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ARTICLE INFO ABSTRACT

Keywords: Although cytoplasmic male sterility (CMS) is widely used for developing pepper hybrids, its molecular me-
Capsicum annuum L. chanism remains unclear. In this study, we used a high-throughput proteomics method called label-free to
Label-free

compare protein abundance across a pepper CMS line (A-line) and its isogenic maintainer line (B-line). Data are
available via ProteomeXchange with identifier PXD006104. Approximately 324 differentially abundant protein
species were identified and quantified; among which, 47 were up-accumulated and 140 were down-accumulated
in the A-line; additionally, 75 and 62 protein species were specifically accumulated in the A-line and B-line,
respectively. Protein species involved in pollen exine formation, pyruvate metabolic processes, the tricarboxylic
acid cycle, the mitochondrial electron transport chain, and oxidative stress response were observed to be dif-
ferentially accumulated between A-line and B-line, suggesting their potential roles in the regulation of pepper
pollen abortion. Based on our data, we proposed a potential regulatory network for pepper CMS that unifies
these processes.

Biological significance: Artificial emasculation is a major obstacle in pepper hybrid breeding for its high labor cost
and poor seed purity. While the use of cytoplasmic male sterility (CMS) in hybrid system is seriously frustrated
because a long time is needed to cultivate male sterility line and its isogenic restore line. Transgenic technology
is an effective and rapid method to obtain male sterility lines and its widely application has very important
significance in speeding up breeding process in pepper. Although numerous studies have been conducted to
select the genes related to male sterility, the molecular mechanism of cytoplasmic male sterility in pepper
remains unknown. In this study, we used the high-throughput proteomic method called “label-free”, coupled
with liquid chromatography-quadrupole mass spectrometry (LC-MS/MS), to perform a novel comparison of
expression profiles in a CMS pepper line and its maintainer line. Based on our results, we proposed a potential
regulated protein network involved in pollen development as a novel mechanism of pepper CMS.

Proteomic analysis
Cytoplasmic male sterility
Isogenic maintainer lines

1. Introduction Moreover, CMS-determining mitochondrial genes have been found

in various plants; some of these genes appear to be chimeric, char-

Cytoplasmic male sterility (CMS) naturally occurs in numerous
plant species, and it is characterized by normal vegetative organs but
dysfunctional male gametes (pollen). This maternally inherited agro-
nomic character has been widely used for commercial hybrid-seed
production and for seedless fruit production [1]. Mitochondrial DNA
dysfunction (abnormal recombination) is popularly hypothesized to be
the cause of CMS. In many cases, male sterility can be restored speci-
fically with restorer genes (Rfs) in the nucleus [2]. Indeed, previous
studies have closely linked key mitochondrial processes (e.g., tri-
carboxylic acid cycle [TCA], respiratory electron transfer, and ATP
synthesis) with male sterility [3-5].
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acterized as having open reading frames (ORFs) with segments from the
mitochondrial genome or unknown sequences [6,7]. One example is the
CMS-related gene T-urfl3 in maize [8], located upstream of the mi-
tochondrial gene orf221 (ATP4) [9,10]. A 5-bp insertion results in a
frameshift mutation of urfl3, ultimately causing male sterility [11].
Similarly, the petunia CMS-associated gene pcf is a chimeric gene ori-
ginating from an aberrant recombination of the mitochondrial genome
[12,13]. These CMS-related orfs are often located in or near ATP syn-
thase subunits [14] and segments of cytochrome-oxidase subunit genes
[15], e.g., apt8 in sunflower [16-18], apt9 in wheat and maize [19],
orf288 and orf108 in Brassica juncea [20,21], as well as WA352 in rice
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[22,23].

Other genes affected under CMS are those associated with pollen or
anther development, specifically pollen exine formation. Exine is the
outer coating of a pollen grain and is essential to viable pollen. It pri-
marily consists of sporopollenin [24,25], a highly durable complex
biopolymer comprising fatty acids, phenolics, and alkanes [26,27].
Thus, defects in sporopollenin biosynthesis affect pollen exine forma-
tion. For instance, MS2 mutation-male sterility 2 (ms2) mutants in Ara-
bidopsis produce abortive pollen without an exine layer. CYP704B
mutants in Arabidopsis [28] and rice [29] display immature microspores
with aberrant pollen exine. Pollen grains of lap5 or lap6 mutants exhibit
abnormal exine patterning, while lap5/lap6 double-mutant males have
no exine and are entirely sterile [30].

Traditional two-dimensional electrophoresis (2-DE) has been widely
applied to understand the mechanisms underlying CMS, revealing a
network of male-sterility-related proteins in many plants and providing
further insight on candidate genes related to male sterility [31]. In HL-
type CMS rice, for example, functional classification of CMS-linked,
differentially expressed proteins (DEPs) indicated an involvement in
pollen developmental processes, including metabolism, protein bio-
synthesis, signal transduction, cell death, and energy production [32].
In pepper, analysis of anther proteomes between CMS and maintainer
lines revealed that DEPs are potentially associated with instability in
energy metabolism, excessive ethylene synthesis, or starch synthesis
reduction [33]. Despite the identification of these CMS-associated se-
quences, exact CMS mechanisms remain controversial, because 2-DE
cannot detect low-abundance, very large, or very small proteins [34].
Non-gel-based quantitative proteomic methods can overcome such
shortcomings. In this study, we used the high-throughput proteomic
method to perform a novel comparison of expression profiles in a CMS
pepper line and its maintainer line to reveal a potential mechanism of
pepper CMS.

2. Materials and methods
2.1. Plant materials

The CMS (A-line) and maintainer (B-line) lines selected for this
study are similar in phenotype and genotype, differing only in fertility.
Plants were grown in experimental fields of China Agricultural
University, Beijing, China. Flower buds and anthers at different devel-
opmental stages were also collected for aceto-carmine staining and
semi-thin paraffin section analysis with sarranine staining [35]. About
0.15 g FW (fresh weight) anthers at the tetrad stage (sepals wrapped
corolla; vertical diameter, ~4.17 mm,; transverse diameter, ~3.17 mm)
were collected, frozen in liquid nitrogen immediately, and stored at
— 80 °C. For proteomic, gene expression and physiological analysis,
anthers were collected from 20 to 60 flower buds at the tetrad stage,
which were selected randomly from 10 pepper plants. For morpholo-
gical analysis, five flower buds at each development stage were col-
lected from five pepper plants. The whole experiments were repeated
three times.

2.2. Protein extraction

Frozen pepper anthers were ground in liquid nitrogen before the
addition of 500 pL protein cracking liquid, containing 20 mM Tris-HCl
(pH 7.5), 250 mM sucrose, 10 mM EGTA, 1% Triton X-100, protease-
inhibitor mixture (cOmplete™), and 1 M DTT. The mixture was in-
cubated on ice for 20 min, and then centrifuged at 15000g and 4 °C for
15 min. The supernatant was collected and the incubation-centrifuga-
tion was repeated. Protein quality was determined with SDS-PAGE.
Protein concentration was determined with a BCA protein assay kit
using BSA as a standard and a wavelength of 562 nm. Supernatants
were stored at — 80 °C until use.
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2.3. Label-free analysis

Protein samples were reduced with 1 M DTT for 1 h at 37 °C, al-
kylated with 1 M iodoacetamide (IAA) for 1h in the dark, and then
digested with sequencing-grade modified trypsin (Promega) for 20 h at
37 °C. Digested peptides were separated with chromatography using an
Easy-nLC1000 system (Thermo Scientific) autosampler. Peptide mix-
ture were loaded on a self-made C18 trap column (C18 3um,
0.10 x 20 mm) in solution A (0.1% formic acid), then separated with a
self-made Capillary C18 column (1.9 pm, 0.15 X 120 mm) with a gra-
dient solution B (100% acetonitrile and 0.1% formic acid) at a flow rate
of 600 nL/min. The gradient consisted of the following steps: 0%-10%
solution B for 16 min, 10%-22% for 35 min, 22%-30% for 20 min, then
increasing to 95% solution B in 1 min, holding for 6 min. Separated
peptides were examined in the Orbitrap Fusion mass spectrometer
(Thermo Scientific) with a Michrom captive spray nano-electrospray
ionization (NSI) source. Spectra were scanned over the m/z range
300-4000 Da at 120,000 resolution. 18 s exclusion time and 32% nor-
malization collision energy were set at the dynamic exclusion window.

RAW files were extracted using the MASCOT version 2.3.02 (Matrix
Science, London, UK) embedded into Proteome Discover 2.0 (Thermo
Scientific). MS data were searched against a pepper genome database
containing 35,336 sequences (http://peppersequence.genomics.cn/
page/species/index.jsp). Parameters were set as follows: fully tryptic
peptides with < 2 missed cleavages were permitted; carbamidomethy-
lation (C) and oxidization (M) were as fixed and variable modifications,
respectively; peptide mass tolerance was 15 ppm, and fragment mass
tolerance was 20 mmu; the charge state of the peptides were set from
+ 2 to + 6. The cutoff of global false discovery rate (FDR) for peptide
and protein identification was set to 0.01.

Chromatographic peak intensity (peak area) was calculated and
normalized by deviation coefficient. This deviation coefficient was
calculated by dividing the maximum value of sum-peak area by the
sum-peak area of samples [36]. Protein species with at least two unique
peptides were selected for protein species quantitation, and the relative
quantitative protein ratios between the two samples were calculated by
comparing the average abundance values (three biological replicates).
Student's t-tests were performed to determine the significance of
changes between samples. A fold-change of > 2 and P-value < 0.05 in
at least two replicates was used as the thresholds to define differently
accumulated protein species. Additionally, protein species detected in
only one material (A-line or B-line) with at least two replicates were
considered to be presence/absence protein species. The correlation
coefficient (R%) between three biological replicates and the biological
coefficient of variation (CV) of each protein species were also calculated
[371.

2.4. Bioinformatics analysis

Bioinformatics analysis of proteins was performed according to Liu
et al. [35]. Functional annotation and category analysis was performed
using the online software Blast2GO (http://www.geneontology.org).
Protein pathway analysis was performed using the Kyoto Encyclopedia
of Genes and Genomes KEGG (http://www.genome.jp/kegg). A P-
value = 0.01 was used as the threshold to determine the significant
enrichments of GO and KEGG pathways.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD006104. The reviewer account: Username:
reviewer66969@ebi.ac.uk; Password: muJIWrjs.

2.5. Quantitative real-time PCR (qRT-PCR) analysis
Total RNA was isolated from anthers with the SV Total RNA

Isolation System Kit (Promega, USA), following manufacturer protocol.
First-strand cDNA was synthesized with a PrimeScript™ RT Kit (Takara,
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Japan). The qRT-PCR was performed with a GoTaq® qPCR Master Mix
(Promega, USA), following manufacturer protocol, in an ABI 7500 real-
time PCR system. The thermocycling conditions were set as follows:
95 °C for 1 min, 40 cycles of 95 °C for 15 s, and 60 °C for 1 min. Relative
expression levels of target genes were calculated using the 27 44¢
method. qRT-PCR were conducted with three biological replicates and
three technical replicates. Statistical analyses of data were carried out
by ANOVA analysis and means were separated by the least significant
difference (LSD) test at P < 0.05 and P < 0.01 level. All primers are
listed in Supplementary Table 1.
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Fig. 1. Pollen morphological features in the CMS
(A-line) (A-F) and the isogenic maintainer (B-
line) (G-L). Acetocarmine (1%) staining of mi-
crospores (B, C, H, I) and paraffin section analysis
of anthers (D-F, J-L). B, D, H, J at the tetrad
stage; C, E, I, K at the uninucleate stage; F, L at
mature stage. Td, tetrad; T, tapetum; Mc, micro-
spore; dTd, death tetrad; dT, death tapetum;
dTM, death tapetum and microspore; PG, pollen
grain. Scale bars = 200 pum.

2.6. Measurement of ROS contents and antioxidant enzyme activities

O, ™ levels were assayed using nitroblue tetrazolium (NBT), fol-
lowing Elstner and Heupel [38]. H>O- content was determined with a
ferric-xylenol orange hydroperoxide assay [39]. Lipid peroxidation le-
vels were measured using barbituric acid (TBA) [40]. To determine the
activity of antioxidant, about 0.25 g FW anthers were ground in cold
extraction buffer containing 0.1 M Tris-HCI (pH 7.8), 0.5 M EDTA and
1% PVP. Homogenates were collected and centrifuged at 10,000g for
15 min at 4 °C. The supernatant was collected and used for assay of
enzyme activities. Superoxide dismutase (SOD) activity was tested ac-
cording to the methods of Giannopolitis and Ries [41].
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Fig. 2. Spectrum, peptides and proteins identified from label-free proteomics by
searching against pepper database.

Guaiacolperoxidase (POD) activity was tested following Zheng and
Huystee [42] method. Catalase (CAT) activity was estimated according
to the method of Aebi [43]. Three biological replicates and three
technical replicates were designed in this experiment. All data was
presented as the mean * SE values of each treatment. Similar sig-
nificance analyses were conducted based on the description of qRT-
PCR.

2.7. Enzyme linked immunosorbent assay (ELISA)

To validate the differently accumulated proteins, four enzymes in-
volved in organic acid metabolism were measured by commercially
available plant ELISA test kits (Future Industrial Limited by Share Ltd.,
Shanghai, China) following manufacturer's protocol. Samples were
homogenized in 0.01 M phosphate buffer solution (PBS, pH = 7.4).
Homogenates were collected and centrifuged at 5000g for 10 min at
4 °C. 50 pL diluted supernatants (1:5) were added per well, incubated at
37 °C for 30 min and then washed with 350 pL washing solution for 5
times. After drying, 50 pL antibody-enzyme (HRP) conjugate solutions
were added per well, incubated at 37 °C for 30 min and washed 5 times.
Substrate mixture (A and B) was pipetted into each well. After in-
cubation at 37 °C for 15 min, the enzymatic reaction was stopped by
adding 50 pL stopping buffer. Absorbance was assayed using an en-
zyme-labeling instrument (RT-6100, Rayto, USA) at 450 nm. Three
biological replicates and three technical replicates were designed in this
experiment.

2.8. High performance liquid chromatography (HPLC) analysis

A high performance liquid chromatography (HPLC) method was
used to analyze the contents of organic acids (pyruvic acid, a-ke-
toglutaric acid and citric acid). For a-ketoglutaric acid and citric acid
analysis, about 0.2 g FW anthers were ground and treated for 30 min
with power ultrasound in 10 mM K,HPO, (pH = 2.55) and incubated
for 1 h at 60 °C. After centrifuged at 6000 r/min for 20 min and filtered
through 0.45 um Millipore filter, 10 pL. supernatant was loaded on
Thermo C18 column (250 X 4.6 mm, 5 um). The mobile phase con-
sisted of 10 mM K,HPO, (pH = 2.55) at a flow rate of 0.5 ml/min. The
measurements were operated at 210 nm with UV detection and the
temperature is 30 °C. For pyruvic acid analysis, the mobile phase con-
sisted of 0.5% (NH,4),HPO3 (pH = 2.5) and acetonitrile in the ratio 95:5
(v/v). Three biological replicates were designed in this experiment.
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3. Results
3.1. Pollen morphological features

Aceto-carmine staining and paraffin sections were used to define the
development stage of microspores. Morphological differences between
the CMS and maintainer lines during pollen abortion were observed at
the tetrad stage (Fig. 1B, D, H, J). Tapetum is the innermost layer of the
anther wall and surrounds the locule. Here, B-line tapetum cells were
degraded for proper microspore development (Fig. 1J), while A-line
tapetal cells exhibited vacuolation and premature death (Fig. 1D).
Subsequently, A-line tapetal cells tightly surrounded and squeezed
microspores, inhibiting callosum degradation and microspore release
from the tetrad to the uninucleate stage (Fig. 1C, E), eventually causing
microspore rupture and death at the late-uninucleate stage (Fig. 1F).
Collapsed tapetal cells and crushed microspores ultimately formed a
dense belt (Fig. 1F). Thus, premature tapetum death may be the cause
of microspore abortion at the tetrad stage.

3.2. Primary data analysis and protein identification

The result of SDS-PAGE was exhibited in the Supplementary Fig. S1.
A total of 423,181 spectra were generated using label-free experiment
across the CMS and isogenic maintainer lines. A total of 131,536 spectra
matched to known spectra, 114,374 unique spectra, 21,506 peptides,
17,882 unique peptides and 3355 protein species were identified
(FDR =< 0.01) (Fig. 2, Supplemental Table 2). About 74% (2012 of
2732) and 80% (2126 of 2652) of proteins had a biological CV
of < 30% in A-line and B-line, respectively. And the correlation coef-
ficient (R?) between biological replicates were 0.992 (A_1 & A_2), 0.991
(A1&A3), 098 (A2&A_3), 0.995 (B.1&B_2), 0.997 (B2&B_3),
0.995 (B_1 & B_3), respectively (Supplemental Table 2). The distribu-
tion of length of peptides and number of peptides defining each protein
were provided in Figs. 3 and 4. Then, about 2594 (77%) unique pro-
teins matched with at least two unique peptides were selected for fur-
ther analysis (Fig. 4) and the distribution of these quantified protein
species was showed as a volcano plot (Supplementary Fig. S2).

3.3. Analysis of differential abundance protein species (DAPS)

Based on the threshold for screening DAPS (i.e., fold-change of 2
and P < 0.05), 324 differentially abundant protein species were iden-
tified and quantified; 47 were up-accumulated and 140 were down-
accumulated in the A-line. Additionally, 75 and 62 protein species
specifically accumulated in the A- and B-lines, respectively (Fig. 5;
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Fig. 3. The distribution of length of peptides.
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Fig. 5. Comparison of DAPS identified in the A-line (A) and B-line (B). “1” and “|” in-
dicate up-accumulated and down-accumulated, respectively. “A + B” indicates the DAPS
identified in both lines.

Supplementary Table 3). These large numbers imply a complex reg-
ulatory network for pollen abortion in pepper.

Gene ontology (GO) analysis indicated that protein species involved
in pollen wall assembly and pollen exine formation were enriched at the
tetrad stage (P < 0.01; Table 1). To further identify the significant
difference of the pathway between A-line and B-line, we next performed
KEGG pathway analysis on the identified DAPS. 143 (44.14%) DAPS
were mapped to 58 pathways in the KEGG database. And detected
DAPS were significantly enriched in five associated pathways
(P < 0.01): stilbenoid, diarylheptanoid and gingerol biosynthesis
(P = 0.0039), flavonoid biosynthesis (P = 0.0064), limonene and
pinene degradation (P = 0.0066), phenylpropanoid biosynthesis
(P = 0.0082), as well as pyruvate metabolism (P = 0.0119) (Table 2).
Phenylpropanoid biosynthesis pathways have been previously asso-
ciated with pollen exine formation [44-46], and the stilbenoid, dia-
rylheptanoid and gingerol biosynthesis, flavonoid biosynthesis are part
of phenylpropanoid biosynthesis pathways. Moreover, pyruvate meta-
bolism supplies substrates for limonene and pinene degradation. In
sum, the difference between A- and B-lines was mainly related to pollen
exine formation and pyruvate metabolism.

3.4. Transcriptional analysis of gene expression

We then evaluated the correspondence between protein levels and
mRNA abundance via transcriptional analysis of corresponding genes.
Several significantly up- or down-accumulated protein species invol-
ving pollen exine formation and mitochondria metabolism were se-
lected for qRT-PCR analysis. Almost of these genes expressed sig-
nificantly higher in the B-line than in the A-line, matching well with
their corresponding protein abundance, except for DRL1 and ABCG26
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Table 1
Gene ontology enrichment for the DAPS (P < 0.01).

GO: ID Description P-value
G0:0030198  Extracellular matrix organization 9.01E — 08
G0:0043062 Extracellular structure organization 9.01E — 08
G0:0010208  Pollen wall assembly 1.10E — 06
G0:0010584 Pollen exine formation 1.10E — 06
G0:0010927 Cellular component assembly involved in 1.10E — 06
morphogenesis
G0:0085029  Extracellular matrix assembly 1.10E — 06
G0:0032989 Cellular component morphogenesis 6.15E — 06
GO:1901136  Carbohydrate derivative catabolic process 7.92E — 06
G0:0048869  Cellular developmental process 1.44E — 05
G0:0009555 Pollen development 1.48E — 05
GO0:0048646  Anatomical structure formation involved in 3.59E - 05
morphogenesis
G0:0048229 Gametophyte development 8.43E — 05
G0:0009653 Anatomical structure morphogenesis 1.32E - 04
G0:0016998  Cell wall macromolecule catabolic process 1.65E — 04
G0:0033609 Oxalate metabolic process 2.46E — 04
GO0:0046564 Oxalate decarboxylase activity 2.46E — 04
G0:0080110 Sporopollenin biosynthetic process 5.17E — 04
G0:0045735 Nutrient reservoir activity 5.17E — 04
G0:0004743 Pyruvate kinase activity 1.24E — 03
G0:0030955 Potassium ion binding 1.24E — 03
GO0:0031420  Alkali metal ion binding 1.24E — 03
G0:0044550  Secondary metabolite biosynthetic process 1.93E - 03
G0:0002682 Regulation of immune system process 1.97E — 03
G0:0006516 Glycoprotein catabolic process 1.97E — 03
GO0:0031349  Positive regulation of defense response 1.97E — 03
G0:0045088  Regulation of innate immune response 1.97E - 03
G0:0050776 Regulation of immune response 1.97E — 03
G0:0045229 External encapsulating structure organization 2.03E - 03
G0:0044036 Cell wall macromolecule metabolic process 2.99E - 03
G0:0006026 Aminoglycan catabolic process 2.99E — 03
G0:0006030  Chitin metabolic process 2.99E — 03
G0:0006032  Chitin catabolic process 2.99E - 03
G0:0031347  Regulation of defense response 2.99E - 03
G0:0046348 Amino sugar catabolic process 2.99E - 03
G0:1901071 Glucosamine-containing compound metabolic 2.99E - 03
process
G0:1901072 Glucosamine-containing compound catabolic 2.99E - 03
process
G0:0004568  Chitinase activity 2.99E - 03
G0:0016798 Hydrolase activity, acting on glycosyl bonds 3.83E-03
G0:0006022  Aminoglycan metabolic process 6.30E — 03
G0:0030145  Manganese ion binding 6.30E — 03
GO0:0009845 Seed germination 7.15E — 03
GO0:0005618 Cell wall 8.49E — 03
GO0:0030312  External encapsulating structure 8.49E — 03
G0:0022607 Cellular component assembly 8.49E — 03
G0:0004553 Hydrolase activity, hydrolyzing O-glycosyl 9.65E — 03
compounds
Table 2
KEGG enrichment for the DAPS (P < 0.01).
ko-ID Description P-value
ko00945 Stilbenoid, diarylheptanoid and gingerol biosynthesis 3.88E - 03
ko00941 Flavonoid biosynthesis 6.42E — 03
ko00903 Limonene and pinene degradation 6.56E — 03
ko00940 Phenylpropanoid biosynthesis 8.20E — 03
ko00620 Pyruvate metabolism 1.19E — 02

(Fig. 6, Table 3). Both of their protein abundance was significantly
higher in the B-line, while the level of mRNA transcription did not
significantly differ (Fig. 6, Table 3). This discrepancy suggests that
transcript and corresponding protein species abundance not necessarily
connected for posttranslational modifications [47].

3.5. ROS contents and antioxides enzyme activity

We measured ROS content (O, , Hy,0,, and MDA) and tested
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Fig. 6. Relative mRNA abundance of genes encoding proteins related to pollen exine
formation and mitochondria metabolism by QRT-PCR. CYP703A, Cytochrome P450 703A;
CYP704B, Cytochrome P450 704B; LAPS: Less adhesive pollen 5; MS2: Male sterility 2;
DRL1: Dihydroflavonol 4-reductase-like 1; ABCG26: ATP-binding cassette transporter
G26; ACL: ATP-citrate lyase; MDH: malate dehydrogenase; MS: malate synthase; PDH-
Ela: pyruvate dehydrogenase Ela subunit. “*” and “**” indicate significant differences at
P < 0.05and P < 0.01, respectively. “ND” means no difference. Means + SE, n = 3.

antioxidant (SOD, POD, CAT and APX) activities (Fig. 7). O~ and H,O,
content in the A-line were significantly higher than in the B-line. MDA
(a major product of lipid peroxidation) was also significantly higher in
the A-line. While, the measurement of antioxidant (SOD, POD and CAT)
activities showed that all of them were significantly decreased in A-line
than in the B-line.

3.6. ELISA validation

To validate the differently accumulated proteins, activities of four
enzymes involved in pyruvate metabolism (pyruvate dehydrogenase,
PDH), TCA cycle (malate dehydrogenase, MDH) and PDH-bypass
pathways (aldehyde dehydrogenase, ALDH; malate synthase, MS) were
assayed using ELISA kits. The activities of these four proteins were
significantly higher in B-line than in A-line, which matched well with
the protein profiles in label-free analysis (Fig. 8, Table 3). These results
indicated that label-free is a reliable method for protein identification
and quantification. Additionally, another two enzymes involved in TCA
cycle (isocitrate dehydrogenase, IDH; citrate synthase, CS) were also
selected for activity measurement. All of the enzyme activities were
significantly lower in A-line than in B-line, which also validated the
inhibition of mitochondria metabolism.

3.7. Organic acids

We measured the contents of some organic acids including pyruvic
acid, citric acid and a-ketoglutarate in stamens of A-line and B-line. The
contents of citric acid and a-ketoglutarate were significantly higher in
B-line than in A-line, while the content of pyruvic acid was significantly
decreased (Fig. 9).

4. Discussion
4.1. Protein species involved in pollen exine formation

Several DAPS involved in pollen exine formation (specifically
sporopollenin formation) were identified via GO and KEGG analysis
(Table 3), and all were significantly up-accumulated or specifically
expressed in the B-line compared with the A-line. In Arabidopsis, exine
formation is dependent on three major developmental processes:
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primexine formation, callose wall formation, and sporopollenin synth-
esis [27]. Primexine and the callose wall act as a scaffold for spor-
opollenin deposition during the tetrad stage [48].

Major DAPS (significantly up-accumulated or specifically accumu-
lated in the B-line; Table 3) linked to sporopollenin formation included
LAP5 (Capana08g002676), involved in forming phenylpropanoid pre-
cursors from medium to long-chain (C4-C20) fatty acyl-CoA; CYP703A
(Capanal0g000622), responsible for lauric acid in-chain hydroxylation;
CYP704B (Capana01g002203), catalysis of omega-hydroxylation of
long-chain fatty acids; and MS2/FAR2 (Capana03g003125), reduction
of fatty acyl-CoA and -ACP to fatty alcohols. During sporopollenin
biosynthesis, the TCA cycle produces acetyl-CoA for use as a substrate
during lauric acid formation in plastids [27]. Acyl-CoA synthetase 5
(ACOS5) then modifies lauric acids and transfers them to the en-
doplasmic reticulum (ER). After hydroxylation by CYP703A and
CYP704B, the products are CoA-esterified again by ACOS5 like pro-
teins. Finally, downstream MS2 and LAP5 convert the modified lauric
acids to sporopollenin precursors. DRL1 (TKPR1/2), tetraketide alpha-
pyrone reductase-like proteins may be involved in the biosynthesis of
hydroxylated tetraketide compounds that also serve as sporopollenin
precursors. Previous research has demonstrated that defects in any part
of this pathway will produce abnormal pollen with deficient exine,
negatively affecting pollen fertility [28-30].

Sporopollenin-precursor transport is likely conducted by ATP-
binding cassette (ABC) transporters, a large and widespread protein
superfamily that is important in plant development [49]. Here, we
identified an ABC transporter (Capana07g002406) homologous to
Arabidopsis ABCG26/WBC27 (a protein involved in tapetum-to-micro-
spore sporopollenin monomer transport) and showed that it was only
detected in the B-line (Table 3). In rice, ABCG15 is highly expressed in
the tapetum, playing a critical role in cuticle and sporopollenin-pre-
cursor transport; abcgl5 mutants exhibit pollen exine deficiency [49].
The lack of ABC transporters in the A-line imply that sporopollenin
biosynthesis is probably seriously inhibited or may not even occur
under CMS. Taken together, these analyses indicate that pollen abortion
in CMS pepper is largely due to abnormal pollen exine formation.

4.2. ROS and tapetal programmed cell death

Tapetum is the innermost layers of the anther surrounding the lo-
cule. Tapetum cytoplasm is full of plastids, ribosomes, mitochondria,
Golgi bodies, endoplasmic reticulum (ER) and lipid bodies [27]. Be-
cause the plastids, ER and lipid bodies are the major organelles for fatty
acid synthesis and modification, tapetal cells were thought to play an
essential role in lipid biogenesis [46,50]. Many evidences indicate that
programmed cell death (PCD) of the tapetum supplies nutrients, me-
tabolites, and sporopollenin precursors for proper microspore devel-
opment [27,45]. The results of our morphological analysis (see “Pollen
morphological features”) indicated that premature tapetal PCD leads to
pollen abortion. This link is in line with Arabidopsis data showing that
premature or delayed tapetal PCD affects microspore development,
eventually leading to male sterility [27]. The key processes linked with
PCD and mitochondria involve the decrease of ATP pool, cytochrome c
and excess reactive oxygen species (ROS) [51,52].

To clarify whether oxidative stress induced premature tapetum PCD,
we measured ROS content (O, , H,O,, and MDA) and tested anti-
oxidant (SOD, POD and CAT) activities (Fig. 6). The significantly high
levels of O, and H,O,, content in the A-line indicated some excess ROS
emerged in the A-line. A glycolate oxidase 1 (GOX1) homologous pro-
tein (Capana08g000164) was detected. GOX1 is a tetrameric FMN-de-
pendent enzyme which oxidizes the glycolate to glyoxylate and H,0,
[53]. It's up-regulation means the increasing of H,O, contents. Plant
cells possess an enzymatic and nonenzymatic antioxidants system to
cope with ROS. The enzymatic system including antioxidant enzymes
like superoxide dismutase (SOD), peroxidase (POD), catalase (CAT),
ascorbate peroxidase (APX) and so on. Peroxidases are heme-containing
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8‘ °c|>' gl 8‘ 3‘ ? g| 3| proteins oxidizing various substrates using hydrogen peroxide as elec-
% 2EEe = = & tron donor [54]. In the present research, three members of peroxidase
glEx3s 93 223 == superfamily proteins were identified and all of them were specifically
expressed in A-line (Table 3). These evidences indicated that some ROS
ol oma o ° oo - stress emerged in A-line. While, the measurement of antioxidant (SOD,
: ST99 < T3 < POD and CAT) activities showed that all of them were significantly
e | BEBEH S oo = decreased in A-line than in the B-line (Fig. 7). At the meantime, MDA (a
ISR R 552 BN g major product of lipid peroxidation) was also significantly higher in the
A-line. This increased abundance of oxidative-stress-response proteins
888y xS g 2 8 with low enzyme activity, and significantly increased MDA contents
ol T E T + + + + + suggested that the presence of chronic oxidative stress overwhelmed
; Ia2eR R <39 <8 the antioxidant capacity and disrupted the cellular redox balance [31].
Sl IR — o Z We concluded that oxidative stress from excessive ROS probably in-
duced intermediate signals that activated premature tapetum PCD.
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o | T E A T+ oo+ T+ 4.3. Proteins involved in mitochondria metabolism
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As the powerhouses of the cell, mitochondria are not only the center
of oxygen consumption but also one of the sources of cellular reactive
A e - § § - oxygen species (ROS) [55,56]. DAPS involved in mitochondria meta-
g 335 288 AR g3 bolism support a link between mitochondrial function and CMS. As a
& R =] S & 0 — D 0 N . . . . . .
S 888 S535 88932 Ss center of energy metabolism, the defects in mitochondria will in-
E|2EEE EEE £3g oE itably affect metabolic process like the TCA cycle, respiratory el
SlgEgg EEg £3g & E evitably affect metabolic process like the cycle, respiratory elec-

tron transfer, ATP synthesis [33,57], and further affect the development
of reproductive organs and male sterility [14,58].

4.3.1. DAPS involved in TCA cycle

We identified a key protein species associated with the TCA cycle in
mitochondria, malate dehydrogenase (MDH), and found its abundance
was significantly lower in the A-line than in the B-line (Table 3, Fig. 8).
Additionally, the mRNA levels of these protein species and enzyme
activity confirmed the corresponding protein abundance (Fig. 6). These
results indicated that the TCA cycle was inhibited under CMS and the
down regulation of another two TCA cycle involving enzymes (IDH and
CS) validated this hypothesis. Similarly, the down-regulation of TCA-
cycle enzymes in Honglian rice [59] and wheat [31] causes male
sterility.

The TCA cycle also plays an essential role in carbohydrates meta-

RAD23/Proteasome-mediated ubiquitin-dependent protein catabolic

RPN1A/Encoding the RPN subunits of the 26S proteasome
Proteasome component (PCI) domain protein

CP24/Light harvesting complex of photosystem II
Agmatine coumaroyltransferase-2-like isoform
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£8E5E S % 8 E chanism. Primary metabolite analysis in pummelo, for example, in-
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§| 2282 : E < N dicated that carbohydrate metabolism in mitochondria differed
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= § f‘\r § g S 2 Ky between the fertile HBP line and the male sterile hybrid line
- - N e
2 5} &< & §§ 8 (Gl + HBP) [1]. Specifically, HBP accumulated more sugar and or-
RleL=> Ao N ganic acids than G1 + HBP during the early stage of floral bud devel-
opment, allowing proper anther and pollen production. In this study,
g » o S - ® the lower concentrations of citric acid and a-ketoglutarate in stamens of
9 (92 N - N [ . . . e
A | 8288 goaT 20 ¥ 3 A-line further validate the inhibition of TCA cycle and also suggested
[
S that TCA cycle directly or indirectly affected the sterility of stamens in
2395 £28% 2998 §8 pepper (Fig. 9).
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= g, 4.3.2. DAPS involved in electron transport chain (mtETC) and ATP
" = 2 synthesis
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% g = Furthermore, the mitochondrial electron transport chain (mtETC)
£loads groa ;: ISR ~ o« and ATP synthesis were very likely to be inhibited under CMS, as the
< v TCA cycle provides NADH and FADH, to mtETC. In support of this,
@ — . .
g @ e DAPS related to mtETC/ATP synthesis were selected for further analysis
g 599 E w80 E <28 4o (Table 3). NADH dehydrogenase (NADH-CoQ) (also referred to complex
é ginNg 5324F 2769 $24 D), is the first enzyme of the mitochondrial electron transport chain,
cl E E catalyzing the transfer of electrons from NADH to subsequent com-
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chain [60]. Its less accumulation suggested a reducing ATP production
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and low energy output. As the result, the reduced ATP pool and ex-
cessive ROS generated by slowing down of electron transfer, disturbed
the redox homeostasis, and ultimately induced premature tapetum
PCD. The production of excessive ROS was validated by the accumu-
lation of O, , H,O,, MDA and the activities of antioxidant enzymes
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Fig. 7. Reactive oxygen species (ROS) content
and antioxidant enzyme activity. “A” indicate A-
line; “B” indicate B-line. “*” and “**” indicate
significant  difference at P < 0.05 and

P < 0.01, respectively. Means * SE, n = 3.

4.3.3. DAPS involved in pyruvate metabolism
We also found evidence for the involvement of the pyruvate dehy-
drogenase (PDH) complex in pollen development and therefore pollen

*%k
A B
*
A B

el

Fig. 8. Enzyme activities assayed by ELISA. “A” indicate A-
line; “B” indicate B-line. PDH: pyruvate dehydrogenase; CS:
citrate synthase; MS: malate synthase; MDH: malate dehy-
drogenase; ALDH: aldehyde dehydrogenase; IDH: isocitrate
dehydrogenase. “*” and “**” indicate significant differ-
ences at P < 0.05 and P < 0.01, respectively.
Means += SE,n = 3.
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dysfunction. Protein species related to this complex (PDH-Ela homo-
logs) were significantly down-accumulated in A-line (Table 3), sug-
gesting some form of pyruvate metabolism inhibition. The down-
regulated enzyme activity of PDH and the increased pyruvic acid con-
tents suggested that the transform process of pyruvate to acetyl-CoA
was inhibited. As a center of sucrose metabolism and energy produc-
tion, the defects in any members of PDH complex will manifest as
disorders, ranging from mild to severe disorder [61], including male
sterility. For example, PDH-Ela-1 inhibition in sugar beet caused ta-
petum swelling and abnormal vacuolation, leading to pollen abortion
[5]. Additionally, proteomic analysis of Honglian rice anthers indicated
that the lack of PDH-E1-p is associated with pollen sterility [62]. These
data combined indicate that defects of the PDH complex in pepper
likely related to pollen sterility.

Pyruvate links the glycolysis with the TCA cycle, glyconeogenesis
and ethanol formation. As we know, pyruvate is a key metabolite in
cells which mainly originated from glycolysis by pyruvate kinase. Five
pyruvate kinases homologous and a cytosolic phosphoglucomutase
(cPGM) were identified in this research (Table 3), and all of them were
significantly up-accumulated or specifically detected in B-line. Cyto-
solic phosphoglucomutase (cPGM, Capana04g000900) is a key enzyme
in glycolysis pathway which interconverts glucose 6-phosphate and
glucose 1-phosphate. In Arabidopsis, loss of both cPGM genes (PGM2
and PGM3) severely impaired male and female gametophyte develop-
ment [63]. Since the pyruvate dehydrogenase (PDH) complex is an
essential and rate-limiting enzyme connecting glycolysis with the TCA
cycle [64], the defects of PDH complex may feedback inhibit the gly-
colysis. The PDH complex produces acetyl-CoA, not only used for TCA
cycle, but also used in de novo fatty acid synthesis during pollen exine
formation [5]. Additionally, ATP-citrate lyase (ACL) catalyzes the ATP-
dependant reaction of citrate and CoA to form acetyl-CoA and ox-
aloacetic acid. These data suggested that the decrease of PDH complex
will decrease the pollen exine formation. And the inhibition event of
pollen exine formation has been clarified above.

Moreover, we identified four aldehyde dehydrogenase (ALDH)-re-
lated protein species involved in PDH-bypass pathways, and all were
highly accumulated in the B-line, but not in the sterile A-line. This
pattern suggests that ALDH down-regulation is likely involved in
pepper CMS. Interestingly, malate synthase was detected only in the B-
line (Table 3), and its relative transcript abundance also significantly
higher there (Fig. 6). As this enzyme is important to the glyoxylate
cycle, a failure to detect malate synthase indicated that the glyoxylate
cycle probably does not occur in the A-line.

These results suggested that PDH-bypass pathways must play a
critical role in CMS. The main enzymes in these pathways are pyruvate
decarboxylase (PDC), ALDH, and acetyl-CoA synthetase (ACS) [65].
First, PDC produces acetaldehyde from pyruvate. Next, acetaldehyde is
either reduced by alcohol dehydrogenase (ADH) or oxidized by ALDH
to form acetate, which is then converted to acetyl-CoA. Finally, ACS
then acts on acetyl-CoA in the glyoxylate cycle [65]. These pathways
probably produce high concentrations of aldehyde and alcohol as toxic
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Fig. 9. Contents of organic acids. “A” indicate A-line; “B” in-
dicate B-line. “*” and “**” indicate significant differences at
*x P < 0.05and P < 0.01, respectively. Means + SE, n = 3.

by-products during the energy-intensive processes of pollen develop-
ment. Toxic by-products disrupt ROS homeostasis, thus causing oxida-
tive stress and damaging DNA, proteins, and lipids. Eventually, these
conditions trigger premature tapetum cell death. Thus, ALDH probably
functions to detoxify plant cells under normal pollen development, and
we hypothesized that the disruptions to this process, including ALDH
down-regulation or dysfunction, may contribute strongly to CMS. In-
deed, the fertility restoration gene Rf2 in maize actually encodes an
aldehyde dehydrogenase [14,62]. In humans, subtle changes to ALDH
content and properties are likely to induce ethanol-related diseases
[66,67] and this effect may have a parallel in plants.

4.4. DAPs involved in posttranscriptional and posttranslational
modification

The discrepancy between the mRNA level and corresponding pro-
tein species abundance indicated the absence of posttranscriptional
regulation and posttranslational modifications (Fig. 6, Table 3). In this
study, several DAPS related to mRNA modification has been detected
and showed in Table 3, such as CDC5, a DNA binding protein involving
in regulating posttranscriptional processing or transcription of primary
miRNA transcripts [68,69]; UAP56 and RCF1, a DEAD box RNA heli-
case involving in mRNA splicing and export [70,71]. Besides what
mentioned above, posttranslational modifications play important roles
in modulating various biological functions. Protein degradation is a key
posttranslational event that maintains cellular homeostasis, and ubi-
quitin (Ub)/26S proteasome system (UPS) is a major proteolytic
pathway in plants [72]. Protein species involved in proteasome-medi-
ated ubiquitin-dependent protein catabolic process were detected in
this study. RAD23 proteins play an essential role in the fertility of plants
by delivering UPS (ubiquitin (Ub)/26S proteasome system) substrates
to the 26S proteasome [73,74]. RPN1A encoding the RPN subunits of
the 26S proteasome. Their significant up or down accumulation in A-
line (Table 3) suggested a potential unnormal protein degradation. In
this study, the up or down accumulation of protein species involved in
posttranscriptional and posttranslational modification process in-
dicated that a complicated mechanism regulating pollen fertility in
pepper.

4.5. Up-accumulated proteins in A-line

We performed KEGG analysis to further understand the significantly
changed pathways among the up-accumulated proteins in A-line. As a
result, we found that DAPs involved in isoquinoline alkaloid bio-
synthesis, tyrosine metabolism and phenylpropanoid biosynthesis were
significantly enriched (P < 0.05). And these proteins have been listed
in Table 3. Tyrosine is the substrate of isoquinoline alkaloid biosynth-
esis which begins with the decarboxylation of tyrosine to yield tyramine
by tyrosine decarboxylase (TYRDC) [75]. TYRDC is a member of aro-
matic amino acid decarboxylases (AAADs) which catalyze key reactions
impacting the synthase of alkaloids, aromatic volatiles and antioxidant
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Fig. 10. A protein network for cytoplasmic male
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sterility. Protein descriptions and abundance are
listed in Table 3. “Blue” indicates down-regula-
tion and “magenta” indicates up-regulation in the
A-line. ACOS5: Acetyl-CoA synthetase 5;
CYP703A: Cytochrome P450 703A; CYP704B:
Cytochrome P450 704B; FAE: Fatty acid elonga-
tion; FLP1: Faceless pollen-1; DRL1: Dihydro-
flavonol 4-reductase-like 1; MS2: Male sterility 2;
LAP5: Less adhesive pollen 5; ABCG26: ATP-
binding cassette transporter G26; PDH: pyruvate
dehydrogenase; MDH: malate dehydrogenase;
ACL: ATP-citrate lyase; MS: malate synthase;
ALDH: aldehyde dehydrogenase; PCC: phos-
phoenolpyruvate carboxylase; PDC: pyruvate
decarboxylase; COX1: cytochrome-c oxidase I;
ATPQ: ATP synthase subunits.
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in plants [76,77]. Phosphoenolpyruvic acid (PEP), the product of gly-
colysis, may be used for the synthesis of pyruvate to participate in the
TCA cycle, or be used for synthesis of chorismate through the shikimate
pathway to form the aromatic amino acids like tyrosine. In this study, in
increased contents of pyruvic acid may feedback inhibit the transfor-
mation of PEP to pyruvic acids. The up-accumulated proteins involved
in isoquinoline alkaloid biosynthesis and tyrosine metabolism in A-line
indicated that more PEP were involved in shikimate pathway not in
TCA cycle, and further illustrated the inhibition of pyruvate metabolism
and TCA cycle. Polyphenol oxidases (PPOs) known as catechol oxidases
(COs) catalyzing the oxygen-dependent oxidation of phenols to qui-
nones and assumed to be involved in plant defense against abiotic and
biotic stress [78]. Phenolic compounds have been demonstrated to re-
late to disease susceptibility in plants. And the reduction of phenyl-
propanoid levels can also increase disease susceptibility