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Abstract

Background: Cytoplasmic male sterility (CMS), which naturally exists in higher plants, is a useful mechanism for
analyzing nuclear and mitochondrial genome functions and identifying the role of mitochondrial genes in the plant
growth and development. Polima (pol) CMS is the most universally valued male sterility type in oil-seed rape.
Previous studies have described the pol CMS restorer gene Rfp and the sterility-inducing gene orf224 in oil-seed
rape, located in mitochondria. However, the mechanism of fertility restoration and infertility remains unknown.
Moreover, it is still unknown how the fecundity restorer gene interferes with the sterility gene, provokes the sterility
gene to lose its function, and leads to fertility restoration.

Result: In this study, we used multi-omics joint analysis to discover candidate genes that interact with the sterility
gene orf224 and the restorer gene Rfp of pol CMS to provide theoretical support for the occurrence and restoration
mechanisms of sterility. Via multi-omics analysis, we screened 24 differential genes encoding proteins related to
RNA editing, respiratory electron transport chain, anther development, energy transport, tapetum development, and
oxidative phosphorylation. Using a yeast two-hybrid assay, we obtained a total of seven Rfp interaction proteins,
with orf224 protein covering five interaction proteins.

Conclusions: We propose that Rfp and its interacting protein cleave the transcript of atp6/orf224, causing the
infertility gene to lose its function and restore fertility. When Rfp is not cleaved, orf224 poisons the tapetum cells
and anther development-related proteins, resulting in pol CMS mitochondrial dysfunction and male infertility. The
data from the joint analysis of multiple omics provided information on pol CMS’s potential molecular mechanism
and will help breed B. napus hybrids.

Keywords: Polima, CMS, Multi-omics analysis, Brassica napus, orf224, Rfp

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: yibin@mail.hzau.edu.cn
National Key Laboratory of Crop Genetic Improvement, National Center of
Rapeseed Improvement, Huazhong Agricultural University, Wuhan 430070,
China

Wang et al. BMC Plant Biology          (2021) 21:130 
https://doi.org/10.1186/s12870-021-02852-7

http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-021-02852-7&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:yibin@mail.hzau.edu.cn


Background
Cytoplasmic male sterility (CMS) refers to plants’ inabil-
ity to yield functional pollen, and this natural occurrence
is widespread in vascular plants, specifically in flowering
plants [1]. Researchers use CMS to adequately breed
crops for hybrid seed production, which is a highly
effective approach to use heterosis [2]. CMS appears to
be mainly caused by rearrangements, deletions, or muta-
tions of genes located in mitochondria, which can be
eliminated by the fertility restoration factor genes
present in the nuclear genome [3, 4]. CMS not only can
be used to study the relationship between cytoplasmic
genes and nuclear genes but can also be a suitable donor
for examining heterosis, providing a theoretical basis for
three-line breeding [5, 6]. As researchers continue to
elucidate the factors that lead to abnormal pollen devel-
opment, several factors can cause this phenomenon to
be discovered. Scientists have made corresponding as-
sumptions regarding CMS mechanisms, such as cytotox-
icity, advanced programmed cell death (PCD), energy
deficit, and reverse inverse regulation hypotheses [7].
Although there is no direct evidence to prove the toxic
protein hypothesis, the fertility suppression effect of ster-
ility genes on prokaryotic cells has been well docu-
mented [8–10]. Rearrangement of mitochondrial genes
leads to energy loss, which might be a significant reason
for anther abortion in CMS [11]. Previous studies have
shown that during the CMS-T of maize, the mitochon-
dria split rapidly during anther development. Therefore,
elevated expression of CMS genes might cause mito-
chondrial function defects, resulting in insufficient en-
ergy supply for male organ development, thus triggering
abortion [12]. ATP synthesis requires the flow of hydro-
gen ions generated by the concentration gradient of
hydrogen ions produced by complex I, II, III, and IV in
the mitochondria, and the integrity of the mitochondrial
membrane structure is crucial to the generation of ATP
[[11, 13]]. Many proteins encoded by CMS genes, in-
cluding URF13, ORF138, ORF79, and ORPH79, are
transmembrane proteins. These proteins may bind to
the mitochondrial inner membrane, affecting the hydro-
gen ion concentration gradient, thus affecting ATP syn-
thesis [14–16].
Oil-seed rape (Brassica napus L.) is the fourth-largest

oil-producing crop worldwide. The cytoplasmic male
sterility of Brassica napus has also been extensively stud-
ied as a rich source of cytoplasmic male sterility promot-
ing hybrid seed production for the desirable traits.
Previous studies found that there are at least nine types
of CMS in rapeseed: ogu CMS [17], nap CMS [18], Tour
CMS [19], pol CMS [20], shan2A CMS [21], oxa CMS
[22], Nca CMS [23], Moricandia arvensis CMS [20], Nsa
CMS [24], hau CMS [25], inap CMS [25]. CMS is classi-
fied into sporophytic and gametophytic sterility

according to the period of anther abortion. In rapeseed,
the currently reported type of sterile cytoplasm is sporo-
phytic sterility. According to the cytoplasm source, CMS
is branched into two types: homogeneous cytoplasm and
heterogeneous cytoplasmic sterility [26].
In rapeseed, the most familiar type of CMS is pol

CMS, which is used worldwide for research pur-
poses. Since its discovery in 1987, it has been found
that abnormal transcription of the mitochondrial
gene orf224/atp6 leads to the occurrence of pol CMS
[27], but how the sterility gene orf224 contributes to
the development of abnormal anther functioning re-
mains to be explored [28]. Besides, the restoration
gene of pol CMS has been verified by map-based
cloning [29–31]. Rfp (fertility-restorer) is a nuclear
gene encoding a PPR protein located in mitochon-
dria, and it ultimately leads to the malfunctioning of
the sterility gene orf224, thus allowing restoration of
pol CMS-induced fecundity [29]. However, the
mechanism of fertility restorer is not scrutinized.
Anther examination in B. napus showed that some
proteins’ cumulative levels fluctuate considerably, in-
cluding proteins related to energy and carbohydrate
metabolisms, photosynthesis and flavonoid produc-
tion, aldehyde dehydrogenase performance, and cell
wall remodeling [32]. CMS’s occurrence is character-
ized by considerable differences in protein level,
transcription level, and metabolic level. We will fur-
ther analyze CMS’s causes and results through the
combined analysis of proteomes, transcriptomes, and
metabolomes to provide a new research basis for
elucidating nuclear-plasmid interfaces. The discovery
of new types of CMS may not only improve the
cytoplasmic resources of cruciferous plants but also
provide valuable resources for examining nuclear-
plasmid interaction [11, 33]. In the development of
multi-omics, nucleomics (including genomics and
transcriptomics) reveal the underlying factors of life
phenomena, proteomics reveals the external factors
of life phenomena, and metabolomics reveals the
final results phenomena. Therefore, by integrating
the results of different monolayers of histology to
realize the deeper excavation of the essence of life
phenomena from cause to effect and from the sur-
face to inward, we will have a more comprehensive
and accurate understanding of the laws that reveal
the characteristics of life [[34, 35]].
RNA is a genetic macromolecule that plays numer-

ous roles in eukaryotes and prokaryotes. RNA has
three types, which have different locations and func-
tions within the cell during an organism’s lifecycle
Messenger RNA (mRNA), Ribosomal RNA (rRNA),
and transfer RNA (tRNA). RNA is a significant
element of ribozymes and riboproteins. The
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microdissection technique for isolating specific mate-
rials is required for gene expression profiling and
has become a popular research area. Unlike single-
celled organisms, higher plants have evolved into too
complex organisms; they are categorized based on
the essential functions performed by well-maintained
organs and tissues. Current researchers ignore this
point that plants have different cell types; therefore,
their experimental results have not been in-depth or
informative. Analysis of overall transcription levels
with a high spatial resolution is mandatory to de-
scribe specific tissues’ status entirely. Therefore, dif-
ferences in gene transcription at the single-cell level
that occur in specialized plant cells are crucial for
analyzing the mechanism of plant trait occurrence,
and these differences have also sparked widespread
interest among scientists [36]. Laser capture micro-
dissection, laser microdissection, and pressure ejec-
tion are suitable sampling techniques for collecting
homogeneous cells to analyze plant metabolites. Tap-
etum cells were excised by microdissection, and
RNA was extracted and amplified to perform single-
cell transcriptome sequencing. In the present study,
we applied a multi-omics joint analysis to discover
candidate genes that interact with the sterility gene
orf224 and the restorer gene Rfp of pol CMS to pro-
vide theoretical support for the occurrence and res-
toration mechanisms of sterility.

Results
Observation of micromorphological defects of pollen CMS
in Brassica napus
We used the sterile line 1141A of pol CMS and the
restoring line material bing409. After 13 generations
of backcrossing, we constructed the NIL material of
the restoration gene of pol CMS. There was no
phenotypic difference between the sterile line and the
restorer line throughout the asexual development
period. However, in the later period of the restorer
growth, the pol CMS’s flower buds and flowers’
morphology differed significantly. After stereomicro-
scopy and scanning electron microscopy observation
of the difference between the anther and pollen of
the sterile line and restorer line, we found a consider-
able difference in pollen between the sterile and re-
storer lines. In the sterile line, the buds and stamens
were dried up, the petals became smaller and
contracted, and there was no pollen and significantly
less nectary (Fig. 1 A and C).
In contrast, the restored plant was healthy, showing a

wild-type petal and stamen growth with a maximum
amount of nectary (Fig. 1 B and D). Comparison of
sterile-line pollen with restorer-line pollen via scanning
electron microscopy revealed many abnormal develop-
mental protrusions (Fig. 1 E and F), anther epidermal
growth retardation (Fig. 1 G and H) with pollen grains
present on the surface, and abnormal shrinkage rupture

Fig. 1 Stereomicroscopy and scanning electron microscopy analyses of differences in anther development and pollen development in sterile and
reintroduction materials. (A, C, E, G, I) pol CMS sterile plants anthers, flower buds, and pollen grains in the corresponding period. (B, D, F, H, J) pol
CMS recultivated plant stamens mature anthers, flower buds, pollen grains during differentiation
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(Fig. 1 I and J). The pollen grains of sterile plants shrank
markedly, bent inward, and collapsed; moreover, the
outer wall development was abandoned, and the central
plate was irregular.

Analysis of anther metabolites in sterile and restorer lines
of pol CMS near-isogenic lines
Metabolic analysis of the flower buds of sterile and re-
storer lines of pol CMS near-isogenic lines identified 699
metabolites, including 88 amino acids derivatives, 71
phenylpropanoids, 17 alcohols, 10 polyphenols, 26 phe-
nol amides, 57 nucleotide derivatives, 8 anthocyanins, 41
flavones, 25 flavonols, 17 flavonoids, 14 flavanones, three
quinones, 32 alkaloids, 21 carbohydrates, 17 terpenes, 3
vitamins and derivatives, four isoflavone, 8 indole deriva-
tives, 110 organic acids and derivatives, one proantho-
cyanidin, six steroids, 65 lipids, and 35 others (Fig. 2a).
Principal component analysis (PCA) showed that the
abundance of the metabolites in the flower buds of ster-
ile and restorer lines of pol CMS changed tremendously,
and the sterile and fertile were well separated, with the
largest reaching 23.39% and the groups reaching 36.36%
(Fig. 2b).
In this study, by using heat map clustering, we classified

the metabolites of the sterile and restorer lines (Fig. S1A).
KEGG enrichment analysis showed that the metabolites
were involved in secondary metabolism, flavonoid metab-
olism, and glycolysis/gluconeogenesis pathways, as the
metabolite levels changed remarkably in these pathways
(Fig. S1B; Table S1). A volcano plot of differential metabo-
lites showed 37 metabolite differences (|Fold change| ≥
one and |Fold change| ≤ 0.5) between the sterile and re-
storer lines and 11 kinds of flower buds in the sterile line
compared with those in the restorer line. Moreover,

there were 11 up-accumulated and 26 down-
accumulated metabolites (Fig. 3a). Figure 3b lists the
top 20 substances with multiple metabolite differ-
ences, with pterostilbene being the most up-
accumulated and D-erythro-sphinganine being the
most down-accumulated (Table S4).

Differentially abundant proteins (DAPs) between the
sterile and restorer lines of pol CMS
To further explore the mechanism of pol CMS in the
sterile and restorer lines, we sampled the flower buds of
B. napus < 0.5 mm to determine the proteomes, and we
used a label-free method to detect the gene expression
differences and protein abundance differences between
sterile and restorer lines of near-isogenic lines. For pro-
teomes, 711,479 total spectra, 27,274 matched spectra,
46,998 peptides, 30,391 unique peptides, 7598 proteins,
and 4967 quantifiable proteins were detected (Fig. S2A,
C). PCA analysis results showed that among the sterile
and restorer lines, the difference between the groups
was significant at 44.6%, and the difference within the
group was 14.9%, which can better distinguish the differ-
ences between the two materials and indicates that the
method has good quantitative repeatability (Fig. S2B).
The label-free method was used to detect proteins at

four levels. Based on -log10 P-value > 1.5, 140 DAPs
were identified. Among these proteins, 65 were up-
accumulated, and 75 were down-accumulated (Fig. S2D).
COG/KOG classification analysis showed that DAPs
were divided into 18 functional (Fig. 4). COG/KOG
functional analysis of differentially expressed proteins
showed that metabolic processes with considerable dif-
ferences involved post-translational modification, protein
turnover, chaperones, translation, ribosomal structure

Fig. 2 Overview of metabolomics data. a The metabolome type and the number of species in each group. b The principal component analysis
showed significant differences between the two traits
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and biogenesis, and energy production and conversion
(Table S3, S5). Through previous studies, it is found that
pol CMS’s occurrence mainly occurs at the beginning of
the fourth stage of anther development. The tapetum
layer is caused by programmed death in advance, and
the tapetum layer mainly provides energy for the devel-
opment of anthers.
Simultaneously, the cytoplasmic male Sterility also oc-

curs mainly in mitochondria, and mitochondria are also
used as a place for energy conversion in plant develop-
ment. Therefore, we speculate that the occurrence of pol
CMS may be related to the production and conversion
of energy, thereby regulating the degradation of tapetum
and triggering the development of anthers abnormal.”
We performed GO analysis to determine the functional
group of DAPs. The 140 DAPs between the CMS and
the maintenance lines were divided into 17 functional
groups, of which biological processes, cellular compo-
nents, and molecular functions accounted for 7, 4,
and 6 GO terms, respectively. For biological pro-
cesses, there are 30 proteins in protein-rich cellular
processes, 56 proteins in metabolic processes, 26 pro-
teins related to a single biological process, four re-
sponses to stimulus, eight proteins for localization,
and three proteins for regulation of the biological
process. Besides, genes were restored in cytoplasmic
male sterility in transport activation and further as-
pects of the existing changes. Related proteins in-
volved in the cell cycle and restorer processes showed
different pol CMS lines (Table S5). The cell compo-
nents are disturbed; there are 18 cell component pro-
teins, 11 organelles, 13 biological macromolecular
complexes, and 10 Membrane-associated proteins. In
the molecular functional group, proteins with catalytic
and binding activities accounted for 54 and 49

proteins, respectively, four proteins had transporter
active, eight structural molecular active proteins, three
antioxidant proteins, and three other characteristic
proteins (Fig. 5).

Single-cell transcriptome sequencing of the tapetum of
sterile and fertile lines of pol CMS near-isogenic lines
We used laser microdissection and Illumina technology
for single-cell RNA-Seq analysis to clarify the relation-
ship between differentially expressed genes (DEGs) and
pol CMS in NILs. After raw data were trimmed, a total
of 52,936,673 and 52,606,810 clean reads were obtained
for fertile and sterile samples, respectively. Furthermore,
the Q20 and Q30 were > 96.61 and > 92.53%, respect-
ively. The GC content for both sterile and fertile samples
was regularly shown to be approximately 45%, signifying
that the sequencing was exact. All clean reads (105,543,
483) were aligned using the Trinity program, resulting in
117,332 contigs with a mean length of 901 nt (Fig. S3).
We performed clustering and identified 80,851 unigenes
(> 200 bp); the average length was 1054 nt, and the N50
was 1586 nt. The length of all unigenes recorded was
longer than 199 bp, and 86.95% of them ranged from
200 to 1999 bp. We subjected all assembled unigenes to
search against the Nr, Swiss-Prot, and COG databases,
and 66,143 (81.81%), 54,857 (67.85%), and 28,129
(34.79%) unigenes were aligned against these three pro-
tein databases, respectively (Fig. S3). Among them, 114,
517 and 104,780 genes were detected in the sterile and
restorer line materials, respectively, and 98,735 genes
were detected in both materials.
We analyzed DEGs between sterile and restorer lines

for advanced recognition of differences in gene expres-
sion patterns. We identified 831 genes in the comparison
of fertility and infertility, including 501 upregulated

Fig. 3 Differences in metabolites between sterile and restorer lines in the metabolome. a Volcano plot of differential metabolites of the
metabolome. b Histogram of the top 20 substances in the differential metabolites of the metabolome
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genes and 330 downregulated genes (Fig. 6a). The genes
with significant differences of FDR ≤0.05 were selected for
KEGG enrichment pathway analysis. The results showed
enriched genes in Photosynthesis, Photosynthesis-antenna
proteins, Carbon fixation in photosynthetic organisms,

Glycolysis/Gluconeogenesis, Starch and sucrose metabol-
ism, Porphyrin and chlorophyll metabolism, Fructose and
mannose metabolism, Glycerophospholipid metabolism,
and other metabolic pathways (Fig. 6b; Table S2, S6). An-
ther cells also showed rapid proliferation and vigorous

Fig. 4 Differentially abundant proteins (DAPs) between the sterile line and its iso-nuclear maintainer line. Volcano plot of DAPs (fold > 1.5)
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Fig. 5 Gene Ontology (GO) classifications of differentially abundant proteins (DAPs) between the sterile line and its reproductive line. The x-axis
represents the number of DAP proteins in each category, and the y-axis represents each GO term

Fig. 6 Transcriptome analysis results. a Volcano plot of the results of transcriptome analysis of significantly differentially expressed gene clusters. b
KEGG pathway functional annotation gene distribution map of significantly differentially expressed genes
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metabolic processes during the growth process [37].
Therefore, the photosynthesis and sugar metabolism pro-
cesses involved in energy metabolism may play an essen-
tial role in developing B. napus anthers.

Combined transcriptome, proteome, and metabolome
analysis
Through the combined analysis of proteomes, metabo-
lomes, and transcriptomes, we found that in the sterile
line and restorer line of pol CMS near-isogenic lines,
owing to differences in the restoration gene Rfp, a series
of genes and pathways occurred in Brassica rapa. We
performed KEGG enrichment analysis on the detected
DEGs and metabolites. The joint analysis of proteomes
and metabolomes revealed a significant difference in gly-
colysis/gluconeogenesis and other metabolic pathways.
The joint analysis of transcriptomes and metabolomes
disclosed significant differences in three pathways: the
phenylpropane biosynthesis pathway, glycolysis/gluco-
neogenesis metabolic pathway, and pyruvate biosynthesis
pathway. However, transcriptome and metabolome en-
richment analysis presented substantial differences in
calcium-transporting ATPase activity, epithiospecifier
protein, glycolysis/gluconeogenesis, phosphatase activity,
and starch sucrose metabolisms (Fig. S4).
In proteome, metabolome, and transcriptomics

analysis, we obtained 141 differential proteins, 37 differ-
ential metabolites, and 831 differential genes. By com-
bining the differential genes in the three omics of the
proteome, transcriptome, and metabolome in the ana-
lysis, a total of 24 genes were screened for associated
differences in the proteome, transcriptome, and metabo-
lome. The functions of these genes mainly include genes
related to RNA editing, respiratory electron transport
chain, anther development protein, energy transport-
related protein, tapetum development protein, and oxi-
dative phosphorylation protein (Table 1). In the high-
generation near-isogenic line materials, the significant
differences in restoration genes led to differences in pro-
tein, metabolic, and transcription levels. Therefore, we
screened for protein interactions between the pol CMS
sterility gene orf224 and the restoration gene Rfp by
yeast two-hybridization to understand further the mech-
anisms of sterility and restoration genes (Fig. 7a). RT-
PCR validated the genes validated by yeast two-
hybridization, and only three genes were found to be in-
significantly different, while all other genes were signifi-
cantly different (Fig. S5).
Studies have shown that the pathways related to RNA

editing, respiratory electron transfer chain, anther devel-
opment, energy transport, tapetum development, and
oxidative phosphorylation involve interactions between
infertility genes and restoration genes. We used yeast
two-hybrid to find the protein that interacts with the

restorer gene to analyze the mechanism by which the re-
storer genes restore fertility. The results showed that the
restorer gene and the protein involved in RNA editing
might work together in the pol CMS atp6/orf224 tran-
script. Mutual work of the restorer gene and the protein
involved in RNA editing was shown to induce the infer-
tility gene to be non-functional. We also concluded that
restorer genes also interacted with proteins related to
energy, respiratory electron transfer chain, and pyruvate
dehydrogenase, indicating that the occurrence of CMS
and fertility restoration might be strictly associated with
energy metabolism.
Similarly, we used the orf224 protein of the sterility

gene to verify the selected candidate genes. Previous
studies have found that the sterility gene mainly inter-
acted with pollen development and tapetum-related pro-
teins; thus, we inferred that the sterility gene was mainly
related to pollen development. The protein pathway re-
lated to tapetum development led to the occurrence of
pol CMS. Therefore, considering our results above, we
propose a hypothesis to explain the mechanism of pol
CMS’s occurrence and the role of gene restoration.
When the restorer gene is a stealth gene, it will not
interfere with the sterile gene’s function. Therefore, the
orf224 protein would affect the proteins associated with
the development of velvet cells or anther development
in B. napus, thus resulting in anther abortion in pol
CMS. When the restorer gene is dominant, as the re-
storer gene Rfp cannot directly cut the mRNA transcript,
the Rfp gene will bind to the corresponding protein,
which together causes the atp6/orf226 transcript to
change; this causes orf224 to lose its toxic function,
thereby restoring fertility.

Discussion
With the advancement of science and technology, multi-
omics analysis is extensively used to solve biological
problems [38]. Multi-omics joint analysis can under-
stand and prioritize the problems we need to solve from
big data and multi-dimensional data [39]. This study
used laser capture microdissection to extract RNA from
tapetum cells for transcriptome analysis, and < 1mm
flower buds were used for proteomics and metabolomics
analysis [29]. Excellent results were achieved for our
subsequent analysis and screening of candidate genes.
We obtained 24 candidate genes involved in RNA edit-
ing, electron transfer respiratory chain [16], anther de-
velopment, energy conversion, tapetum development,
and oxidative phosphorylation-associated through joint
analysis of multi-omics pathways. Our results suggested
that glycolysis/gluconeogenesis pathways were near
related to the generation and transport of energy in the
tricarboxylic acid cycle [40]. This study’s joint analysis
found a correlation analysis of glycolysis/
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gluconeogenesis pathways is considerably diverse. Our
findings refer that energy changes should be fundamen-
tal in pol CMS. Using the yeast two-hybrid system, we
discovered the restorer gene, and it was found that the
protein involved in RNA editing may work together in
the pol CMS atp6/orf224 transcript [29]. Furthermore,
sharing caused the infertility gene to be non-functional.
The pol CMS restorer gene Rfp encodes a PPR protein

that usually recognizes and binds to RNA sequences in
organelles [39]. In a previous study of pol CMS, the ma-
terials of sterile, maintainer, and restorer lines were
compared with northern blotting, and the results showed
that the original atp6/orf224 was transcribed into 1.1 kb,

2.2 kb, and 1.9 kb transcripts relative to the sterile and
restorer lines, respectively. However, in the reintroduc-
tion line materials, two transcripts of 2.2 kb and 1.9 kb
were significantly reduced, whereas two new transcripts
of 1.4 kb and 1.3 kb appeared simultaneously [41].
Therefore, we presumed that pol CMS’s restoration gene
participated in the editing of atp6/orf224 mRNA. The
transcript of atp6/orf224 translates the orf224 protein,
and orf224 has been found to exert a toxic effect on
Escherichia coli.
Moreover, orf288 has a toxic protein function in hau

CMS, which leads to male sterility [2]. In the present
study, we located three RNA editing-related proteins.

Table 1 Screening of differentially expressed genes through joint analysis of multiple omics, followed by Rfp and orf224 for yeast
experiment verification

Transcription ID Protein.
accession

Protein interaction log2FC p-value Description

orf224 Rfp

RNA editing protein

BnaA09g06660D A0A078FUQ6 + – −0.61706 0.00150 RNA recognition motif (RRM)-containing protein

BnaC06g23390D A0A078FDM2 – + −0.23610 0.53657 RNA polymerase II subunit C-terminal domain phosphatase

BnaA01g22260D A0A078GHA1 – – − 1.22769 0.01624 RNA-binding protein 25 isoforms X1

Respiratory electron transport chain protein

BnaA02g35610D A0A078JFK2 – + −0.79086 0.00062 Electron transfer activity/cupredoxin superfamily protein

BnaA05g32320D A0A078I0S7 – + 0.73948 0.16802 NADH dehydrogenase [ubiquinone] iron-sulfur protein 6

BnaA06g16370D A0A078F502 – – 0.98176 −0.00616 Gamma carbonic anhydrase-like 2

BnaC03g14740D A0A078I202 + – −1.16106 0.00038 SPFH/Band 7/PHB domain-containing membrane protein

BnaC08g43300D A0A078GBF1 – – −0.87303 0.00190 Encodes UDP-d-apiose synthase

BnaC09g47460D A0A078G848 – + −1.00000 0.00098 NADH dehydrogenase [ubiquinone] flavoprotein 1

Anther development protein

BnaA01g13540D A0A078ICM7 + – −1.88014 0.00328 UDP-glucose 4-epimerase 2

BnaA02g05650D A0A078F7X9 – + 0.62574 0.00412 Pollen Ole e 1 allergen and extensin family protein

BnaA04g21720D A0A078FVE9 – – − 4.52980 0.00001 Type III polyketide synthase A-like

BnaA08g15000D A0A078GE34 – – −6.67917 0.00010 Tetraketide alpha-pyrone reductase 1-like

BnaC07g33620D A0A078F9K9 + – 0.83443 0.06855 Pollen-specific leucine-rich repeat extension-like protein 1

BnaA04g26600D A0A078HGU6 + – −1.34373 0.00096 LDL receptor wingless signaling/trafficking chaperone

Energy transport-related protein

BnaA03g01500D A0A078FEE1 – – −1.18473 0.00094 Lysosomal beta glucosidase-like

BnaA10g11120D A0A078HLN1 – – −1.42526 0.00070 Calcium-transporting ATPase

BnaC01g21970D A0A078H9K8 – – −0.64160 0.04709 Dihydrolipoyl dehydrogenase

BnaC06g00540D A0A078IEJ9 – – 2.38727 0.00002 Probable mitochondrial chaperone BCS1-B

BnaCnng66500D A0A078JT79 – – 0.88088 0.00126 ATP synthase subunit delta, chloroplastic-like

Tapetum development protein

BnaA01g23670D A0A078FYQ2 + – −3.60823 0.00012 May play a role in tapetum development.

BnaA09g10680D A0A078HQA1 + – −5.68514 0.00001 4-Coumarate-CoA ligase-like 1

Oxidative phosphorylation protein

BnaA01g17520D A0A078H3Z4 – + −2.71786 0.00052 Peroxidase

BnaC01g19630D A0A078GUT8 – – 1.71357 0.00002 NADPH-protochlorophyllide oxidoreductase
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Verification by yeast revealed that two proteins that
interacted with restorer genes and one protein that
interacted with sterile genes might be involved in cut-
ting the pol CMS sterile gene atp6/orf224 transcript
(Fig. 7b).
Studies have found that CMS genes are mainly com-

posed of mitochondrial genes, and mitochondria serve
as the primary energy supplier in living organisms [[42,
43]]. The vast majority of CMS genes are chimeric genes
generated by mitochondrial arrangement events, in
which cox1, atp8, and atp6 function as infertility genes;
however, most of them encode electron transport re-
spiratory chain-related proteins or ATP synthase related
complexes [14, 44]. Co-transcription and the electron
transport chain’s normal metabolism is closely related to
energy metabolism [45]. It is believed that in maize T-
CMS, T-URF13 causes unrecoverable damage near the
MT membrane, leading to the loss of membrane poten-
tial and, ultimately, mitochondrial breakdown and steril-
ity [[10, 46]]. In the rapeseed ogu CMS, the infertility
gene orf138 was found to disrupt the electron transport
chain inside the mitochondrial membrane, leading to an-
thers abortive [47].
In the phenomenon of cytoplasmic male sterility in

higher plants, mitochondrial gene mutations lead to
infertility. Several crop studies have found that both
early and delayed degradation of tapetum cells can
lead to infertility. As a staged tissue, the tapetum pro-
vides nutrients and energy for the maturation of
microspore cells. In the omics studies of Chinese cab-
bage [47], salvia [48], rape [49], watermelon [50], and
cotton [51], it has been found that the glycolysis/glu-
coneogenesis pathway has an essential function in the
process of male sterility. Because the glycolysis/

gluconeogenesis pathway produces many carbohy-
drates and various enzymes, it is closely related to
plants’ average growth and development. However,
due to male sterility’s complex regulatory factors, this
type of gene has not been verified by molecular biol-
ogy for its specific effect on male sterility. However,
through additional crop omics testing and analysis,
the glycolysis/gluconeogenesis pathway is closely re-
lated to male sterility.
Similarly, the electron transport respiratory chain

disorder and disrupted ATP synthase complex func-
tion have been found in the Petunia CMS Connett,
wild G-CMS beets [42], and sunflower CMS [52].
These previous findings showed an association be-
tween the CMS protein and the mitochondrial elec-
tron transport chain complex. For example, in rice
CMS lines, the sterility genes orf79 and orfH79 caused
decreased ATP/ADP ratio and increased reactive oxy-
gen species in anthers [15]. We found that the rapid
division of mitochondrial genes during anther devel-
opment may lead to mitochondrial function defects,
leading to insufficient energy supply for male organ
development and triggering abortion [52]. All the
above information indicates that extreme energy in-
sufficiency in mitochondria is the only possible cause
of CMS, but the mechanism that triggers unfunctional
pollen is still not entirely understood [53]. Re-
searchers cogitated that the CMS protein binds to
specific mitochondrial proteins in some way to
achieve this effect, but no relevant candidate proteins
have been found. Among our differential candidate
genes, we also found electron transfer chain-related
proteins and energy transfer-related proteins that
interact with restorer genes, which may cause CMS

Fig. 7 A Possible Mechanism Contributing to the Occurrence of Sterility and Recovery of Fertility in Pol CMS Lines of B. napus. a Multi-omics
association analysis of candidate genes using yeast to screen for related genes. b A proposed a pol CMS working model showing the pol CMS
mechanism and infertility mechanism of Rfp and orf224
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and restorer of fertility [54]; however, further research
and more scientific evidence are needed to confirm
the current hypothesis.
We used stereomicroscopy and scanning electron mi-

croscopy to observe the differences in anther and pollen
development in sterile and fertile lines of B. napus. The
results showed that the pollen grains of sterile plants
markedly shrank, bent inward, and collapsed, whereas
those of fertile plants showed a normal phenotype [55]. In
our research, using transmission electron microscopy ana-
lysis of semi-thin sections, we observed that pol CMS’s
sterile line material exhibited abnormalities and disinte-
gration. These abnormalities mostly occurred in the third
phase of anther development and led to early PCD of
sporogenous cells, which eventually led to the abnormal
differentiation of L2 cells, outer cells, inner cells, tapetum
cells, and microspore mother cells [54, 56, 57]. In this
study, we identified many anther development-related
proteins and tapetum development-related proteins in
sterile plants, and these proteins were associated with ster-
ility genes. Thus, we concluded that pol CMS’s sterility
genes caused the production of abnormal anther and tap-
etum development-related proteins, which led to anther
abortion [31]. However, there are also significant short-
comings in this project. Although several candidate genes
were screened by combined multi-omics analysis and
yeast two-hybrid experiments, the corresponding results
were not verified by other molecular biology experiments
and oil-seed rape transgenesis.

Conclusions
In the combined analysis of pol CMS’s near-isogenic
lines with multiple omics, we screened 24 differential
genes and carried out yeast two-hybrid detection of
these differential genes with the restorer gene Rfp steril-
ity gene orf224 in pol CMS, looking for the same pol
CMS fertility changes related protein. Finally, we
screened seven Rfp interacting proteins, whose primary
functions are RNA editing, anther development, and tap-
etum development-related protein interactions. The
sterility gene orf224 protein screened out five interacting
proteins; their main functions are electronic the respira-
tory transmission chain, anther development, and oxida-
tive phosphorylation related proteins. Therefore, we
speculate that the restorer gene Rfp acts on the sterility
gene by forming a protein complex with the above types
of proteins, resulting in the loss of function of the steril-
ity gene and the restoration of fertility. Infertility genes
mainly interact with proteins related to the electron re-
spiratory transport chain, directly act on proteins related
to anther development, or interact with proteins related
to oxidative phosphorylation, which affect the develop-
ment of anthers and fail to develop pollen grains that
are initially normal. Therefore, we have screened 12

candidate genes through multi-omics joint analysis com-
bined infertility genes and restorer genes for follow-up
research, which provides a specific data basis for the
analysis of pol CMS, and also provides help for revealing
the potential molecular mechanism of pol CMS.

Methods
Sample collection
In the laboratory, bing409 (pol restorer line)(Source:
Prof. Tingdong Fu) and 1141A (sterile pol line)(Source:
Prof. Tingdong Fu) was used to establish a near-isogenic
line (NIL) through 13 generations of backcrossing
(Source: Dr. Zonghui Yang). Using this material, we
finely mapped the pol CMS restorer gene. In the BC8
generation, the 32 kb infiltrated the specific marker scan-
ning located gene fragment, and then the experiment
was carried out by crossing 13 generations of sterile lines
and reproductive lines. The NIL of oil-seed rape was
seeded in May 2018 in Wuhan, with the seedling density
controlled to 20 cm × 40 cm. The NIL material passed
the multi-year backcrossing experiment, and the pheno-
type was 1:1 sterile line to the restorer line. The sterile
and fertile phenotypes can be well distinguished.
Through paraffin section observation, we found that the
infertility period of pol CMS was 3–4 stages of anther
development, and the degradation of tapetum occurred
in advance, leading to abortion [29]. In stages 2–3 of an-
ther development, the flower buds’ size was < 1mm;
therefore, we collected flower buds of < 1 mm and stud-
ied the proteome and metabolome. All samples taken
were frozen in liquid nitrogen and stored at − 80 °C.
Simultaneously, we collected the flower buds of sterile
and fertile lines in the same period and fixed them for
laser microdissection capture to study single-cell tran-
scriptomics. This procedure was conducted to investi-
gate pol CMS more accurately at the metabolic, protein,
and transcription levels. The transcriptome, proteome,
and metabolome sample collection set up three bio-
logical replicates for omics sequencing analysis.

Metabolite extraction and processing
The sample preparation and metabolite extraction pro-
cedures were as follows: 100 ± 1mg of 3–4-stage anther
was put in a 2 mL EP tube, and 0.6 mL extraction buffer
(Vmethanol: VdH2O = 3:1) was added, followed by 20 μL of
adonitol (1 mg/mL stock in dH2O) as per the internal
standard. The column used was Waters ACQUITY
UPLC HSS T3 C18 (1.8 μm, 2.1 mm × 100mm. The mo-
bile phase used was as follows: Phase A, ultrapure water
(containing 0.04% acetic acid); Phase B, acetonitrile
(containing 0.04% acetic acid). The elution gradient pro-
gram was as follows: 0.00–10.00 min 0% B; 10.00–11.00
min 95% B; 11.00–11.10 min, 5% B; 11.10–14 min, main-
tained at 5% B.” At 10.00 min, B’s ratio increased linearly
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to 95% and remained at 95% for 1 min. From 11.00 to
11.10 min, B’s ratio decreased to 5% and maintained till
14 min. The elution conditions were as follows: The flow
rate is 0.35 mL/min; the column temperature is 40 °C;
the injection volume is 4 μL. The mass spectrometry
conditions are as follows: the electrospray ionization
temperature is 550 °C; the electrospray ionization
temperature is 550 °C. Mass spectrometer voltage, 5500
V; curtain gas 30 psi; collision induced dissociation pa-
rameters [58]. Each ion pair is scanned based on the best
intersecting potential and collision energy in the triple
quadrupole for detection. Metabolic profiling is per-
formed using a broad range of targeted metabolomic ap-
proaches at Wuhan Metware Biotechnology [59].
(Wuhan, China) (http://www.metware.cn/).

Lab-free method for proteome detection
The anther was first ground in liquid nitrogen. The pow-
der was transferred to a 5 mL centrifuge tube and soni-
cated three times on ice using a high-intensity ultrasonic
processor (Sanchez-Puerto et al., 2015) in lysis buffer
(containing 1% TritonX-100, 10 mM dithiothreitol, 1%
protease inhibitor cocktail, 50 μM PR-619, 3 μM TSA,
50mM NAM, and 2mM EDTA). Equal volume of trisa-
turated phenol (ph 8.0) was added, and then the mixture
was further rotated for 5 min. After centrifugation (4 °C,
10 min, 5000×g), the upper phenol phase was transferred
to a new centrifuge tube. Proteins were precipitated by
adding at least four volumes of ammonium sulfate-
saturated methanol, followed by incubation at − 20 °C
for at least 6 h. After centrifugation at 4 °C for 10 min,
the supernatant was discarded. The remaining precipi-
tate was washed once with ice-cold methanol and then
with ice-cold acetone three times. Re-dissolve the pro-
tein in 8M urea and use the BCA kit to determine the
protein concentration according to the manufacturer’s
instructions.
The trypsin peptide was dissolved in 0.1% formic acid

(solvent a) and directly loaded on a self-made reversed-
phase analytical column (length: 15 cm, 75 μm). The
gradient consisted of increasing from 6% B to 23% solv-
ent B (0.1% formic acid in 98% acetonitrile) in 26 min,
from 23 to 35% in 8 min, climbing to 80% in 3 min, and
then remaining at 80% on easy-nlc 1000 UPLC system.
The flow rate was 400 nl / min in the last 3 min. The
peptides were processed from NSI sources, and then
tandem mass spectrometry (MS/MS) was performed in
Q ExactiveTM Plus (Thermo) connected online to
UPLC. The applied electrospray voltage was 2.0 kV. The
m/z scan range of the complete scan is 350 to 1800, and
the complete peptide is detected in Orbitrap with a reso-
lution of 70,000. Then use NCE to set 28 to select pep-
tides for MS/MS, and detect these fragments in Orbitrap
with a resolution of 17,500. The data-dependent process

performs 20 MS/MS scans after one MS scan, and the
dynamic elimination time is 15.0 s. Automatic gain con-
trol (AGC) is set to 5E4. The fixed first mass setting is
100 m/z [60].
The corresponding signal abundance of the protein in

each sample is detected by mass spectrometry technol-
ogy. The LFQ intensity of the protein in each sample is
obtained by the non-standard quantitative calculation
method, and the relative quantitative value of each sam-
ple is obtained according to the protein LFQ intensity
between different samples. The first step is to calculate
the protein’s differential expression between the two
samples in the comparison group. First, calculate the
average of each sample’s quantitative value in multiple
replicates, and then calculate the ratio of the average be-
tween the two samples, which is taken as the final differ-
ential expression of the comparison group. The second
step is to calculate the significance P-value of the pro-
tein’s differential expression in the two samples. First,
take the relative quantitative value of each sample to
log2 (to make the data conform to the normal distribu-
tion), and then use the two-sample two-tailed T-test
method to calculate a p-value. When p-value< 0.05, the
change of differential expression exceeding 1.5 is used as
the change threshold for significant up-regulation, and
the change threshold for significant down-regulation is
less than 1/1.5.
Gene was classified by Gene Ontology annotation into

three categories: biological process, cellular compart-
ment, and molecular function. The GO with a corrected
p value of < 0.05 is considered important [61]. The
Encyclopedia of Genes and Genomes (KEGG) database
is used to identify enrichment pathways through two-
tailed Fisher’s exact test to test the enrichment of all
identified proteins by differentially expressed proteins
[62]. Paths with corrected p-value < 0.05 are considered
important.

Single-cell transcriptome sequencing using
microdissection
Laser microdissection technology was used to separate
single cells or organelles from tissue sections by laser
cutting. The operator observed a tissue slice under a
microscope, located the target cell, marked the target
cell area on the computer display screen, and then cut
the region with the laser to extract it [52].
First, the flower bud sections were treated with 75, 85,

and 95% alcohol in a water bath of 58 °C each for 90 s
each, followed by n-butanol and absolute ethanol at
varying ratios 1:1 and 3:1 at 58 °C twice for 90 s each. Fi-
nally, the pre-embedding treatment of the micro-cut ma-
terial was completed by treatment with n-butanol at
58 °C for 90 s. Subsequently, the sample was immersed
in paraffin at 65 °C three times for 30 min, 60 min, and
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90min each, and then embedded in an embedding box.
Slides with glass slide membrane were treated with
RNase and 75% alcohol. The thickness of the sections
was selected according to the depth of the treated ma-
terial. The flower bud width was sliced 16 μm.
The single-cell samples were collected in tubes con-

taining lysis components and ribonuclease inhibitors.
Amplification was then performed by using the Smart-
Seq2 method [63]. An Oligo-dT primer was introduced
to the reverse transcription reaction for first-strand
cDNA synthesis, followed by PCR amplification to en-
rich the cDNA and a magnetic bead purification step to
clean up the synthesized material. Next, the cDNA prod-
uct was checked by a Qubit® 3.0 Fluorometer and Agi-
lent 2100 Bioanalyzer (Thermo Fisher Scientific) to
ensure the expected output of length approximately 1–2
kbp. Subsequently, cDNA was sheared randomly by
ultrasonic waves for Illumina library preparation, includ-
ing DNA fragmentation, end-repair, 3′ end A-tailing,
adapter ligation, PCR amplification, and library valid-
ation. PerkinElmer LabChip® GX Touch and Step One-
Plus™ Real-Time PCR System were introduced for
library quality inspection after library preparation. Quali-
fied libraries were then loaded on the Illumina Hiseq
platform for PE150 sequencing.

Yeast two-hybrid assay
The full-length cDNAs of the recovery gene Rfp and the
sterility gene orf224 were amplified and cloned into the
bait vector pGBKT7, while the candidate genes were
cloned into the prey vector pGADT7, respectively. The
vectors constructed by bait vector pGBKT7 and prey
vector pGADT7 were then co-transformed into yeast
strain AH109 receptor cells [64].

RNA extraction, reverse transcription PCR
Referring to the reagent manufacturer’s instructions,
we extracted total RNA from kale type oilseed rape
using Trizol reagent (Invitrogen), resuspended the
RNA in RNase-free water, and treated it with RNase-
free DNase I (Thermo Fermentas). After digestion
treatment with DNase I, PCR amplification was used
to confirm the elimination of DNA contamination.
We then reverse transcribed the digested RNA using
M-MLV reverse transcriptase (Invitrogen) and random
primers (Thermo Fermentas) to obtain cDNA. cDNA
was amplified on a Light Cycler 480 (Roche) using
SYBR Green I with gene-specific primers. Real-time
quantitative PCR was performed on a Light Cycler
480 (Roche) using a SYBR Green I Master PCR kit
with gene-specific primers to detect the expression of
kale type oilseed rape genes [65].
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