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Abstract: Male sterility (MS) plays a key role in the hybrid breed production of plants. Researchers
have focused on the association between genetic male sterility (GMS) and cytoplasmic male sterility
(CMS) in kenaf. In this study, P9BS (a natural GMS mutant of the kenaf line P9B) and male plants of
P9B were used as parents in multiple backcross generations to produce P9SA, a CMS line with stable
sterility, to explore the molecular mechanisms of the association between GMS and CMS. The anthers
of the maintainer (P9B), GMS (P9BS), and CMS (P9SA) lines were compared through phenotypic,
cell morphological, physiological, biochemical observations, and transcriptome analysis. Premature
degradation of the tapetum was observed at the mononuclear stage in P9BS and P9SA, which also
had lower activity of reactive oxygen species (ROS) scavenging enzymes compared with P9B. Many
coexpressed differentially expressed genes were related to ROS balance, including ATP synthase,
electron chain transfer, and ROS scavenging processes were upregulated in P9B. CMS plants had a
higher ROS accumulation than GMS plants. The MDA content in P9SA was 3.2 times that of P9BS,
and therefore, a higher degree of abortion occurred in P9SA, which may indicate that the conversion
between CMS and GMS is related to intracellular ROS accumulation. Our study adds new insights
into the natural transformation of GMS and CMS in plants in general and kenaf in particular.

Keywords: kenaf; GMS–CMS; male sterility; reactive oxygen species (ROS)

1. Introduction

Kenaf (Hibiscus cannabinus L.) is an important industrial crop that is extensively used
in the paper and textile industries [1]. Its long and flexible fibers are used in clothing,
car components, and padding and building materials. These fibers are environmentally
friendly with potential uses in composite materials that are increasingly applied in pros-
thetics [2–4]. Recently, kenaf has been used as a phytoremediator against heavy metals [5,6].
The economic benefits, yield, and resistance of kenaf can be improved through heterosis by
utilizing plants with male sterility (MS) [7].

Male sterility (MS) is the inability to produce effective pollen during sexual repro-
duction. MS, which has been identified in more than 320 species of plants to date [8], is a
ubiquitous phenomenon that plays an important role in crop breeding and production by
improving yields. Genetically, MS is divided into cytoplasmic male sterility (CMS) and
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genetic male sterility (GMS). CMS, which is the result of matrilineal inheritance caused
by the interaction between the nucleus and mitochondria, is widely used in hybrid breed-
ing [9,10]. Despite its advantages, there is an urgent need to resolve its shortcomings, such
as limited cytoplasmic resources, low combining ability, and unstable sterility. GMS plants
have many advantages, including complete sterility, safe hybrid seed production, and
free combination [11], but they cannot be directly used for breeding programs because
batch breeding seeds are not obtained from sterile lines. GMS can be derived from natural
mutation through the manipulation of temperature and photoperiod [12,13]; however, it is
difficult to obtain GMS lines through the control of a single gene [14]. Since the successful
application of third-generation hybrid rice technology in 2016, studies have focused on
combining GMS and CMS [15,16]. By constructing a cassette of a recombinant vector
containing the two pollen-killer genes CYP703A3 (GMS gene) and orf H79 (CMS gene),
enhanced rice with higher yields was obtained [17].

Occasional changes in fertility occur in the plant kingdom. In this study, we obtained
the natural GMS mutant P9BS from fertile plants of P9B; after that, a CMS line with stable
sterility was obtained from female P9BS and male P9B parents through multiple backcross
generations. This represents the first reported natural conversion from GMS to CMS
in kenaf. Some studies have reported the conversion between GMS and CMS in other
species, such as nanguangzhan rice, of which a natural GMS mutant without pollen was
transformed into a CMS variant [18]. After the in vitro culture of photosensitive genetically
sterile rice, some plants in the F2 generation had CMS characteristics [19]. However, these
studies only reported the phenomenon of this transformation, without further research
on the molecular mechanism. This phenomenon has not been reported in kenaf, nor has
the molecular mechanism been studied. Understanding how this conversion mechanism
occurs is of great significance.

The tapetum has important physiological effects on pollen development. It supplies
the nutrients and energy needed for the development of microspores and sporopollenin for
pollen exine formation. Many studies have shown that the programmed cell death (PCD)
of tapetum cells is closely related to pollen abortion [20–22]. In photosensitive genetically
sterile rice, pollen abortion was associated with premature PCD in tapetal cells [23]. As
a member of the MYB transcription factor family, AtMYB103 is necessary for tapetum
development and microspore formation [24,25]. In MS lines, premature PCD in tapetum
cells directly leads to pollen abortion. Additionally, reactive oxygen species (ROS) regulate
many cellular functions, including PCD in plants [26]. In Arabidopsis and rice, excess ROS
trigger the inappropriate timing of tapetal PCD [27]. However, little is known about the
exact regulatory mechanism of ROS signals in the tapetum.

In previous studies, MS has been primarily attributed to pollen wall defects, mi-
crospore atrophy, anther abnormalities, and other dysfunctions related to a series of
genes [12]. Some researchers have explored the mechanism of MS in kenaf. In the
cytoplasmic–nuclear male-sterile line LC301A, abortion was observed to occur in the
mononuclear stage [28]. However, in our field, abortion was more common in the dinuclear
stage. By studying the mitochondrial gene differences of kenaf, a molecular label of the
ATP8 gene was developed to distinguish fertile cytoplasm from sterile cytoplasm [29].
Several candidate genes that may cause male sterility were identified [30]. Since most
of the research is a single aspect, the mechanism of kenaf MS is still unknown. In our
previous study, GMS in HMS/722HA plants was converted to CMS through the creation
of a transgenic mutant; however, its molecular mechanism was not elucidated [31]. Ac-
cordingly, in this study, we obtained the GMS material P9BS as a natural mutant, and
after seven backcross generations with P9B, the stable CMS line P9SA was established.
Then, we explored the differences in the characteristics of the three kenaf lines, including
pollen abortion and candidate fertility-related genes. The cytological morphologies of
the anthers and the transcriptomes of the three kenaf lines (P9B, P9BS, and P9SA) via
RNA-Seq were evaluated. This study also included a comparative analysis between CMS
and GMS by evaluating physiologies and molecular interactions to better understand GMS
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and CMS transformations. The knowledge gained from this study provides a foundation
for potentially creating new hybrid breeding systems of kenaf.

2. Results
2.1. Phenotypic and Cytological Characterization of P9B, P9BS, and P9SA

There were no significant differences among the three flower structures, except for
the anther color (Figure 1). However, there were noticeable differences in the anther
morphologies of P9B, P9BS, and P9SA. Normal anthers were observed in P9B, which were
plump, and pollen grains were released at dehiscence. P9BS anthers were plump but not at
all dehiscent, while P9SA anthers were shriveled (Figure 1).

Figure 1. Comparison of the morphological characteristics among P9SA, P9BS, and P9B. Bar = 0.5 cm.

In order to determine the period and mode of abortion during different anther devel-
opment stages, paraffin sections were produced to compare the cytological features of P9B,
P9BS, and P9SA. No noticeable differences between P9B, P9BS, and P9SA were observed at
the pollen mother cell stage. During the meiotic stage of pollen mother cells, the anther wall
was divided into the epidermis, endodermis, middle layer, and tapetum (Figure 2(a1,b1,c1)).
At the tetrad stage, tapetum cells expanded laterally and radially and increased in size in
P9B, P9BS, and P9SA; however, the tapetum in P9BS and P9SA was more vacuolized than
that in P9B (Figure 2(a2,b2,c2)). At the mononuclear stage, the microspore cells were round
or oval in shape and squeezed near the cell wall, and the tapetum started to gradually
degrade. P9BS and P9SA tapetum cells had irregular shapes, and their degradation rates
were higher than that of P9B. Additionally, the cell walls of P9SA and P9BS were thinner
than those of P9B (Figure 2(a3,b3,c3)). In P9B, abundant cytoplasm and nutrients for pollen
development began to fill microspores at the dinuclear stage. In contrast, the contents
of the P9BS and P9SA microspores were markedly reduced compared with those of P9B;
only a few shrunken and misshapen pollen grains were observed in P9SA and P9BS. In
addition, the P9SA pollen grains were visibly hollow, and generative cells had incomplete
exine walls, whereas, in P9BS, generative cells with detached exine walls were observed
(Figure 2(a4,b4,c4)). During the mature pollen grain stage, P9B formed fully developed and
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nutrient-rich pollen. In contrast, P9BS and P9SA did not produce normal pollen, and the
anther locules were nearly empty: only hollow pollen cells and some remnants of tapetal
cells were observed (Figure 2(a5,b5,c5)). The observation of paraffin sections revealed that
pollen abortion in P9SA and P9BS occurred at the dinuclear stage due to defective exine
wall formation, which directly affected the normal pollen development process.

Figure 2. Microspore development of the kenaf anthers in P9SA (a1–a5), P9BS (b1–b5), and P9B
(c1–c5). Bar = 20 µm. Ep, epidermis; En, endothecium; ML, middle layer; T, tapetum; Ms, microspore;
MP, mature pollen; PMC, pollen mother cells; Td, tetrad microspore; Ms, mononuclear microspore;
Ds, dinuclear microspore; MP, mature pollen grain.

2.2. De Novo Assembly and Sequence Annotation

RNA-Seq analysis using the BGISEq-500 platform produced a total of 59.06 GB of
clean data, including 19.59 GB from P9SA, 19.86 GB from P9BS, and 19.61 GB from P9B,
from 9 libraries. To ensure reliability, principal component analysis (PCA) was performed,
and each sample was tightly clustered, indicating the high repeatability of the sequence
data. The three lines were divided into two separate groups, suggesting a close similarity
between P9SA and P9BS (Figure 3). All of the reads obtained from the three kenaf lines
were de novo assembled. A total of 588,381 transcripts (N50:1862), with an average length
of 1281 bp, and 125,778 unigenes (N50:2325), with an average length of 1728 bp, were
identified (Table 1). A total of 98,344 CDSs were detected by Transdecoder (version v3.0.1,
https://transdecoder.github.io). The length distribution of all assembled kenaf genes
showed that 16.62% of CDSs were longer than 2000 bp, and the majority of the CDSs were
shorter than 1500 bp. Among the unigenes, 34.25% were longer than 2000 bp, and the
number of unigenes was evenly distributed in each length. After comparing unigenes with
seven functional databases, 110,043 (NR: 87.49%), 105,307 (NT: 83.72%), 87,589 (SwissProt:
69.64%), 91,815 (KOG: 73.00%), 90,340 (KEGG: 71.82%), 76,578 (GO: 60.88%), and 92,286
(Pfam: 73.37%) unigenes were functionally annotated (Figure 4b). Sequence alignment
was performed to determine the distribution of sequence matches to other species; of
the aligned sequences, 33.16% matched those from Gossypium raimondii, 22.37% matched
Gossypium arboretum, 16.98% matched Gossypium hirsutum, 11.08% matched Theobroma cacao,

https://transdecoder.github.io
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and 16.41% matched other species. The species distribution of the annotated unigenes is
shown in Figure 4a.

Table 1. Overview of the de novo assembly.

Categories P9SA P9BS P9B

Total raw reads (Gb) 20.40 20.57 20.41
Clean Reads Ratio (%) 96.24
Total clean reads (Gb) 19.59 19.86 19.61

Total transcripts 588,381
Average length (transcripts) 1281

N50 (transcripts) 1862
Total unigenes 125,778

Total length (unigenes) 217,394,220
Average length (unigenes) 1728

N50 (unigenes) 2325
GC (%) 42.13

Figure 3. Principal component analysis of the three kenaf lines.

Figure 4. (a) The species distribution of the annotated unigenes. (b) Venn diagram of results from
NR, NT, KEGG, SwissProt, and GO databases.
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2.3. Identification of the DEGs among Different Kenaf Lines

Differentially expressed genes (DEGs) were identified by performing pairwise compar-
isons. Further analysis identified a total of 5382 co-expressed DEGs (fold change≥ 2.00 and
adjusted p value ≤ 0.05), among which 3135 genes had annotation information in the GO
database. The GO classification analysis showed that genes involved in catalytic activity
(1561), binding (1554), and the membrane (1133) were relatively abundant (Figure 5). The
numbers of DEGs in each pairwise comparison are shown in a Venn diagram (Figure 6a).
In the comparison of P9B vs. P9SA, 13,383 genes were upregulated and 21,096 genes were
downregulated. In the P9B vs. P9BS comparison, 11,268 genes were upregulated and
22,855 genes were downregulated, whereas 8838 upregulated genes and 3441 downregu-
lated genes were identified in the comparison of P9BS vs. P9SA (Figure 6c). GO functional
enrichment was performed for further analysis of DEGs, and 62 terms were significantly
enriched in the comparison of P9BS vs. P9SA (p < 0.05). In the comparison of P9B vs. P9SA,
42 terms were significantly enriched, while 34 terms were significantly enriched in the
comparison of P9B vs. P9BS (Tables S2–S4). Twenty-seven coexpressed or unique terms
were chosen for analysis to understand the relationship between male sterility and DEGs
(Figure 6b). In the comparisons of P9B vs. P9SA and P9BS vs. P9SA, most DEGs had
increased expression levels, with log2 fold changes greater than 5, while, in the comparison
of P9BS vs. P9SA, they ranged from 2 to 5. The results of these pairwise comparisons
indicate that the expression levels of multiple genes considerably differ among the three
plant lines (Figure 6d).

Figure 5. Gene ontology classification of DEGs among the three different kenaf lines.
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Figure 6. (a) A Venn diagram showing the numbers of DEGs resulting from three comparisons: P9BS vs. P9SA, P9B vs.
P9SA, and P9B vs. P9BS. (b) GO enrichment analysis of DEGs from the three comparisons. The p values of GO terms in the
three comparisons are shown in the heatmap. The bar indicates significance values. The black outline indicates the three
terms related to pollen exine wall and reactive oxygen species (ROS) among the three lines. The red outline shows the two
unique terms involved in ROS in the comparison of P9B vs. P9SA. (c) The numbers of up- and downregulated unigenes in
the three comparisons. (d) The distribution of the (log2 fold changes in DEGs between P9B, P9SA, and P9BS.

2.4. DEGs Related to ROS

In the present study, coexpressed DEGs were significantly enriched in oxidoreductase
activity terms (GO:0016491, Figure 6b). Among the DEGs, a series of genes and KEGG
pathways were involved in ROS clearance (Figure 7a), including genes related to peroxi-
dase (POD) and superoxide (SOD). We identified three genes related to POD, which were
very highly expressed in P9B, highly expressed in P9BS, and downregulated in P9SA (Uni-
gene15808_All, Unigene6255_All, and CL4172.Contig15_All). SOD4 (CL5810.Contig4_All),
an important gene in the first step of ROS scavenging [32], was expressed at the same
levels as those of the identified peroxidase genes. Genes associated with the mitochondrial
respiratory chain, the tricarboxylic acid cycle (TCA), and ATP synthase, which play im-
portant roles in ROS production, were also significantly different [33,34]. The TCA cycle
plays a vital role in many metabolic pathways, including energy metabolism, while ROS
can damage TCA-related enzymes, leading to metabolic abnormalities [35]. Ten genes
associated with the TCA cycle were upregulated in the comparisons of P9B vs. P9SA, P9B
vs. P9BS, and P9BS vs. P9SA. The expression of five ATP synthase-related genes (which
encode mitochondrial proton-transporting ATP synthase complex and coupling factor F0)
with important functions in ROS generation [36,37] decreased in the order of P9B, P9BS,
and P9SA. Ubiquinol-cytochrome-c reductase (complex III, Unigene12642_All) and two
cytochrome-c oxidase genes (complex IV, CL7398.Contig6_All, CL7398.Contig5_All), which
cause electrons to bind directly to oxygen molecules and produce an excess of ROS [38,39],
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had the highest expression in P9B, the second highest expression in P9BS, and the lowest
expression in P9SA in our study (Table S5).

A non-enzymatic protection mechanism directly involved in ROS clearance plays
an essential role in maintaining cell redox homeostasis [40,41]. Small-molecular-weight
antioxidants, such as ascorbic acid and glutathione, are directly involved in ROS elimination
in non-enzymatic protection mechanisms. Additionally, glutaredoxin (Grx) catalyzes
the reduction of peroxides, such as hydrogen peroxide, and is the main enzyme that
prevents plant cells from being damaged by oxygen [42–44]. In this study, several genes
that participate in ascorbate oxidase and Grx metabolism were identified through KEGG
pathway analysis. Ascorbic acid (AsA) not only acts as a reducing agent to remove
hydrogen peroxide but also provides a reducing force for the ROS enzymatic scavenging
system. The expression levels of 12 genes that encode L-ascorbate oxidase were higher in
P9BS and P9B, and they were markedly different from those in P9SA. Further comparison
between P9BS and P9B showed that although the expression of these genes in P9B was
higher than that in P9BS, there was no significant difference between the two (Figure 7b).
Four Grx genes were found among the coexpressed DEGs. In contrast to the expression
patterns of L-ascorbate oxidase genes, the expression of Grx genes in P9B was significantly
different from that in P9SA and P9BS. By comparing P9BS and P9SA, we found that the
expression levels of these genes were very low in P9SA (log2(FPKM + 1) < 1, Figure 7c).

Figure 7. (a) Heatmap of coexpressed DEGs related to oxidoreductase activity in P9B, P9BS, and
P9SA. (b) Heatmap of genes related to glutaredoxin. (c) Heatmap of genes encoding L-ascorbate
oxidase. The color scale indicates the log2 (FPKM + 1) values. (d) Overview of the ROS production
and scavenging pathway.

2.5. DEGs Related to the Pollen Development Process

Based on the transcriptome analysis of coexpressed DEGs, two pectin metabolism-
related GO terms—pectin catabolic process (GO:0045490) and pectinesterase activity
(GO:0030599)—were identified. As is well known, pectinesterase (PME) and pectin
methylesterase inhibitor (PMEI) play important roles in plant pollen wall formation and
pollen development [45–47]. The specific pattern of pollen walls in flowering plants is
crucial to the appropriate development of pollen and its normal fertility. From the analysis,
69 genes related to PME/PMEI (Figure 8a) and 90 pectin metabolism-related genes were
identified, which were significantly enriched in two enzymes (K01051//pectinesterase
[EC:3.1.1.11], K01728//pectate lyase [EC:4.2.2.2]) and involved in one pathway (Ko00040//
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Pentose and glucuronate interconversions). PME/PMEI-related gene expression levels
in the three kenaf materials were compared and analyzed, and the results showed that
P9SA was significantly different from P9BS and P9B. Further, their expression in P9B
was slightly higher than that in P9BS. Seven genes involved in pollen development and
expressed specifically in pollen were identified. The specific expression pattern is shown
in Figure 8b. Among these genes, two (CL6965.Contig2_All and CL6965.Contig2_All)
were related to pollen exine formation (GO:0010584), which encode TPR (tetratricopep-
tide repeat) proteins. TPR genes are widely involved in biological processes such as cell
cycle regulation, development modulation, and pollen germination [48,49]. Their expres-
sion levels in P9B were higher than those in P9BS, while P9A had the lowest expression.
Three genes (CL6642.Contig1_All, Unigene17124_All, and Unigene32757_All) encoding
K04733//interleukin-1 receptor-associated kinase [EC:2.7.11.1], including RLK (Receptor-
Like kinase) and Rks (Receptor kinase), were identified. Previous studies have shown that
Rks and RLK play crucial roles in transmembrane signaling and the control of plant repro-
duction, growth, and development, which includes the regulation of the MAPK cascade,
NADPH oxidase, and ROS [50–53]. Their expression pattern was different from that of
TPR genes; P9B had a higher expression, while there was little difference between P9SA
and P9BS.

Figure 8. (a) Heatmap of coexpressed DEGs related to PME/PMEI in three lines of kenaf. (b) Heatmap of coexpressed DEGs
related to pollen development and expressed specifically in pollen. The color scale indicates the log2 (FPKM + 1) values.

2.6. Transcription Factor Related to Male Sterility

A total of 97 coexpressed DEGs with the ability to encode TFs were divided into
18 families. Eighteen genes were downregulated and 79 genes were upregulated (Figure 9a),
of which 5 categories were all upregulated (MYB, MADS, LIM, C2C2-GATA, and bHLH).
The five TF family genes regulate a series of biochemical processes, including floral organ
development, the abnormal degradation of the tapetum, and cellular antioxidants [54–56].
There were 18 MYB family genes, 34 LIM family genes, 5 MADS-box genes, 1 C2C2-GATA
family gene, and 1 bHLH family gene (Figure 9b,c). The results showed that the expression
of genes in the MYB family was significantly higher in P9B and very low in P9SA (the value
was close to zero) compared with P9BS (the values range from 2 to 5). Unigene12761_All,
Unigene15249_All, Unigene15250_All, and Unigene15251_All are peroxide-induced TF
(MYB) genes that play important roles in ROS regulation. Their expression levels in P9B
and P9BS were similar, but they were quite different from those in P9SA.
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Figure 9. (a) Expression profiles of transcription factor-encoding genes related to male sterility are shown in a heatmap.
(b) MYB expression levels among coexpressed DEGs. (c) Heatmap of coexpressed DEGs related to the LIM transcription
factor family. The color scale indicates the log2 (FPKM + 1) values.

2.7. qRT-PCR Confirmation of DEG Data

To verify the expression levels of differentially expressed genes identified in the three
kenaf lines, we chose 12 genes (6 upregulated and 6 downregulated) randomly for qRT-
PCR validation to confirm the accuracy of the sequencing results (Figure 10). Overall, the
qRT-PCR expression trends of the 12 genes were consistent with the results of RNA-Seq.

2.8. The Activity of Enzymes Involved in Reactive Oxygen Scavenging Pathways

GO functional enrichment and KEGG pathway analysis of coexpressed DEGs identi-
fied many genes related to ROS, which suggests that the ROS metabolism pathway might
be abnormal in P9SA and P9BS. In order to validate this hypothesis, we selected two
enzymes (SOD and POD) involved in ROS clearance to measure their activity in the three
kenaf anthers; malondialdehyde content was also measured at the same time. SOD activity
was higher in P9B than in P9BS and P9SA and significantly different from that in P9SA
at all three anther development stages. However, at the dinuclear stage (Ds), which is
involved in pollen sterility, the difference in SOD activity was not significant between P9B
and P9BS. We found that the activity of POD first increased and then reached its maximum
at the Ds stage, after which it decreased in all three kenaf lines, while POD activity in P9B
was markedly higher than that in P9BS and P9SA. Furthermore, at the Ds stage, the POD
activity was significantly different between P9B, P9BS, and P9SA, and the value for P9SA
was always very low. In addition, the MDA content in P9SA was considerably higher than
that in P9B and P9BS. The MDA content had an increasing trend from the Ms to MP stage,
except for in P9BS. This is an interesting result because the trend of MDA content was
opposite to that of SOD activity at the key stage of pollen abortion (Figure 11).
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Figure 10. RT-qPCR verification results of 12 genes. The relative expression levels of the 12 genes
were calculated using the 2−∆∆Ct method. r: Represents the correlation coefficient between RT-qPCR
data and RNA-seq data based on the Correl function.

Figure 11. (a) POD activities in the anthers of P9B, P9BS, and P9SA; (b) SOD activities in the anthers of P9B, P9BS, and
P9SA; and (c) MDA contents in the anthers of P9B, P9BS, and P9SA; Ms, mononuclear stage; Ds, dinuclear stage; MP, mature
pollen grain stage. Significant differences were assessed by Duncan’s method using SPSS.

3. Discussion

The natural occurrence of GMS in plants is not uncommon, but the natural transforma-
tion from GMS to CMS is a rare phenomenon. Exploring the causes and mechanism of this
phenomenon is of great value for innovative breeding systems. In the present study, three
lines of kenaf from the same source were analyzed: fertile P9B, the natural GMS mutant
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P9BS, and the converted CMS line P9SA. These materials are considerably advantageous
for studying the mechanisms of sterility and the transformation from GMS to CMS.

3.1. Importance of Materials for RNA-Seq Analysis

Due to the lack of a kenaf reference genome, few transcriptome studies on kenaf
male sterility have been conducted. Furthermore, the sources of the fertile and sterile
materials involved in previous comparative analyses have had quite different genetic
backgrounds [31,57]. However, in the present study, the transcriptomes of three plant
materials with cytoplasmic and nuclear homology were investigated. While the analysis of
the transcriptome of the CMS cotton line LD6A [58] was similar to our study in terms of
materials selection, the genetic differences between the plants were still significant. The
characteristics of the materials in the present study provide better conditions for identifying
key genes related to male sterility in plants.

3.2. Production and Clearance of ROS in Anther Development

ROS are important signaling molecules involved in many biochemical processes for
the normal growth and development of plants. For example, the MAPK signaling pathway,
which controls responses to various stresses, is activated by H2O2 in Arabidopsis [59]. Fur-
thermore, excess ROS can damage protein structures and act as toxins that kill cells [60].
According to previous studies, the mitochondrion is a vital organelle for respiration and is
a major site of ROS production via the electron transport chain [38,61]. Several genes encod-
ing Ubiquinol-cytochrome-c reductase (complex III) and cytochrome-c oxidase (complex
IV), which play important roles in the respiratory chain, were identified (Figure 7d). The
expression patterns of coexpressed DEGs associated with the TCA cycle, which provides
NADH/FADH for mitochondrial respiration, were consistent. The expression levels of
these genes were higher in P9B and lower in the male-sterile lines P9BS and P9SA. Mito-
chondrial respiratory complex chain III contributes to ATP synthesis, and its dysfunction
can limit ATP production [62]. In general, the expression of ATP synthase is lower in the
male-sterile lines. In Honglian rice, orf H79 was observed to combine with complex III to
damage the structure of mitochondria and thus lead to CMS [63]. In the present study, the
expression levels of ATP synthase-related genes among coexpressed DEGs in male-sterile
P9BS and P9SA were markedly lower than those in P9B. The results show that in P9BS and
P9SA, the electron transport chain may be suppressed due to the inhibition of enzymes
in the oxidative respiratory chain; hence, excess ROS were produced and damaged ATP
synthase-related mtDNA, which directly led to the inhibition of ATP production. The
energy necessary for the development of microspores was thus insufficient due to the
impaired mitochondria. The expression levels of related DEGs were much lower in P9SA
compared with those in P9BS, and they likely significantly contributed to the higher degree
of microspore abortion in P9SA (Figure 2).

Plants must counteract oxidative stress caused by excess ROS through an efficient
scavenging system in order to avoid oxygen-induced damage. There were two types of
ROS scavenging systems (Figure 7d): enzymatic and non-enzymatic [64]. The enzymatic
system involves several antioxidative enzymes, including POD, SOD, and CAT, while
the non-enzymatic system includes major antioxidants such as ascorbate (AsA) and glu-
tathione (GSH). In our study, the expression levels of DEGs related to POD and SOD
were significantly downregulated in P9BS and P9SA. In the non-enzymatic system, the
expression levels of AsA- and Grx-related genes were lower in male-sterile lines. Further
verification showed that at the mononuclear and dinuclear stages, MDA decreased in the
order P9SA, P9BS, and P9B, whereas the activities of SOD and POD were highest in P9B
among the three lines. Thus, the physiological data were consistent with the RNA-Seq
analysis. In addition, the expression trends of four predicted peroxide-related MYB family
transcription factors, which are responsive to oxidative stress, were similar to those of
genes involved in the ROS scavenging system. The results suggest that the imbalance
between ROS accumulation and clearance causes the cells to produce excess ROS, the levels
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of which were highest in the sterile line P9SA. This may be a significant reason for the
higher degree of abortion in CMS lines transformed from GMS.

3.3. Burst of Reactive Oxygen Species Causes Premature PCD of Tapetum Cells and Abnormal
Pollen Wall Development

The anther plays a key role in providing a suitable environment for pollen devel-
opment, which directly determines the fertility of plants. During the process of pollen
development, tapetum cells have various physiological functions. The tapetal cells timely
enter the PCD process and release a large number of nutrients and structural substances
such as sugars, lipids and proteins into the pollen sac to ensure the normal development of
microspore and successful pollination [65]. The specific expression of MYB80 in tapetum
and microspores leads to abnormal tapetum degradation and failure to provide nutrients
to microspores, leading to male sterility [66]. The DEFECTIVE POLLEN WALL (DPW) is
a nuclear gene encoding lipid acyl reductase for fat metabolism. The gene is expressed
specifically in the tapetum and microspores, and its main function is to catalyze the hydrox-
ylation of C16 and C18 fatty acids, the dpw mutant showed defects in the pollen outer wall,
leading to microspore abortion [67]. The normal development of tapetal cells is the basis
of pollen fertility, and abnormal programmed cell death (PCD) of tapetal cells, including
advanced or delayed death, can lead to pollen abortion. In previous studies, because of the
imbalance in the supply and consumption of ROS, excess ROS accumulated and led to an
oxidative burst, followed by pollen abortion [39,68]. In CMS-WA rice, WA352 was found to
interact with COX11 and thereby trigger an ROS burst that contributed to PCD, resulting
in the development of CMS [69]. Due to excess ROS, PCD in the tapetum increased, which
caused male sterility in rice MADS3 [70]. Similarly, in our study, the tapetum cells in
male-sterile lines had developmental anomalies starting in the mononuclear stage, leading
to premature tapetum degradation with a relatively high level of MDA content compared
with P9B. At the same time, the CMS line P9SA had the highest content. The microspore is
in an environment that is rich in ROS; thus, noticeable deformities and slight rates of degra-
dation were observed in P9BS and P9SA, while compared with P9BS, P9SA has a higher
rate. Moreover, at the dinuclear stage, the tapetum was completely degraded, resulting
in a lack of nutrients for microspores. Paraffin sections revealed that the microspores that
developed in P9SA were more deformed than those in P9BS. It is likely that the adverse
effects of ROS on P9SA are more pronounced due to a higher accumulation of ROS and
greater oxidative damage.

The integrity of the pollen wall is a necessary condition for the normal development of
pollen and microspores, and it is dependent on tapetum cells releasing sporopollenin and
forming the exine wall of pollen. In our study, paraffin sections revealed a lack of pollen
walls in P9BS and P9SA at the Ds stage (Figure 2(a4,b4)), which was likely caused by the
abnormal PCD in the tapetum. In addition to the tapetum cells, pectin metabolism also
plays an important role in pollen development [71,72]. In Arabidopsis, 18 of 67 PME genes
are highly expressed during the stages of pollen development [73]. The expression patterns
of PME genes are significantly different between fertile and sterile buds; for example, they
are not expressed in the male-sterile line of onion [74]. This agreed with the results of our
study. Among the coexpressed DEGs, those involved in pollen wall formation, PME/PMEI,
and RLKs were assayed, and their expression levels in P9BS and P9SA were lower than
those in P9B. The decreased expression of these genes led to incomplete and deformed
pollen exine in P9BS and P9SA, as the completeness of the pollen wall depended on their
expression. Between these two lines, the pollen in P9SA had a higher degree of abortion
than that in P9BS.

4. Materials and Methods
4.1. Plant Materials

In the present study, male-sterile plants (P9BS) were produced from the kenaf line
P9B. These plants were shown to have fertile cytoplasm via molecular tag detection devel-
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oped in our previous studies [29] (Figure S1). P9B was used as the male parent for strict
backcrossing to harvest seeds. The fertility of progeny plants in the F1 generation obtained
from the sown seeds conformed to the genetic law of GMS, and the ratio of fertile to sterile
plants in the F2 generation was 1:1. Thereafter, male-sterile plants were used as female
parents and P9B served as male parents for backcrossing (7 generations), which produced
all sterile progenies, named P9SA (Table 2). All kenaf seeds were sown in soil under the
same conditions at Guangxi University, Nanning, Guangxi, China. According to a previous
method [28], floral buds with lengths of 1–2.5 mm, 2.5–3.5 mm, 3.5–5 mm, 5–7 mm, and
7–15 mm (corresponding to the pollen mother cell stage, tetrad stage, mononuclear stage,
dinuclear stage, and mature pollen grain stage) were collected. After morphological and
cytological observations, floral buds were collected at the dinuclear stage (5–7 mm) after
removing the petals. Pollen in the abortion stage (dinuclear stage, 5–7 mm in diameter)
was frozen in liquid nitrogen and stored at −80 ◦C for RNA isolation.

Table 2. Source of materials and procedure for backcross generation development.

Generation Fertile Sterility Totally Actual Separation Ratio Expected Separation Ratio

P1 (P9B) 120 0
P2 (P9BS) 0 5

F1 (P2 × P1) 68 70 138 1:1.03 1:1
F2 (F1S × F1F) 48 50 98 1:1.04 1:1
BC1 (F2S × P1) 50 60 110 1:1.2

BC2 (BC1S × P1) 48 60 108 1:1.25
BC7 (BC6 × P1) 0 96 96
BC8 (BC7 × P1) 0 132 132

4.2. Morphological and Cytological Observations

The flowers of all lines were observed using a digital camera (Canon750D, Japan)
at the full bloom stage. Flower morphology was observed at different stages with a
stereomicroscope (Olympus, Japan). The flower buds were stripped of sepals and petals,
placed in a 4 ◦C Carnot fixative solution for 24 h, and then dehydrated with gradient alcohol
(75%, 80%, 85%, 90%, 95%, and 100%) for 1 h per wash. The dehydrated floral buds were
embedded in paraffin wax at 58 ◦C. After three weeks, the tissue embedded in paraffin was
cut into 10 µm pieces and placed on glass slides, stained with iron vanadium hematoxylin,
and observed and photographed under an inverted microscope (Leica, Germany).

4.3. Total RNA Extraction, cDNA Library Construction, and Deep Sequencing

The total RNA from the anther of each sample was extracted using a Quick RNA Iso-
lation Kit (TransGen Biotech, Beijing, China) according to the manufacturer’s protocol. The
RNA concentration and quality were measured using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, USA). An Agilent 2100 Bioanalyzer (Agilent RNA 6000 Nano
Kit) was used to detect total RNA concentration, RIN value, 28S/18S, and fragment size. In
each RNA sample, the same amount of total RNA was used for the transcriptome library
workflow using the BGISEQ-500. The total RNA was treated by enriching mRNA polyA
tails with OligodT magnetic beads. Then, the RNA was fragmented with the interrupt
buffer, random N6 primers were reverse-transcribed, and then double-stranded cDNA was
synthesized. The resultant double-stranded cDNA ends were flattened and phosphorylated
at the 5′ end, with the 3′ end forming the A sticky tail with the protrusion of “A”, and then
the A bubbling junction was connected to “T” protruding from the 3′ end. In the cDNA
synthesis step, first-strand cDNA was synthesized using random hexamer-primed reverse
transcription, followed by second-strand cDNA synthesis. The synthesized cDNA was
subjected to end repair and then 3′ adenylated. Adaptors were ligated to the ends of the 3′

adenylated cDNA. The PCR products were purified with SPRI beads and then denatured by
heat. The single-strand DNA was cyclized by splint oligo and DNA ligase. The RNA-Seq
libraries were sequenced using the BGISEQ-500 sequencer. The raw sequencing data have
been uploaded to NCBI (SRA, accession number PRJNA661708).
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4.4. RNA-Seq Data Processing Analysis

To obtain clean reads, SOAPnuke (v1.4.0) and Trimmomatic (v0.36) were used to
statistically analyze and filter the raw reads: reads that had adaptors, more than 5%
unknown bases (N), or more than 20% of bases with quality less than 15 were removed.
The filtered “Clean Reads” were saved in the FASTQ format and were assembled using
Trinity (v2.0.6), where gene family clustering with Tgicl was performed to obtain the final
unigenes. The candidate coding regions in unigenes were identified by TransDecoder
(v3.0.1, https://transdecoder.github.io). MISA (v1.0, http://pgrc.ipk-gatersleben.de/misa)
was used to detect unigenes. For gene functional annotation, Blastn (v2.2.23) and Diamond
(v0.8.31) were used to align unigenes to NT, NR, KOG, KEGG, and SwissProt databases.
For annotation, Blast2GO (v2.5.0) with NR annotation was used for GO annotation, and
InterProScan5 (v5.11-51.0) was used for InterPro annotation. To identify transcription
factors (TFs), getorf (version: EMBOSS:6.5.7.0) was used to find the ORFs of each unigene,
and then the ORFs were aligned to TF domains (from PlnTFDB, http://plntfdb.bio.uni-
potsdam.de) using hmmsearch (v3.0, http://hmmer.org). The high-quality clean reads
were mapped to reference gene sequences using Bowtie2 (version 2.2.5), and then the gene
expression level was calculated with RSEM (version 1.2.12). Three biological replicates of
all three materials were pooled using DEGseq (parameters: fold change≥ 2.00 and adjusted
p value ≤ 0.05). DEGs were evaluated by hierarchical clustering using the pheatmap R
package (version 1.0.12). The princomp function in R software was used for PCA (principal
component analysis), and the ggplot2 package in R software was used for drawing graphs.

4.5. Quantitative Real-Time PCR for RNA-Seq Validation

Total RNA was reverse-transcribed into cDNA using a TransScript® II One-Step
gDNA Removal Kit and cDNA Synthesis SuperMix (Trans, Beijing, China). RT-qPCR
experiments were performed to validate DEG expression levels by the 2−∆∆Ct method, for
which TUB, CYP, and PEPKR1 were used as endogenous reference genes [30]. Using a
system reaction of 15 µL was used, which contained 7.5 µL SYBR Green PCR master mix
(Takara, China). Two microliters of cDNA was added to each system, 0.5 µL of each primer,
and the rest were supplemented with RNase/DNase-free H2O. RT-PCR was performed
using the StepOnePlus Real-time PCR System (Thermofisher, US) with a 96 well plate.
PCR procedure was set as follows: 95 ◦C for 30 s, followed by 40 cycles of 95 ◦C for 15 s
for denaturation, and then 60 ◦C for 30 s for annealing. All of the specific primers were
designed with Primer 5 (Table S1).

4.6. Enzyme Activity and MDA Content Assays

Kenaf anthers at different stages (mononuclear, dinuclear, and mature pollen grain)
were harvested from P9B, natural mutant P9BS, and P9SA for measurements. Took 0.5 g
anthers and put them into the mortar. The anthers were ground in a precooled phosphate
buffer (0.05 M, pH 7.8). After centrifugation for 2 times for 10 min, the supernatant was
taken from the obtained abrasive tissue fluid (12,000× g) and placed on ice for further
determination of MDA content, SOD, and POD activities. The MDA contents were de-
tected using previously published methods [75]. Peroxidase (POD) and superoxide (SOD)
activities were measured according to a previously published standard [76].

5. Conclusions

In this study, anther development in P9B and male-sterile lines (P9BS and P9SA)
differed at the mononuclear stage. Additionally, in P9BS and P9SA, the electron transport
chain was blocked due to inhibited AsA and Grx metabolism, and the activities of related
enzymes were lower than those in P9B, which caused ROS to accumulate and led to
abnormal PCD of tapetal cells. The tapetum supplied insufficient energy for microspore
development and prevented the release of sporopollenin for pollen wall formation. Due to
the lack of nutrients and energy, and incomplete pollen, the microspores were shrunken.
This further affected the expression of PME/PMEI, among other related genes, leading

https://transdecoder.github.io
http://pgrc.ipk-gatersleben.de/misa
http://plntfdb.bio.uni-potsdam.de
http://plntfdb.bio.uni-potsdam.de
http://hmmer.org
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to pollen abortion. Many previously reported TFs involved in abnormal degradation
of the tapetum and cellular antioxidants, such as MYB, MAD-box, and LIM, were also
affected. An ROS burst may be the direct reason for pollen abortion, and there may be a
critical level of ROS accumulation that leads to the rearrangement of mitochondrial genes
in P9SA, imparting it with the characteristics of CMS. The peroxidase activity and response
to oxidative stress were significantly different between P9B and P9SA. This novel report
regarding the natural transformation of GMS and CMS could provide new insights for
further research in this area.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/3/1107/s1, Figure S1:Identification of kenaf cytoplasm type, Table S1: Primer sequences used
for qRT-PCR verification, Table S2: GO enrichment analysis of DEGs in the P9BS vs. P9SA, Table S3:
GO enrichment analysis of DEGs in the P9B vs. P9SA, Table S4: GO enrichment analysis of DEGs in
the P9B vs. P9BS, Table S5: DEGs related to respiratory chain, TCA, and ROS enzymatic scavenging
between the three comparisons.

Author Contributions: Conceptualization, Y.L. and R.Z.; Funding acquisition, R.Z.; Investigation,
Y.L. and B.Z.; Writing original draft, Y.L.; Manuscript revise, B.Z., J.Z., A.K., K.A. and F.U.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 31571719 and Natural Science Foundation of Guangxi, grant number 2018JJB130072.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
CMS Cytoplasmic male sterility
ROS Reactive oxygen species
DEGs Differentially expressed genes
POD Peroxidase
SOD Superoxide dismutase
MDA Malondialdehyde
MS Male sterility

References
1. Bel-Berger, P.; Hoven, T.V.; Ramaswamy, G.N.; Kimmel, L.; Bolyston, E. Cotton/kenaf fabrics: A viable natural fabric. J. Cotton Sci.

1999, 3, 60–70.
2. Shahar, F.S.; Sultan, M.T.H.; Hua, L.S.; Jawaid, M.; Sivasankaran, P.N.A.P. A review on the orthotics and prosthetics and the

potential of kenaf composites as alternative materials for ankle-foot orthosis. J. Mech. Behav. Biomed. 2019, 99, 169–185. [CrossRef]
[PubMed]

3. Chu, L.O.; Othman, M.S.H.; Tahir, P.M.; Elhag, E.A.I. Feasibility of kenaf as bio-material for automotive components: The case of
Malaysia. Int. J. Green Econ. 2016, 9, 273–290.

4. Sheldon, A. Preliminary Evaluation of Kenaf as a Structural Material. Master’s Thesis, Clemson University, Clemson City, SC,
USA, 2014.

5. Mun, H.W.; Hoe, A.L.; Koo, L.D. Assessment of Pb uptake, translocation and immobilization in kenaf (Hibiscus cannabinus L.) for
phytoremediation of sand tailings. J. Environ. Sci. 2008, 20, 1341–1347.

6. Tao, L.; Min, Q.; Yang, Z.; Hui, L.; Ping, F.; Fen, T.; Tang, X. Effect of Cadmium Stress on the Growth, Antioxidative Enzymes and
Lipid Peroxidation in Two Kenaf (Hibiscus cannabinus L.) Plant Seedlings. J. Integr. Agric. 2013, 12, 610–620.

7. Li, H.; Li, D.; Chen, A.; Tang, H.; Li, J.; Huang, S. Progress and Prospect of Research on Kenaf Male Sterility. Crop. Res. 2015, 29,
206–209.

8. Islam, M.S.; Studer, B.; Møller, I.M.; Asp, T. Genetics and biology of cytoplasmic male sterility and its applications in forage and
turf grass breeding. Plant Breed. 2014, 133, 299–312. [CrossRef]

9. Gils, M.; Marillonnet, S.; Werner, S.; Grützner, R.; Giritch, A.; Engler, C.; Schachschneider, R.; Klimyuk, V.; Gleba, Y. A novel
hybrid seed system for plants. Plant Biotechnol. J. 2008, 6, 226–235. [CrossRef]

https://www.mdpi.com/1422-0067/22/3/1107/s1
https://www.mdpi.com/1422-0067/22/3/1107/s1
http://doi.org/10.1016/j.jmbbm.2019.07.020
http://www.ncbi.nlm.nih.gov/pubmed/31357064
http://doi.org/10.1111/pbr.12155
http://doi.org/10.1111/j.1467-7652.2007.00318.x


Int. J. Mol. Sci. 2021, 22, 1107 17 of 19

10. Carlsson, J.; Glimelius, K. Cytoplasmic Male-Sterility and Nuclear Encoded Fertility Restoration. Plant Mitochondria 2011, 1,
469–491.

11. Ma, X.; Xing, C.; Guo, L.; Gong, Y.; Wang, H.; Zhao, Y.; Wu, J. Analysis of Differentially Expressed Genes in Genic Male Sterility
Cotton (Gossypium hirsutum L.) Using cDNA-AFLP. J. Genet. Genom. 2007, 36, 536–543. [CrossRef]

12. Yang, X.; Ye, J.; Zhang, L.; Song, X. Blocked synthesis of sporopollenin and jasmonic acid leads to pollen wall defects and anther
indehiscence in genic male sterile wheat line 4110S at high temperatures. Funct. Integr. Genom. 2020, 20, 383–396. [CrossRef]

13. Huang, T.; Wang, Y.; Ma, B.; Ma, Y.; Li, S. Genetic Analysis and Mapping of Genes Involved in Fertility of Pingxiang Dominant
Genic Male Sterile Rice. J. Genet. Genom. 2007, 34, 616–622. [CrossRef]

14. Liu, B. Study on the classification and origin of dominant male Sterility genes in crops. Hereditas 1993, 6, 32–34.
15. Zhang, D.; Wu, S.; An, X.; Xie, K.; Dong, Z.; Zhou, Y.; Xu, L.; Fang, W.; Liu, S.; Liu, S.; et al. Construction of a multicontrol sterility

system for a maize male-sterile line and hybrid seed production based on the ZmMs7 gene encoding a PHD-finger transcription
factor. Plant Biotechnol. J. 2018, 16, 459–471. [CrossRef] [PubMed]

16. Chang, Z.; Chen, Z.; Wang, N.; Xie, G.; Lu, J.; Yan, W.; Zhou, J.; Tang, X.; Deng, X.W. Construction of a male sterility system for
hybrid rice breeding and seed production using a nuclear male sterility gene. Proc. Natl. Acad. Sci. USA 2016, 113, 14145–14150.
[CrossRef]

17. Song, S.; Wang, T.; Li, Y.; Hu, J.; Kan, R.; Qiu, M.; Deng, Y.; Liu, P.; Zhang, L.; Dong, H.; et al. A novel strategy for creating a
new system of third-generation hybrid rice technology using a cytoplasmic sterility gene and a genic male-sterile gene. Plant
Biotechnol. J. 2020. [CrossRef] [PubMed]

18. Fan, S.; Liang, C.; Liu, H. Study on the physical variation of rice. Bull. Bot. 2000, 17, 232–241.
19. Jing, N.; Zhixia, N. A Cytoplasmic Male Sterile Mutant was Obtained from the Anther Culture of the F2 of a Cross of Photoperiod-

sensitive Genic Male Sterile Rice. Hybrid Rice 2001, 16, 40.
20. Goldberg, B.R.B. A Novel Cell Ablation Strategy Blocks Tobacco Anther Dehiscence. Plant Cell 1997, 9, 1527–1545.
21. Wu, H.M.; Cheun, A.Y. Programmed cell death in plant reproduction. Plant Mol. Biol. 2000, 44, 267–281. [CrossRef]
22. Chen, P.-Y.; Wu, C.C.; Lin, C.-C.; Jane, W.-N.; Suen, D.-F. 3D imaging of tapetal mitochondria suggests the importance of

mitochondrial fission in pollen growth. Plant Physiol. 2019, 180, 813–826. [CrossRef] [PubMed]
23. Ku, S.; Yoon, H.; Chung, S.Y.Y. Male-sterility of thermosensitive genic male-sterile rice is associated with premature programmed

cell death of the tapetum. Planta 2003, 217, 559–565. [CrossRef] [PubMed]
24. Zhang, Z.A.; Zhu, J.; Gao, J.A.; Wang, C.; Li, H.; Li, H.; Zhang, H.I.; Zhang, S.; Wang, D.I.; Wang, Q.I. Transcription factor

AtMYB103 is required for anther development by regulating tapetum development, callose dissolution and exine formation in
Arabidopsis. Plant J. 2010, 52, 528–538. [CrossRef] [PubMed]

25. Higginson, T.; Song, F.L.; Parish, R.W. AtMYB103 regulates tapetum and trichome development in Arabidopsis thaliana. Plant J.
2010, 35, 177–192. [CrossRef] [PubMed]

26. Zhao, Y.; Luo, L.; Xu, J.; Xin, P.; Guo, H.; Wu, J.; Bai, L.; Wang, G.; Chu, J.; Zuo, J. Malate transported from chloroplast to
mitochondrion triggers production of ROS and PCD in Arabidopsis thaliana. Cell Res. 2018, 28, 448–461. [CrossRef]

27. Yan, M.Y.; Xie, D.L.; Cao, J.J.; Xia, X.J.; Shi, K.; Zhou, Y.H.; Zhou, J.; Foyer, C.H.; Yu, J.Q. Brassinosteroid-mediated reactive oxygen
species are essential for tapetum degradation and pollen fertility in tomato. Plant J. 2020, 102, 931–947. [CrossRef] [PubMed]

28. Li, J.; Tang, H.; Chen, Y.; Chen, A.; Huang, S.; Li, D. Cytomorphological Observation on Cytoplasm Nuclear Male Sterile line of
Kenaf. Plant Fiber Sci. China 2015, 37, 229–232.

29. Zhao, Y.; Chen, P.; Liao, X.; Zhou, B.; Liao, J. A Comparative Analysis of the atp8 Gene Between a Cytoplasmic Male Sterile
Line and Its Maintainer and Further Development of a Molecular Marker Specific to Male Sterile Cytoplasm in Kenaf (Hibiscus
cannabinus L.). Mol. Breed. 2013, 32, 969–976. [CrossRef]

30. Bujin, Z.; Peng, C.; Aziz, K.; Yanhong, Z.; Lihong, C.; Dongmei, L.; Xiaofang, L.; Xiangjun, K.; Ruiyang, Z. Candidate Reference
Genes Selection and Application for RT-qPCR Analysis in Kenaf with Cytoplasmic Male Sterility Background. Front. Plant Sci.
2017, 8, 1520.

31. Zhou, B.; Liu, Y.; Chen, Z.; Liu, D.; Wang, Y.; Zheng, J.; Liao, X.; Zhou, R. Comparative Transcriptome Analysis Reveals the Cause
for Accumulation of Reactive Oxygen Species During Pollen Abortion in Cytoplasmic Male-Sterile Kenaf Line 722HA. Int. J. Mol.
Sci. 2019, 20, 5515. [CrossRef]

32. Guan, L. Two structurally similar maize cytosolic superoxide dismutase genes, Sod4 and Sod4A, respond differentially to abscisic
acid and high osmoticum. Plant Physiol. 1998, 117, 217–224. [CrossRef] [PubMed]

33. Liang-De, L.I.; Ding-Feng, W.; Guang-Yuan, W.U. Progresses on Producing Sites of Reactive Oxygen Species in Mitochondria. Life
Sci. Res. 2015, 6, 530–535.

34. Siedow, J.N.; Umbach, A.L. Plant Mitochondrial Electron Transfer and Molecular Biology. Plant Cell 1995, 7, 821. [CrossRef]
[PubMed]

35. Noster, J.; Persicke, M.; Chao, T.C.; Krone, L.; Heppner, B.; Hensel, M.; Hansmeier, N. Impact of ROS-Induced Damage of
TCA Cycle Enzymes on Metabolism and Virulence of Salmonella enterica serovar Typhimurium. Front Microbiol. 2019, 10, 762.
[CrossRef] [PubMed]

36. Yesodi, V.; Hauschner, H.; Tabib, Y.; Firon, N. An intact F1ATPase alpha-subunit gene and a pseudogene with differing genomic
organization are detected in both male-fertile and CMS petunia mitochondria. Curr. Genet. 1997, 32, 348–357. [CrossRef]

http://doi.org/10.1016/S1673-8527(07)60059-9
http://doi.org/10.1007/s10142-019-00722-y
http://doi.org/10.1016/S1673-8527(07)60070-8
http://doi.org/10.1111/pbi.12786
http://www.ncbi.nlm.nih.gov/pubmed/28678349
http://doi.org/10.1073/pnas.1613792113
http://doi.org/10.1111/pbi.13457
http://www.ncbi.nlm.nih.gov/pubmed/32741081
http://doi.org/10.1023/A:1026536324081
http://doi.org/10.1104/pp.19.00183
http://www.ncbi.nlm.nih.gov/pubmed/30898971
http://doi.org/10.1007/s00425-003-1030-7
http://www.ncbi.nlm.nih.gov/pubmed/12692728
http://doi.org/10.1111/j.1365-313X.2007.03254.x
http://www.ncbi.nlm.nih.gov/pubmed/17727613
http://doi.org/10.1046/j.1365-313X.2003.01791.x
http://www.ncbi.nlm.nih.gov/pubmed/12848824
http://doi.org/10.1038/s41422-018-0024-8
http://doi.org/10.1111/tpj.14672
http://www.ncbi.nlm.nih.gov/pubmed/31908046
http://doi.org/10.1007/s11032-013-9926-9
http://doi.org/10.3390/ijms20215515
http://doi.org/10.1104/pp.117.1.217
http://www.ncbi.nlm.nih.gov/pubmed/9576791
http://doi.org/10.1105/tpc.7.7.821
http://www.ncbi.nlm.nih.gov/pubmed/12242388
http://doi.org/10.3389/fmicb.2019.00762
http://www.ncbi.nlm.nih.gov/pubmed/31105651
http://doi.org/10.1007/s002940050287


Int. J. Mol. Sci. 2021, 22, 1107 18 of 19

37. Li, S.; Wan, C.; Hu, C.; Gao, F.; Huang, Q.; Wang, K.; Wang, T.; Zhu, Y. Mitochondrial mutation impairs cytoplasmic male sterility
rice in response to HO stress. Plant Sci. 2012, 195, 143–150. [CrossRef]

38. Suzuki, N.; Miller, G.; Morales, J.; Shulaev, V.; Torres, M.A.; Mittler, R. Respiratory burst oxidases: The engines of ROS signaling.
Curr. Opin. Plant Biol. 2011, 14, 691–69914. [CrossRef]

39. Geng, X.; Ye, J.; Yang, X.; Li, S.; Zhang, L.; Song, X. Identification of Proteins Involved in Carbohydrate Metabolism and Energy
Metabolism Pathways and Their Regulation of Cytoplasmic Male Sterility in Wheat. Int. J. Mol. Sci. 2018, 19, 324. [CrossRef]

40. Du, X.M.; Yin, W.X.; Zhao, Y.X.; Zhang, H. The production and scavenging of reactive oxygen species in plants. Sheng Wu Gong
Cheng Xue Bao 2001, 17, 121–125.

41. Bian, Y.W.; Lv, D.W.; Cheng, Z.W.; Gu, A.Q.; Cao, H.; Yan, Y.M. Integrative proteome analysis of Brachypodium distachyon roots
and leaves reveals a synergetic responsive network under H2O2 stress. J. Proteom. 2015, 128, 388–402. [CrossRef]

42. Mock; Hans-Peter; Dietz; Karl-Josef, Redox proteomics for the assessment of redox-related posttranslational regulation in plants.
Biochim. Biophys. Acta 2016, 1864, 967–973. [CrossRef] [PubMed]

43. Navrot, N.; Rouhier, N.; Gelhaye, E.; Jacquot, J.P. ROS generation and antioxidant systems in plant mitochondria. Physiol. Plant.
2006, 129, 185–195. [CrossRef]

44. Rodríguez-Manzaneque, M.T.; Ros, J.; Cabiscol, E.; Sorribas, A.; Herrero, E. Grx5 Glutaredoxin Plays a Central Role in Protection
against Protein Oxidative Damage in Saccharomyces cerevisiae. Mol. Cell Biol. 1999, 19, 8180–8190. [CrossRef] [PubMed]

45. Hong, M.J.; Kim, D.Y.; Lee, T.G.; Jeon, W.B.; Seo, Y.W. Functional characterization of pectin methylesterase inhibitor (PMEI) in
wheat. Genes. Genet. Syst. 2010, 85, 97–106. [CrossRef]

46. Rocchi, V.; Janni, M.; Bellincampi, D.; Giardina, T.; D Ovidio, R. Intron retention regulates the expression of pectin methyl esterase
inhibitor (Pmei) genes during wheat growth and development. Plant Biol. 2012, 14, 365–373. [CrossRef]

47. Röckel, N.; Wolf, S.; Kost, B.; Rausch, T.; Greiner, S. Elaborate spatial patterning of cell-wall PME and PMEI at the pollen tube
tip involves PMEI endocytosis, and reflects the distribution of esterified and de-esterified pectins. Plant J. 2008, 53, 133–143.
[CrossRef]

48. Safadi, F.; Reddy, V.S.; Reddy, A.S.N. A Pollen-specific Novel Calmodulin-binding Protein with Tetratricopeptide Repeats. J. Biol.
Chem. 2000, 275, 35457–35470. [CrossRef]

49. Zhefeng, L.; Chin-Wen, H.; Don, G. AtTRP1 encodes a novel TPR protein that interacts with the ethylene receptor ERS1 and
modulates development in Arabidopsis. J. Exp. Bot. 2009, 60, 3697–3714.

50. Liang, X.; Zhou, J.M. Receptor-Like Cytoplasmic Kinases: Central Players in Plant Receptor Kinase–Mediated Signaling. Annu.
Rev. Plant Biol. 2018, 69, 267–299. [CrossRef]

51. Morrison, D.K.; Davis, R.J. Regulation of MAP kinase signaling modules by scaffold proteins in mammals. Annu. Rev. Cell Dev.
Biol. 2003, 19, 91–118. [CrossRef]

52. Okuda Satohiro, T.H.S.K. Defensin-like polypeptide LUREs are pollen tube attractants secreted from synergid cells. Nature 2009,
458, 357–361. [CrossRef] [PubMed]

53. Zimei, S.; Yuanfang, T.; Runyan, L.; Hongbin, W.; Lan, Z.; Min, Y. Genome-wide Analysis of Lectin-like Receptor Kinases(LecRLKs)
Family in Soybean. Mol. Plant Breed. 2019, 17, 699.

54. Qiu, W.M.; Zhu, A.D.; Wang, Y.; Chai, L.J.; Ge, X.X.; Deng, X.X.; Guo, W.W. Comparative transcript profiling of gene expression
between seedless Ponkan mandarin and its seedy wild type during floral organ development by suppression subtractive
hybridization and cDNA microarray. BMC Genom. 2012, 13, 397. [CrossRef]

55. Gao, R.; Liang, X.Q.; Cheedipudi, S.; Cordero, J.; Jiang, X.; Zhang, Q.Q.; Ren, Y.G. Pioneering function of Isl1 in the epigenetic
control of cardiomyocyte cell fate. Cell Res. 2019, 29, 486–501. [CrossRef] [PubMed]

56. Stracke, R.; Ishihara, H.; Huep, G.; Barsch, A.; Weisshaar, B. Differential regulation of closely related R2R3-MYB transcription
factors controls flavonol accumulation in different parts of the Arabidopsis thaliana seedling. Plant J. 2010, 50. [CrossRef]

57. Chen, P.; Ran, S.; Li, R.; Huang, Z.; Qian, J.; Yu, M.; Zhou, R. Transcriptome de novo assembly and differentially expressed genes
related to cytoplasmic male sterility in kenaf (Hibiscus cannabinus L.). Mol. Breed. 2014, 34, 1879–1891. [CrossRef]

58. Zheng, J.; Kong, X.; Li, B.; Khan, A.; Li, Z.; Liu, Y.; Kang, H.; Ullah, D.F.; Zhou, R. Comparative Transcriptome Analysis between a
Novel Allohexaploid Cotton Progeny CMS Line LD6A and Its Maintainer Line LD6B. Int. J. Mol. Sci. 2019, 20, 6127. [CrossRef]

59. Kovtun, Y.; Chiu, W.; Tena, G. Functional analysis of oxidative stress-activated mitogen-activated protein kinase cascade in plants.
Proc. Natl. Acad. Sci. USA 2000, 97, 2940–2945. [CrossRef]

60. Fluhr, R.G.A.R. UV-B-Induced PR-1 Accumulation Is Mediated by Active Oxygen Species. Plant Cell 1995, 7, 203–212.
61. Giampieri, F.; Gasparrini, M.; Forbes-Hernández, T.Y.; Manna, P.P.; Zhang, J.; Reboredo-Rodríguez, P.; Cianciosi, D.; Quiles, J.L.;

Fernández-Piñar, C.T.; Orantes-Bermejo, F.J. Beeswax by-Products Efficiently Counteract the Oxidative Damage Induced by an
Oxidant Agent in Human Dermal Fibroblasts. Int. J. Mol. Sci. 2018, 19, 2842. [CrossRef]

62. Yong, Z.M. Identification of a Rice cDNA Encoding the Acyl CoA binding Protein (ACBP). Acta Photophysiol. Sin. 1999, 4, 327–331.
63. Wang, K.; Gao, F.; Ji, Y.X.; Liu, Y.; Dan, Z.W.; Yang, P.F.; Zhu, Y.G.; Li, S.Q. ORFH79 impairs mitochondrial function via interaction

with a subunit of electron transport chain complex III in Honglian cytoplasmic male sterile rice. New Phytol. 2013, 198, 408–418.
[CrossRef] [PubMed]

64. Dussert, S.; Davey, M.W.; Laffargue, A.; Doulbeau, S.; Swennen, R.; Etienne, H. Oxidative stress, phospholipid loss and lipid
hydrolysis during drying and storage of intermediate seeds. Physiol. Plant. 2010, 127, 192–204. [CrossRef]

http://doi.org/10.1016/j.plantsci.2012.05.014
http://doi.org/10.1016/j.pbi.2011.07.014
http://doi.org/10.3390/ijms19020324
http://doi.org/10.1016/j.jprot.2015.08.020
http://doi.org/10.1016/j.bbapap.2016.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26784836
http://doi.org/10.1111/j.1399-3054.2006.00777.x
http://doi.org/10.1128/MCB.19.12.8180
http://www.ncbi.nlm.nih.gov/pubmed/10567543
http://doi.org/10.1266/ggs.85.97
http://doi.org/10.1111/j.1438-8677.2011.00508.x
http://doi.org/10.1111/j.1365-313X.2007.03325.x
http://doi.org/10.1074/jbc.M002720200
http://doi.org/10.1146/annurev-arplant-042817-040540
http://doi.org/10.1146/annurev.cellbio.19.111401.091942
http://doi.org/10.1038/nature07882
http://www.ncbi.nlm.nih.gov/pubmed/19295610
http://doi.org/10.1186/1471-2164-13-397
http://doi.org/10.1038/s41422-019-0168-1
http://www.ncbi.nlm.nih.gov/pubmed/31024170
http://doi.org/10.1111/j.1365-313X.2007.03078.x
http://doi.org/10.1007/s11032-014-0146-8
http://doi.org/10.3390/ijms20246127
http://doi.org/10.1073/pnas.97.6.2940
http://doi.org/10.3390/ijms19092842
http://doi.org/10.1111/nph.12180
http://www.ncbi.nlm.nih.gov/pubmed/23437825
http://doi.org/10.1111/j.1399-3054.2006.00666.x


Int. J. Mol. Sci. 2021, 22, 1107 19 of 19

65. Morant, M.; Jorgensen, K.; Schaller, H.; Pinot, F.; Moller, B.L.; Werck-Reichhart, D.; Bak, S. CYP703 Is an Ancient Cytochrome
P450 in Land Plants Catalyzing in-Chain Hydroxylation of Lauric Acid to Provide Building Blocks for Sporopollenin Synthesis in
Pollen. Plant. Cell 2007, 19, 1473–1487. [CrossRef]

66. Phan, H.A.; Li, S.F.; Parish, R.W. MYB80, a regulator of tapetal and pollen development, is functionally conserved in crops. Plant
Mol. Biol. 2012, 78, 171–183. [CrossRef]

67. Paxson-Sowders, D.M.; Dodrill, C.H.; Owen, H.A.; Makaroff, C.A. DEX1, a Novel Plant Protein, Is Required for Exine Pattern
Formation during Pollen Development in Arabidopsis. Plant Physiol. 2001, 127, 1739–1749. [CrossRef]

68. Berghe, T.V.; Linkermann, A.; Jouan-Lanhouet, S.; Walczak, H.; Vandenabeele, P. Regulated necrosis: The expanding network of
non-apoptotic cell death pathways. Nat. Rev. Mol. Cell Biol. 2014, 15, 135–147. [CrossRef]

69. Luo, D.; Xu, H.; Liu, Z.; Guo, J.; Liu, Y.G. A detrimental mitochondrial-nuclear interaction causes cytoplasmic male sterility in
rice. Nat. Genet. 2013, 45, 573. [CrossRef]

70. Hu, L.; Liang, W.; Yin, C.; Cui, X.; Zong, J.; Wang, X.; Hu, J.; Zhang, D. Rice MADS3 regulates ROS homeostasis during late anther
development. Plant Cell 2011, 23, 515–533. [CrossRef]

71. Jiang, J.; Zhang, Z.; Cao, J. Pollen wall development: The associated enzymes and metabolic pathways. Plant Biol. 2012, 15,
249–263. [CrossRef]

72. Zhang, Z.; Zhang, B.; Chen, Z.; Zhang, D.; Zhang, H.; Wang, H.; Zhang, Y.; Cai, D.; Liu, J.; Xiao, S. A PECTIN METHYLESTERASE
gene at the maize Ga1 locus confers male function in unilateral cross-incompatibility. Nat. Commun. 2018, 9, 3678. [CrossRef]
[PubMed]

73. Pina, C.; Pinto, F.; Feijó, J.A.; Becker, J.D. Gene Family Analysis of the Arabidopsis Pollen Transcriptome Reveals Biological
Implications for Cell Growth, Division Control, and Gene Expression Regulation. Plant Physiol. 2005, 138, 744–756. [CrossRef]
[PubMed]

74. Huo, Y.; Miao, J.; Liu, B.J.; Yang, Y.Y. The expression of pectin methylesterase in onion flower buds is associated with the dominant
male-fertility restoration allele. Plant Breed. 2012, 131, 211–216. [CrossRef]

75. Shuping, W.; Gaisheng, Z.; Yingxin, Z.; Qilu, S.; Zheng, C.; Junsheng, W.; Jialin, G.; Na, N.; Junwei, W.; Shoucai, M. Comparative
studies of mitochondrial proteomics reveal an intimate protein network of male sterility in wheat (Triticum aestivum L.). J. Exp.
Bot 2015, 66, 6191–6203.

76. Kochba, J.; Lavee, S.; Spiegel-Roy, P. Differences in peroxidase activity and isoenzymes in embryogenic ane non-embryogenic
’Shamouti’ orange ovular callus lines. Plant Cell Physiol. 1977, 18, 463–467. [CrossRef]

http://doi.org/10.1105/tpc.106.045948
http://doi.org/10.1007/s11103-011-9855-0
http://doi.org/10.1104/pp.010517
http://doi.org/10.1038/nrm3737
http://doi.org/10.1038/ng.2570
http://doi.org/10.1105/tpc.110.074369
http://doi.org/10.1111/j.1438-8677.2012.00706.x
http://doi.org/10.1038/s41467-018-06139-8
http://www.ncbi.nlm.nih.gov/pubmed/30202064
http://doi.org/10.1104/pp.104.057935
http://www.ncbi.nlm.nih.gov/pubmed/15908605
http://doi.org/10.1111/j.1439-0523.2011.01907.x
http://doi.org/10.1093/oxfordjournals.pcp.a075455

	Introduction 
	Results 
	Phenotypic and Cytological Characterization of P9B, P9BS, and P9SA 
	De Novo Assembly and Sequence Annotation 
	Identification of the DEGs among Different Kenaf Lines 
	DEGs Related to ROS 
	DEGs Related to the Pollen Development Process 
	Transcription Factor Related to Male Sterility 
	qRT-PCR Confirmation of DEG Data 
	The Activity of Enzymes Involved in Reactive Oxygen Scavenging Pathways 

	Discussion 
	Importance of Materials for RNA-Seq Analysis 
	Production and Clearance of ROS in Anther Development 
	Burst of Reactive Oxygen Species Causes Premature PCD of Tapetum Cells and Abnormal Pollen Wall Development 

	Materials and Methods 
	Plant Materials 
	Morphological and Cytological Observations 
	Total RNA Extraction, cDNA Library Construction, and Deep Sequencing 
	RNA-Seq Data Processing Analysis 
	Quantitative Real-Time PCR for RNA-Seq Validation 
	Enzyme Activity and MDA Content Assays 

	Conclusions 
	References

