondrial genome originated from wild mustard and shares
a distant relationship with other CMS mitochondrial genomes
found in rapeseed. This observation suggests that the 1258A
mitochondrial genome predominantly retains the characteristics
of the mitochondrial genome found in Xinjiang wild rapeseed.

4.2. Transmembrane domain is a fundamental charac-
teristic of CMS proteins

Research shows that many CMS proteins are chimeric
open reading frames (ORFs) that incorporate sequences
from mitochondrial genes such as cox, atp, and nad, into
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Fig. 7 Analysis of differentially expressed genes of the orf113b and orf146 expressing Arabidopsis thaliana transgenic lines.
A, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes function (KEGG) enrichment analyses among genes in orf113b
transgenic lines. B, GO and KEGG enrichment analyses among genes in orf146 transgenic lines. C, numbers of differentially expressed
genes and Venn diagrams between three orf113b lines. D, numbers of differentially expressed genes and Venn diagrams between three
orf146 transgenic lines. E, KEGG enrichment pathways of the core differentially expressed genes in orf113b transgenic lines. F, KEGG
enrichment pathways of the core differentially expressed genes in orf146 transgenic lines.

sterility genes (Chen and Liu 2014). For example, the CMS gene 0rf463 in radish is merged with cox? (Park et al.
CMS-HL gene in rice, orfH79, integrates a segment of the 2013). In sunflower and canola, the CMS genes orfH522
mitochondrial cox2 gene (Liu et al. 2012). Similarly, the (Kohler et al. 1991), orf222 (Nap CMS), and orf224 (pol
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CMS) are fused with atp8 (Handa et al. 1995; L'Homme
et al. 1997). Moreover, CMS-related sterility genes in crops
such as maize (Yang et al. 2022), cotton (Zhang et al. 2022),
and pepper (Kim et al. 2007) have also been identified as
fused with mitochondrial functional genes. Despite the
frequent fusion of mitochondrial sequences in CMS sterility
genes, there is no direct evidence that these fused genes
are essential for the pollen sterility caused by CMS. For
instance, in the Ogu CMS system, short mitochondrial
repeats trigger extensive rearrangements between the
fertile and sterile genomes, resulting in the sterility gene
orf138 (Singh et al. 2021). However, there is no evidence
that orf138 is a chimeric gene containing mitochondrial
genes or sequences. In contrast, in the Nsa CMS

system, the sterility gene 0rf346 is co-transcribed with the
nad3 and rpl12 genes (Sang et al. 2021), suggesting that
chimeric structures are not universally present in CMS sterility
genes.

The identification of all chimeric ORFs encoding
transmembrane proteins in CMS highlights the transmembrane
domain’s pivotal role in plant CMS proteins. This domain is
crucial for CMS sterility proteins not just structurally but also
functionally. Studies using a prokaryotic expression system
(E. coli) have shown that CMS proteins can directly impair
bacterial viability and inhibit growth, a toxic function dependent
on the presence of the transmembrane domain (Xiao et al.
2020; Sang et al. 2021). Similar findings have been reported
in a eukaryotic expression system (yeast), where the toxicity
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of CMS sterility proteins also relies on the transmembrane
domain (Zhang et al. 2022). This study’s truncated expression
analysis of Nsa CMS proteins further supports that previous
research by demonstrating that ORF113b’s ability to inhibit
bacterial growth is contingent on its transmembrane domain;
without it, the protein loses this inhibitory function (Fig. 4).
However, unlike earlier studies, our results show that ORF113b
and ORF146 do not directly kill bacteria, but rather moderately
restrict their proliferation. This inhibition is less potent than
the toxicity observed with the ORF345 (Sang ef al. 2021) and
ORF610a (Zhang et al. 2022) proteins, suggesting variability in
the degree of bacterial growth inhibition among different CMS
sterility proteins.

4.3. orf113b and orf146 are functional genes that regulate
CMS pollen sterility

Our study demonstrates that the mitochondrial genes orf113b
and orf146 can induce pollen-free anther formation without
altering floral organ morphology. This function is distinct from
the sterility gene orf346 in Nsa CMS, which, regardless of the
mitochondrial targeting sequence, causes complete pollen
sterility in A. thaliana and severely disrupts the development
of petals and stamens, leading to significant floral organ
abnormalities (Sang et al. 2021). Previous studies have
documented that the expression of mitochondrial sterility
genes in A. thaliana leads to compromised developmental
phenotypes, such as partial pollen sterility, shortened
siliques, reduced filament length, defective pollen tubes, and
occasional partial fertility (Zhang et al. 2022). Importantly,
our research identifies orf173b and orf146 as key inducers
of pollen sterility, with orf113b being unique to the sterile
line 1258A. Conversely, the origin of orf146 in 1258A was
linked to base deletions and mutations within the gene
(Fig. 3). Specifically, a 39 bp deletion in orf146 reduces the
transmembrane structural domains, altering both the amino
acid sequences and types (Fig. 3-A). Single base mutations
at positions 210, 320, and 324 bp in 1258A orf146, along with
a base deletion at 315 bp, alter the amino acid sequence
in this region, resulting in the loss of a transmembrane
domain in 1258A ORF146 (Fig. 3-B). Recent studies using
transcription activator-like effector nucleases (TALENS)
to knockout the conserved mitochondrial nad9 gene in
tobacco have produced multiple deletion mutants of the
mitochondrial nad9 gene without inducing additional genomic
rearrangements, thereby establishing a synthetic CMS
system (Forner et al. 2023). These findings indicate that
deletions and mutations in mitochondrial genes can induce
CMS. Our results demonstrate that the redundant regulation
of orf113b and orf146 effectively ensures complete sterility
in 1258A pollen but also complicates the development of
restoration lines.

4.4. ROS signals regulate the expression of key nuclear
genes to induce pollen abortion

The mitochondrial respiratory chain is the primary source of
ROS in cells, especially through oxidative phosphorylation.
This process not only produces over 90% of a cell's ATP but
also generates significant amounts of ROS. Specifically,

complexes | and Ill within the respiratory chain are the
main sites of ROS production (Lanciano et al. 2013; Zorov
et al. 2014). Among these, complex lll is the major source
of superoxide and other ROS derivatives. In our study,
we observed abnormal expression patterns of functional
genes related to the mitochondrial oxidative phosphorylation
pathway in the anthers of sterile lines. Notably, genes
nad1, nad2, nad3, and nad5, which are components of
mitochondrial complex I, were significantly upregulated.
Conversely, genes associated with complex Il (cob),
complex IV (cox1 and cox3), and complex V (atp1, atp6,
and atp9) were markedly downregulated (Fig. 5-A). These
results indicate that ORF113b and ORF146 may influence
the expression of genes in complexes | and Ill. In addition,
we detected excessive ROS accumulation within cells,
leading us to hypothesize that orf113b and orf146 contribute
to elevated ROS levels (Fig. 5-B). When oxidative stress
was simulated in cells using H,0, (Fig. 5-D), the expression
patterns of genes from complex | (nad?, nad2, and nad5),
complex Ill (cob), and complex V (atp6) in the roots of 1258A
seedlings mirrored those observed in the anthers of 1258A.
This consistency suggests a strong link between the oxidative
stress experienced during pollen development in 1258A and
the ROS generated by orf113b and orf146.

Numerous studies have demonstrated that CMS is closely
related to a significant buildup of ROS within anthers. The
maize CMS-C mitochondrial gene, atp6c, and the CMS-S
mitochondrial gene, orf355, specifically trigger a surge in
ROS levels, resulting in CMS in maize (Xiao et al. 2020;
Yang et al. 2022). Similarly, pollen sterility in various CMS
systems, including rice CMS-WA (Luo et al. 2013), CMS-HL
(Wang et al. 2013), CMS-TA (Takatsuka et al. 2021), and others
such as rapeseed hau CMS (Heng et al. 2018), SaNa-1A
CMS (Du et al. 2019), Ogu CMS (Wang et al. 2021), and
Nsa CMS (Sang et al. 2021), results from excessive ROS
accumulation driven by mitochondrial sterility genes. Notably,
these CMS systems display abnormal PCD of the tapetum
during pollen sterility, emphasizing the critical role of timely
tapetum PCD in pollen development. Research shows that
ROS levels in anthers influence tapetum development and
PCD. For example, TDF1 modulates ROS levels by regulating
the ascorbic acid (AsA) content, balancing cell division and
differentiation within the tapetum (Wu et al. 2023). In addition,
BOTRYOID POLLEN 1 affects rice anther development by
regulating ROS levels through UDP sugar homeostasis,
which impacts tapetum cell PCD (Chen et al. 2023). Notably,
ROS act as retrograde signals from mitochondria to the
nucleus, thereby regulating nuclear gene expression. When
mitochondrial function is impaired by internal or external
factors, mitochondrial retrograde regulation (MRR) is triggered
(Ng et al. 2014; Welchen et al. 2020). This process involves
mitochondria communicating their functional status to the
nucleus through largely unidentified signaling pathways, which
facilitates the transcriptional regulation of responsive genes.
Recent studies indicate that mitochondria-derived ROS
are crucial initiators of mitochondrial retrograde signaling in
A. thaliana (Khan et al. 2024). Our research demonstrated
that A. thaliana transformed with the orf113b and orf146 genes
exhibited activated defense responses, likely associated
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with ROS increases induced by the ORF113b and ORF146
proteins.

Research indicates that ROS produced in specific
organelles, often associated with stress and defense
mechanisms, may interact with hormonal functions (Ng et al.
2014; Xia et al. 2015; Liang et al. 2025). Our transcriptome
data analysis revealed significant enrichment in the plant
hormone signal transduction pathway (Fig. 7-E and F). Co-
expression network analysis identified nuclear genes that
are likely responsive to ROS signals, which are linked to
pollen sterility (Fig. 8). Notably, these critical nuclear genes
are upregulated. The gene AT1G07980 encodes a reticuline
oxidase-like protein involved in plant defense against
pathogens, indicating a cellular stress response (Belchi-
Navarro et al. 2013; Sabater-Jara et al. 2014). Furthermore,
AT1G55560 encodes the L-ascorbate oxidase homolog
SKEWEDS5-SIMILAR 14 (SKS14). Ascorbate oxidase is
reportedly crucial for regulating AsA levels, and disruption of
SKS18 can increase AsA concentrations, thereby reducing
ROS accumulation in tapetum cells. Conversely, SKS18
overexpression increases ROS levels in the tapetum,
resulting in a larger cell volume and fewer tapetum cells
(Wu et al. 2023). The protein kinase RBK2, encoded by
AT5G18910, is mainly expressed during pollen development
and is involved in oxidative stress signal transduction, cell
wall biosynthesis, and ROS production (Molendijk et al.
2007). The high expression of these genes indicates that
transgenic plant cells might suffer from ROS imbalance or
exposure to toxic substances, adversely affecting tapetum
cell function. However, the roles of the nuclear genes
AT1G58120, AT5G50030, AT5G50830, AT2G26850, and
AT1G04470 remain unexplored. We hypothesize that these
genes could respond to orf113b and orf146 expression,
potentially regulating ROS levels or influencing tapetal cell
functions, which could affect pollen development. Validation
of this hypothesis requires further comprehensive research.

Combining the current findings with our previous studies
(Xing et al. 2022), we propose a model for the molecular
regulatory mechanism of 1258A (Nsa CMS). The expression
of mitochondrial genes orf113b and orf146 impacts gene
expression in the mitochondrial oxidative phosphorylation
pathway, increasing mitochondrial ROS and reducing ATP
levels. Elevated mitochondrial ROS can act as a retrograde
signal to nuclear genes, thereby affecting pollen development
and causing abnormal tapetal PCD and pollen sterility (Fig. 9).

5. Conclusion

The mitochondrial genome of 1258A (Nsa CMS), derived from
Xinjiang wild rapeseed, is 263,010 bp long and includes three
rRNAs, 19 tRNAs, 36 orf genes, and 33 protein-coding genes.
Notably, the expression of the mutated and deleted gene
orf146 and the novel gene orf113b inhibits E. coli and yeast
growth, disrupts mitochondrial oxidative phosphorylation
gene expression, leads to ROS accumulation, and results
in pollen abortion. Transcriptome analysis suggests that
ROS produced by orf146 and orf113b retrogradely regulate
nuclear gene expression, thus impairing tapetum function and
disrupting microspore development. Studying the molecular

regulatory mechanism of CMS pollen abortion in 1258A will
clarify the relevant nucleo-cytoplasmic interactions and aid in
selecting restorer genes or lines.
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