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ABSTRACT

In plants, heteromorphic self-incompatibility (HetSI) is a strategy for avoiding self-pollination and promoting
outcrossing, and during this process, numerous protein-protein interaction events occur between the pistil and
pollen. Previous studies in Primula and Fagopyrum that focused on HetSI systems have provided interesting
insights; however, the molecular mechanism underlying HetSI remains largely unknown. In this study, we profiled
the proteome of Plumbago auriculata stigmas before and after self-incompatible (SI) and self-compatible (SC)
pollination. Comparative analyses were conducted by 4D-DIA (Four-dimensional data independent acquisition),
a promising technology that increases the sensitivity and reduces the spectral complexity of proteomic analysis by
adding a fourth dimension, ion mobility. The results revealed 33387 peptides and 5311 proteins in all samples.
The pathways in which the differentially expressed proteins (DEPs) identified in the P × P (Pin style self-polli-
nated with pin pollen) vs. PS (Pin style) and T × T (Thrum style self-pollinated with thrum pollen) vs. TS (Thrum
style) comparisons were significantly enriched were biosynthesis of secondary metabolites and pentose and glu-
curonate interconversions. In the P × T (Pin style cross-pollinated with thrum pollen) vs. PS and T × P (Thrum
style cross-pollinated with pin pollen) vs. TS comparison, the top three pathways were biosynthesis of secondary
metabolites, pentose and glucuronate interconversions, and phenylpropanoid biosynthesis. The phenylpropanoid
biosynthesis, cutin, suberine and wax biosynthesis, and flavonoid biosynthesis pathways were enriched in the P ×
T vs. P × P comparison, and starch and sucrose metabolism, glycerophospholipid metabolism, and alpha-linolenic
acid metabolism were abundant in the T × T vs. T × P comparison. The enriched pathways between PS and TS
were the biosynthesis of secondary metabolites, phenylpropanoid biosynthesis, and pentose and glucuronate
interconversion. Self-incompatibility protein S1 (SI S1), Mitogen-activated protein kinase 3/4 (MPK3/4), Mito-
gen-activated protein kinase kinase 2/3 (M2K2/3), Exocyst complex component EXO70A1 (E70A1) and Thior-
edoxin H1/2 (TRXH1/2) were found to be HetSI-related candidates, and O-fucosyltransferase 23 (OFT23), 3-
ketoacyl-CoA synthase 6 (KCS6), Receptor-like protein kinase FERONIA (FERON), Fimbrin-5 (FIMB5), Pol-
len-specific leucine-rich repeat extensin-like protein 4 (PLRX4), Transcription initiation factor IIB-2 (TF2B2)
and Pectinesterase 1 (AL11A), etc., were identified as other regulatory transducers. These findings combined with
our morphological and reactive oxygen species (ROS) intensity analyses indicate that P. auriculata has typical
dry-stigmas and that the HetSI mechanism might differ between the pin and thrum. SI S1 might be the key factor
in HetSI, and ROS are overexpressed during SC pollination to rapidly activate the mitogen-activated protein
kinase (MAPK)-mediated phosphorylation of E70A1 to maintain stigma receptivity in plants with HetSI.
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1 Introduction

Self-incompatibility (SI) is a mating system characterized by a high level of heterozygosity
resulting from the avoidance of inbreeding and overcoming outcrossing [1]. SI can be classified as
homomorphic (HomSI) (plants with a single type of floral morphology) or heteromorphic (HetSI) (plants
with two or three types of floral morphology) [2]. Based on differences in genetic determination, HomSI
can be divided into sporophytic self-incompatibility (SSI, the phenotype is determined by the S genotype
of the sporophyte) and gametophytic self-incompatibility (GSI, the phenotype is determined by the
haploid genes of the pollen itself) [3]. A study on the SSI of Brassicaceae demonstrated that the SI
system is generally controlled by SRK (S-locus receptor kinase) in the papilla cell of the stigma and by
SCR/SP11 (S-locus cysteine-rich protein/S-locus protein 11) in the pollen coat [4]. Activated SRK
interacts with ARC1 through the phosphorylation of ARC1 (Arm repeat containing 1), and
phosphorylated ARC1 then promotes the ubiquitination and degradation of EXO70A1 (Exocyst complex
component EXO70A1)/GLO1 (Glyoxalase 1) to inhibit self-pollination [5]. THL1/2 (Thioredoxin h-like
proteins) and MLPK (M-locus protein kinase) are also involved downstream of the SI signaling response.
MLPK localizes to the papilla cell membrane and interacts with SRK/ARC1 to transduce the SI signal
[6]. THLs can inhibit the autophosphorylation of SRK [7]. Moreover, a recent study demonstrated SRK
binds to Receptor-like protein kinase FERONIA (FERON)-NADPH oxidases (RBOHs) to further
increase reactive oxygen species (ROS) accumulation in pollen and disrupt F-actin (actin filaments) to
lead to SI pollen rejection in Brassica [8]. There are two distinct GSI systems, one is based on the SLF
(S-locus F-box protein)/S-RNase system. Research on Pyrus pyrifolia has shown that a high level of S-
RNase protein selectively inhibits the growth of pollen tubes with SI [9]. Another one is based on PrsS1
(Self-incompatibility protein S1, SI S1)-PrpS1 (Pollen S) system in Papaver with a requirement of GPI-
APs (Glycosyl-phosphatidy linositol-anchored proteins). After cognate recognition, ROS was reported to
increase to induce programmed cell death (PCD) in SI pollen and prevent self-fertilization [8].
Research on the molecular mechanisms of HetSI has demonstrated that HetSI in both plant types (pin and
thrum) shares the same HetSI controller-S locus and exhibits similar pollen-stigma interactions [10].
Studies of HetSI in Averrhoa carambola have demonstrated that proteins specific to the stamen and style
exist in both style morphs [11]. However, in Turnera, specific proteins were identified only in short styles
[12]. In Fagopyrum esculentum, specific protein groups found in self-pollinated short pistils are believed
to play a role in pollen adhesion to the stigma surface or the inhibition of pollen tube elongation in the
HetSI response [13]. In Primula, P450 CYP734A50 in thrum morphs can alter female compatibility by
repressing brassinosteroid (BR) levels [14]. Moreover, researchers have hypothesized that different
flower types might have varied HetSI mechanisms [15]. While HetSI has attracted long-standing
attention, molecular-level data remain scarce, and the mechanism of HetSI is still unclear. This research
aims to propose new insights at the molecular level of HetSI and provide a reference to help address
SI-related reproductive isolation challenges in production and new cultivar breeding in crops and
ornamental plants.

Plumbaginaceae contains approximately 650–1000 species and is an ideal system for investigating
heterostyly in the presence of various distylous species, including the genera Armeria, Acantholimon,
Ceratostigma, Dyerophytum, Goniolimon, Limonium, Limoniastrum, and Plumbago [16]. Plumbago
auriculata Lam. is a critical HetSI plant with two floral morphs: pin (flowers with long styles and short

682 Phyton, 2024, vol.93, no.4



stamens) and thrum (flowers with short styles and long stamens). Our previous studies on the morphology
and metabolomes of P. auriculata revealed the following: (1) regarding interpollination, pollen germinated
within 2 h, the pollen tube reached the ovule within 4 h, and pollen germination and tube growth were faster
in thrum styles than in pin flowers; (2) regarding intrapollination, pollen adhesion failed, and SI occurred on
the stigma surface. (3) The metabolic results demonstrated that a large amount of energy-related nutrients
were present in thrum styles, supporting faster pollen tube growth, which is consistent with our
morphological data, furthermore, nutrient deficiency might not cause HetSI [17,18].

In contrast to conventional proteomics methods based on the retention time (RT), the mass-to-charge
ratio (m/z), and ion intensity for identifying and quantifying peptides, 4D-DIA (Four-dimensional data
independent acquisition) is a promising technology that adds a fourth dimension, ion mobility, to increase
the sensitivity and reduce the spectral complexity in proteomics analysis [19]. Here, we performed 4D-
DIA comparative stigmatic proteomic analysis, scanning electron microscopy (SEM), and ROS intensity
analyses to detect specific proteins involved in the HetSI of P. auriculata to evaluate the abovementioned
studies and further elucidate the interaction between pollen and the stigma in HetSI.

2 Materials and Methods

2.1 Plant Materials
Seeds of Plumbago auriculata Lam. were imported from PanAmerica Seeds company (U. S.) and plants

were cultivated in the greenhouse of Sichuan Normal University, Sichuan, China, with an average
temperature of 30°C during the day and 25°C at night, alongside a 14-h photoperiod. Pin and thrum
flowers (50 plants each) were cultivated separately to avoid pollinating insects. The flowers were
randomly emasculated and bagged before dehiscence for self- and cross-pollination. Fresh stigmas were
collected 2 h after artificial pollination at 10:00 AM, and styles (50 mg) were collected for each sample.
The following samples were used in the analyses (Fig. 1): PS, pin style; TS, thrum style; P × P, pin
stigma pollinated with pin pollen; P × T, pin stigma pollinated with thrum pollen; T × T, thrum stigma
pollinated with thrum pollen; and T × P, thrum stigma pollinated with pin pollen. The samples for protein
extraction were maintained in liquid nitrogen, and fresh styles were prepared for SEM and ROS intensity
analyses [17,20,21].

2.2 Protein Extraction and Digestion
The samples were ground into powder, and extracts were obtained via lysis buffer containing 1.5%

sodium dodecyl sulfate (SDS) and 100 mM Tris(hydroxymethyl)methyl aminomethane-HCl (Tris-Cl).
The mixture was subsequently centrifuged for 10 min at 7100 × g at 4°C, and the supernatant was mixed
with chilled 8 M urea and 100 mM Tris-Cl. This step was followed by reduction and alkylation with
5 mM dithiothreitol (DTT) for 1 h at 55°C. After the samples were cooled on ice to room temperature,
treatment with 10 mM iodoacetamide (IAA) was conducted for 30 min in darkness at room temperature.
Afterward, the samples were diluted by adding 100 mM Tris-Cl to a urea concentration of less than 2 M.
The enzymolysis diluent was added at a protein: enzyme ratio of 50:1 (m/m), and the mixture was
subsequently incubated for digestion at 37°C for 12 h. The enzymatic reaction was stopped by the
addition of trifluoroacetic acid (TFA). After centrifugation, the digested samples were desalted on a Sep-
Pak C18 column (Waters, U.S.), dried, and stored at −20°C.

2.3 4D-LC–MS Analysis
All analyses were performed with a TimsTOF Pro2 (Bruker, USA) mass spectrometer equipped with an

UltiMate 3000 RSLCnano (Thermo Fisher Scientific, USA). The samples were loaded on a trap column (75
μm× 20mm, particle size of 2 μm, pore size of 100 Å; Thermo Fisher Scientific, USA), resolved and separated
on an analytical column (75 μm × 250 mm, particle size of 1.6 μm, pore size of 100 Å, IonOpticks, Australia)
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over a 60-min organic gradient by mixing solvent A (0.1% formic acid in H2O) and solvent B (0.1% formic
acid in acetonitrile). The flow rate was 300 nL/min. Peptides were ionized by CaptiveSpray nanoelectrospray
ionization. MS analysis was conducted with the diaPASEF method and TIMS scans.

2.4 Data Analysis
DIA-NN (v.1.8) was utilized for diaPASEF analysis, configured to perform an ORF prediction on our

Plumbago auriculata de novo transcriptome assembly (30763 entries). The software, in its library-free
mode, alongside MBR quantification, facilitated the normalization of protein levels. The search parameters
included carbamidomethyl (C) as a fixed modification and oxidaton (M) along with protein N-terminal
acetylation as variable modifications. Analyses were conducted adhering to a false discovery rate of 1%.

Figure 1: Pin and thrum of P. auriculata and pollination method for 4D-DIA, SEM and ROS intensity
analyses. SI groups: P × P, pin stigma pollinated with pin pollen; and T × T, thrum stigma pollinated with
thrum pollen. Self-compatibility (SC) groups: P × T, pin stigma pollinated with thrum pollen; and T × P,
thrum stigma pollinated with pin pollen. Unpollinated groups: PS, unpollinated pin style; TS, unpollinated
thrum style. Styles within the dashed line were used for 4D-DIA, SEM and ROS intensity analyses
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The MaxLFQ algorithm was implemented to normalize protein intensities. The R programming language was
utilized for subsequent bioinformatics analysis. Significantly differentially expressed proteins (DEPs)
identified based on a p-value < 0.05 and fold changes > 1.5 or < 0.67 (1/1.5).

To study the functions of the obtained proteins, we determined the functions of the proteins by Gene
Ontology (GO) and Cluster of Orthologous Groups of Proteins (COG) enrichment analyses. Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis was used to investigate the biological pathways
involved.

2.5 Scanning Electron Microscopy (SEM)
An FEI Quanta 250 microscope (FEI, USA) was used to observe the pollen and stigma polymorphisms.

Fresh samples of pin and thrum styles and pollen were collected. For observation, the pressure was set to
150 Pa in a low vacuum to prevent stigma deformation. A higher vacuum was set to 3.13 × 10−3 Pa with
a conductive coating for pollen, and the tension was set to 12.5 kV for all the samples. Each experiment
was replicated three times.

2.6 Stigmatic ROS Detection
For analysis of the stigmatic ROS levels, DCFH-DA (2,7-Dichlorodihydrofluorescein diacetate) staining

was conducted. The samples were soaked in PBS buffer, stained with 50 μMDCFH-DA for 2 h, and washed
at least 5 times before observation. A Leica Stellaris 5 system (Leica, Germany) was used for imaging. The
prepared samples were observed based on GFP. Analysis with Image Plus 6.0 and SPSS 27.0 was carried out
to quantify the ROS concentration in the stigma. Each sample was replicated three times.

3 Results

The 4D-DIA proteomic analysis assessed 33387 peptides and 5311 proteins (Fig. 2a). Cutoffs of p-value
< 0.05 and fold changes > 1.5 for upregulation or < 0.67 (1/1.5) for downregulation were used for the
identification of differentially expressed proteins (DEPs) (Fig. 2b). Within the styles (PS vs. TS),
177 upregulated and 233 downregulated DEPs were identified; the P × P vs. PS comparison identified
111 upregulated and 98 downregulated DEPs, the P × T vs. PS comparison revealed 283 upregulated
and 223 downregulated DEPs, the T × P vs. TS comparison identified 388 upregulated and
145 downregulated DEPs, and the T × T vs. TS comparison identified up to 467 upregulated DEPs and
187 downregulated DEPs. The P × T vs. P × P revealed 143 upregulated DEPs, which was greater than the
number of downregulated DEPs, and in the T × T vs. T × P comparison, the number of upregulated DEPs
was greater than the number of downregulated DEPs (Table 1).

Figure 2: (Continued)
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Figure 2: (a) Number of peptides and proteins in unpollinated and pollinated styles. (b) Volcano plots of
DEPs in unpollinated and pollinated styles
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All DEPs were annotated by GO, COG, and KEGG analyses, and the number of DEPs associated with
each term is shown in Table 2. The DEPs were annotated with biological process (BP), cellular component
(CC), and molecular function (MF) terms in the GO analysis. According to the BP data, the fertilization-
related DEPs in the unpollinated vs. pollinated styles (T × T vs. TS, P × P vs. PS, T × P vs. TS, and P ×
T vs. PS) were involved in the “response to stimulus”, “reproduction”, “reproductive processes”,
“growth” and “interspecies interactions between organism”. The DEPs identified from both comparisons
of thrum flower (T × P vs. TS and T × T vs. TS) were annotated with the terms “NADP metabolic
process”, “phenylpropanoid metabolic process” and “hormone catabolic process”. Interestingly, among
the comparisons of pin flowers (P × T vs. PS and P × P vs. PS), the term “biological adhesion” was
found only for the P × T vs. PS comparison. We can infer that pollen-stigma adhesion might fail during
SI pollination. The DEPs identified from the comparisons of the SI and SC pollinations (T × T vs. T × P
and P × T vs. P × P) were enriched in “response to stimulus”, “developmental process”, “multicellular
organismal process”, “reproduction”, “reproductive process”, “growth” and “immune system process”. In
the MF category, the top three terms enriched in the proteins identified from the P × P vs. PS comparison
were “transferase activity”, “oxidoreductase activity” and “enzyme regulator activity”. The subterms
enriched in the DEPs identified in the P × T vs. PS comparisons were “hydrolase activity”,
“transmembrane transporter activity” and “enzyme regulator activity”. We can infer that pollen-stigma
interactions are related to enzymatic interactions and transmembrane transport. In the thrum comparative
groups (T × T vs. TS, T × P vs. TS), the DEPs were enriched in “hydrolase activity”, “oxidoreductase
activity” and “enzyme regulator activity” in T × T vs. TS. “Oxidoreductase activity, “enzyme regulator
activity”, “amide binding” in T × P vs. TS. Interestingly,“transferase activity” were abundant in the P × T
vs. P × P comparison, and “hydrolase activity” were enriched in the T × T vs. T × P comparison.
Moreover, DEPs related to “signal recognition particles” and “signal recognition particle receptor
complexes” in CC were found only in the comparisons of thrum samples and not those of pin samples.
The DEPs identified from the PS vs. TS comparison were enriched in the following BP terms: “response
to stimulus”, “developmental process” and “multicellular organismal process”. “Response to abiotic
stimulus”, “response to external stimulus” and “catabolic process” terms were frequently identified among
BP sub-layer. In the CC category, most of the DEPs were enriched in the “cell periphery”, “external
encapsulating structure” and “extracellular region” terms, and the terms “transferase activity”,
“oxidoreductase activity” and “enzyme regulator activity” terms were enriched in the MF category
(Supplementary Material Tables S1–S7).

According to the KEGG pathway analysis, the three pathways with the greatest enrichment of DEPs
identified from the SI pollination vs. style comparisons (T × T vs. TS and P × P vs. PS) were

Table 1: Numbers of DEPs identified from pairwise comparisons of PS, TS, P × T, P × P, T × P and T × T

Compared groups Number of upregulated DEPs Number of downregulated DEPs

TS vs. PS 177 233

P × P vs. PS 111 98

P × T vs. PS 283 223

P × T vs. P × P 143 129

T × P vs. TS 388 145

T × T vs. TS 467 187

T × T vs. T × P 103 70
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“biosynthesis of secondary metabolites”, “pentose and glucuronate interconversions” and “two-component
systems”. For the SC pollination vs. style comparisons (T × P vs. TS, P × T vs. PS), the top three pathways
were “biosynthesis of secondary metabolites”, “pentose and glucuronate interconversions” and
“phenylpropanoid biosynthesis”. The “phenylpropanoid biosynthesis”, “cutin, suberine, and wax
biosynthesis” and “flavonoid biosynthesis pathways” were enriched by the DEPs identified from the P ×
T vs. P × P comparison, and “starch and sucrose metabolism”, “glycerophospholipid metabolism” and
“alpha-linolenic acid metabolism” were enriched by the DEPs identified from the T × T vs. T × P
comparison. The pathways enriched by the DEPs identified from the comparison of PS with TS included
“biosynthesis of secondary metabolites”, “phenylpropanoid biosynthesis” and “pentose and glucuronate
interconversion” (Supplementary Material Table S8).

According to the COG database, the DEPs identified from the PS vs. TS comparison were enriched in the
terms “carbohydrate transport and metabolism”, “posttranslational modification, protein turnover,
chaperones” and “secondary metabolites biosynthesis, transport, and catabolism”. A comparison of the SI
pollination styles with unpollinated styles (T × T vs. TS and P × P vs. PS) revealed the enrichment of the
terms “signal transduction mechanisms” and “energy production and conversion”. DEPs were more
abundant in the thrum comparative group than in the pin in these terms. From the comparisons of SC
pollination with unpollinated styles (T × P vs. TS and P × T vs. PS) and SC pollination with SI
pollination (P × T vs. P × P and T × P vs. T × T) “signal transduction mechanisms”, “energy production
and conversion”, “amino acid transport and metabolism” and “lipid transport and metabolism” were
enriched for pollen tube growth (Supplementary Material Table S9).

According to the GO database, 21 candidates in pollination term (GO:0009856) were found to be
overexpressed. Receptor-like protein kinase FERONIA (FERON), 3-ketoacyl-CoA synthase 6 (KCS6), O-
fucosyltransferase 23 (OFT23), Fimbrin-5 (FIMB5), Cysteine synthase (CYSK) and Protein SABRE
(SAB) are involved in pollen stigma recognition, pollen hydration, pollen tube germination and
penetration. Pollen-specific leucine-rich repeat extensin-like protein 4 (PLRX4), Transcription initiation
factor IIB-2 (TF2B2), Pyruvate dehydrogenase E1 component subunit beta-3 (ODPB3), Probable protein
kinase At2g41970 (Y2197) and Pectinesterase 1 (AL11A) are involved in pollen tube growth in SI. Basic
blue proteins (BABL) accumulate in the stigma to affect pollen tube penetration. Ent-kaurenoic
acid oxidase 2 (KAO2), Purple acid phosphatase 15 (PPA15), and Probable dolichyl-
diphosphooligosaccharide–protein (OST3B) benefit fertilization through plant hormone regulation
(Table 3, Supplementary Material Table S10).

Self-incompatibility protein S1 (SI S1), Mitogen-activated protein kinase 3/4 (MPK3/4), Mitogen-
activated protein kinase kinase 2/3 (M2K2/3), Thioredoxin H1/2 (TRXH1/2) and Exocyst complex
component EXO70A1 (E70A1) were found to be involved in the HetSI of P. auriculata. SI S1 was
expressed at a high level in all the samples and was involved in preventing the self-fertilization of plants

Table 2: Functional enrichment analysis of all DEPs according to the COG, GO, and KEGG databases

Database TS vs. PS P × P vs. PS P × T vs. PS P × T vs. P × P T × P vs. TS T × T vs. TS T × T vs. T × P

GO (BP) 204 92 236 116 270 346 76

GO (CC) 220 104 268 138 303 368 79

GO (MF) 166 86 207 96 238 307 68

KEGG 183 85 213 114 238 299 63

COG 388 194 476 256 509 626 161

688 Phyton, 2024, vol.93, no.4



with SI. TRXH1/2, E70A1, MPK3/4 and M2K2/3 were reported as the downstream factors participating in
pollen-pistil interactions in SI (Table 4, Supplementary Material Table S10).

Table 3: Candidates in pollination terms (GO:0009856)

Accession Protein name Protein description

Gene102514 AL11A Pectinesterase 1; may be involved in pollen tube
development [22].

Gene195155 FIMB5 Fimbrin-5; delays pollen germination and inhibits pollen tube
growth [23].

Gene216064 PLRX4 Pollen-specific leucine-rich repeat extensin-like protein 4;
pollen-specific protein involved in pollen tube growth [24].

Gene123123 Gene217967 PATL3 Patellin-3; carrier protein that may be involved in membrane-
trafficking events [25].

Gene124385 Gene87420 KCS6 3-Ketoacyl-CoA synthase 6; contributes to cuticular wax and
suberin biosynthesis [26].

Gene10192 Gene184384 CYSK Cysteine synthase; might be involved in pollen–pistil
interaction [27].

Gene240340 BABL Basic blue protein; forms a concentration gradient along the
pollen tube growth path [28].

Gene59796 MGN2 Protein mago nashi homolog 2; is involved in pollen
development [29].

Gene81971 FERON Receptor-like protein kinase FERONIA; receptor-like protein
kinase that plays a role in reproductive isolation barriers [30].

Gene122320 ODPB3 Pyruvate dehydrogenase E1 component subunit beta-3,
chloroplastic; might involved in pollen tube development [31].

Gene247748 TF2B2 Transcription initiation factor IIB-2; is involved in the
pollination pathway [32].

Gene138577 Gene255335 GFA2 Chaperone protein dnaJ GFA2, mitochondrial; is required
for cell death of the synergid cells during the fertilization
process [33].

Gene239045 ARAE1 UDP-arabinose 4-epimerase 1; is involved in pollen
development [34].

Gene241541 KAO2 Ent-kaurenoic acid oxidase 2; catalyzes a key step in
gibberellin (GA) biosynthesis [35].

Gene243506 MFDX2 Adrenodoxin-like protein 2, mitochondrial; is involved in the
pollination pathway [36].

Gene77182 PPA15 Purple acid phosphatase 15; confers shoot growth stimulation
and ABA insensitivity [37].

Gene175504 Gene58988 OST3B Probable dolichyl-diphosphooligosaccharide–protein;
involved in pollen germination [38].

(Continued)
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To further investigate the mechanism of HetSI, we observed the differences in stigma and pollen
morphology between the pin and thrum morphotypes by SEM. The SEM results showed that the pin and
thrum styles were clawed with clustered papilla cells, and these papilla cells were densely clustered at the
apex. Compared with those on the pin style, the clustered papillae on the thrum stigma were more
intense. No surface secretions were found on the pistil, and we can infer that P. auriculata has a typical
dry-type stigma. The pollen exine sculptures differed between the pin and thrum morphotypes, and the
wart-shaped thrum pollen surface was comparatively smooth (Fig. 3).

We conducted a ROS intensity analysis after proteomic profiling to further determine whether ROS are
involved in the HetSI of P. auriculata. We stained unpollinated stigma (UPS), SC-pollinated stigma (P × T
and T × P), and SI-pollinated (P × P and T × T) stigma. The results showed that the ROS levels in thrum UPS
were greater than those in pin UPS. After SI pollination, the ROS level markedly decreased in both pin and
thrum flowers, whereas after SC pollination, the ROS level increased sharply in both pin and thrum flowers.
According to our proteomic results, the ROS level was consistent with the expression of FERON after SC
and SI pollination (Fig. 4); however, the opposite trend was observed in Zhang’s SI-related study of Brassica
rapa [46]. HetSI might have a different mechanism than HomSI.

Table 3 (continued)

Accession Protein name Protein description

Gene121574 Gene38074 PEAM1/3 Phosphoethanolamine N-methyltransferase 1/3; is involved in
phosphocholine biosynthesis and fertility [39].

Gene249132 SAB Protein SABRE; may be involved in membrane trafficking,
and sterility due to female organ anomalies and pollen tube
growth [40].

Gene127663 Y2197 Probable protein kinase At2g41970; is involved in pollen tube
growth [41].

Gene269591 OFT23 O-fucosyltransferase 23; helps the correct pollen tube
penetrate through the stigma-style interface [42].

Table 4: Self-incompatibility-related candidates, functions

Accession Protein
name

Protein description

Gene169985 SI S1 Self-incompatibility protein S1; exhibits specific pollen self-inhibitory
activity and thus prevents self-fertilization [43].Gene244950

Gene255422

Gene99732

Gene152499
Gene217138

TRXH1/2 Thioredoxin H1/2; potential inhibitors of SRK in SI [44].

Gene143327 E70A1
(Exo70A1)

Exocyst complex component EXO70A1; a downstream regulator of
SI [45].

Gene21151
Gene139290

MPK3/4 Mitogen-activated protein kinase 3/4; involved in pollen–pistil
interactions to mediate compatible pollination [45].

Gene275310
Gene124259

M2K2/3 Mitogen-activated protein kinase kinase 2/3; plays an important role in
pathogen defense and pollen–pistil interactions [45].
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4 Discussion

4.1 Increased Reproduction-Related Protein Expression in Thrum Styles for Faster SC Pollen
Germination
According to the metabolic and morphological results, SC pollen germination on the thrum stigma

might be faster because more energy-related compounds accumulate in the thrum styles [17]. In the
present study, both the pollen and stigma of the pin and thrum flowers showed distinct features.
According to the proteomic analysis, DEPs identified from the PS vs. TS comparisons, such as TIP31
(aquaporin TIP3-1), FERON, OLEO (Oleosin), and BABL, which were annotated to the reproduction
term GO (GO:0000003), showed markedly higher expression in TS. TIPs are reportedly regulators of
water flow across cellular membranes between pollen and stigma, and TIP31 promotes faster cross-
pollen hydration and germination [47]. OLEO, which is localized on the pollen coat, might also mediate
hydration and water transfer. GRP17, an OLEO domain protein, is involved in the rapid initiation of
pollen hydration in Arabidopsis [48]. Based on the abovementioned information, we can infer that
higher expression of TIP31 and OLEO might be the factors causing faster SC pollen hydration and
germination on the thrum style. Interestingly, BABL (Basic blue protein) was found to be an
extracellular matrix protein in the stigma. In the BABL-overexpression mutant, the wild-type pollen
tube is arrested on the stigma surface, and the pollen tube fails to penetrate the papilla cell [28].
According to our results, BABL was enriched in the thrum style, and we can infer that in thrum flowers,
a lower position leads to more self-pollen falling on the stigma. BABL was found to be expressed at a
higher level to avoid selfing. In addition, the ROS regulator FERON was expressed at higher levels in
TS due to greater ROS intensity (Fig. 4).

Figure 3: Pollen and unpollinated stigma (UPS) SEM images: (a and b) images of pin stigma; (c) images of
pin pollen; (d and e) images of thrum stigma; (f) images of thrum pollen
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Moreover, the KEGG enrichment showed that the DEPs identified from the P × T vs. P × P comparison
were enriched in the “phenylpropanoid biosynthesis”, “cutin, suberine, and wax biosynthesis” and “flavonoid
biosynthesis pathways” pathways; however, the DEPs identified from the T × P vs. T × T comparison were

Figure 4: The stigmatic ROS levels decrease 2 h after SI pollination and increase 2 h after SC pollination
(measured within the dashed line for all samples): (a) stigmatic ROS levels of unpollinated pin flowers; (b)
stigmatic ROS levels of SC-pollinated pin flowers; (c) stigmatic ROS levels of SI-pollinated pin flowers; (d)
stigmatic ROS levels of unpollinated thrum flowers; (e) stigmatic ROS levels of SC-pollinated thrum
flowers; (f) stigmatic ROS levels of SI-pollinated thrum flowers; (g) ROS intensity (stained with DCFH-
DA). The average ROS signals were determined with Image Plus Pro 6.0 and SPSS 27.0. The different
lowercase letters on the histogram indicate significant differences (p < 0.05) between different treatments
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enriched in completely different pathways, namely, “starch and sucrose metabolism”, “glycerophospholipid
metabolism” and “alpha-linolenic acid metabolism”. HetSI might play distinct roles in pin and thrum.

4.2 Self-Incompatibility Protein S1 Might Be the Key Factor of HetSI
SI S1 might participate in pollen–stigma recognition, which is usually controlled by the S-locus with

allelic variants and is found in Citrus reticulata and Papaver rhoeas [43,49]. These plants are typical GSI
plants that have been reported to have wet stigmas, and pollen rejection occurs in the style. According to
our morphological results, P. auriculata has typical dry stigmas in both pin and thrum flowers and pollen
rejection occurs on stigmas [17], similar to SSI in HomSI. SI S1 was found for the first time in plants
with HetSI. SRK, which is reportedly the key factor in SSI, was not found in our proteomic analysis [4].
We can infer that SRK might be phosphorylated and degraded during the pollen–stigma recognition
process or that the SSI-like system may have diverse mechanisms in the HetSI of P. auriculata and that
SRK might be replaced by SI S1, which plays a similar role in pollen–stigma recognition.

MPK3/4, M2K2/3, E70A1 (EXO70A1) and TRXH1/2 are also known as factors in the SI signaling
cascade. Moreover, MPK3/4 and M2K2/3 were found to be self-incompatible candidates. MPK3/
4 belongs to the mitogen-activated protein kinase (MAPK) family and constitutes a functionally
redundant pair needed for mediating stigma receptivity to accept compatible pollen in Arabidopsis. The
loss of these two proteins could cause pollen germination reduction and a decrease in the pollen tube
growth rate. M2K2/3 was also found in styles as an upstream activator of MPK3/4, and the loss or
suppression of M2K2/3 was associated with a decrease in pollen attachment. Moreover, E70A1, which is
a factor that regulates pollen hydration and germination, was found in our study. MPK3/4 phosphorylates
E70A1 at the single consensus phosphorylation motif to localize E70A1 at plasma membranes and
regulate exocytosis, thus maintaining stigma receptivity [45]. In addition, TRXH1/2 belongs to the
thioredoxin H family and was previously found to be a potential inhibitors of SRK in SI [44].

4.3 ROS Are Highly Abundant during SC Pollination
Dry stigmas often contain associated peroxidases [50], which are very important for stigma function.

Strong evidence of the role of ROS in SI has emerged, but the relationship between the differential
patterns of ROS accumulation in the stigma and SI has not been determined [51]. Citrus reticulata and
Citrus × limon display similar SI systems but have different ROS patterns. In contrast, distinct SI systems
in Brassica oleracea. and Citrus × limon share the same ROS pattern [50]. In our study, after SC
pollination, ROS accumulated in the pollinated styles of both pin and thrum flowers. In the SI system, the
ROS concentration decreased sharply (Fig. 4). FERON is considered a stigmatic ROS regulator in
Brassica, and FER-Rboh signaling determines pollen acceptance or rejection on the stigma surface
through the regulation of the ROS levels [46]. Interestingly, compared with that in response to SI
pollination, the FERON protein was upregulated in response to SC pollination. We can infer that ROS are
involved in pollen–pistil interactions in the HetSI of P. auriculata. Moreover, ROS are reportedly strong
activators of MAPKs. After successful pollination, FERON was overexpressed leading to a high level of
ROS and the rapidly activated MAPK phosphorylates E70A1 to enhance SC pollen–stigma receptivity [45].

4.4 Other Regulatory Transducers of the HetSI
OFT23, KCS6, FIMB5, PLRX4, TF2B2, and AL11A were found to accumulate in pollen and are

important for pollen tube growth in HetSI. The pollen coat regulates water transfer through the stigma to
the pollen, and KCS6 is involved in the accumulation of pollen coat lipids, which are important for
pollen hydration. The triple mutant (kcs7/15/21) leads to a reduction in pollen coat lipids and defective
pollen hydration in Arabidopsis [26]. KCS6 was identified as a downregulated protein in the P × T vs. P
× P comparisons. We can infer that the increment of KCS6 may increase pollen coat lipids and
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subsequently enhance pollen hydration during SC pollination in pin flowers. The O-fucosyltransferase (OFT)
family of proteins may facilitate pollen tube penetration through the stigma–pistil interface, and the oft1
mutant exhibited a reduced ability to penetrate the stigma surface in Arabidopsis. OFT23 was identified
in our research and may regulate pollen tube penetration [42]. Research in Arabidopsis has shown that
FIMB5 is involved in the regulation of pollen germination and tube growth by regulating the organization
of actin structures within the subapical region of the pollen tube. FIMB5 loss-of-function mutants fail to
organize apical actin structures in pollen tubes, resulting in failure of pollen germination and tube growth
[23]. According to the T × T vs. TS and P × P vs. PS comparisons, FIMB5 was downregulated in both
the pin and thrum of P. auriculata. We can infer that FIMB5 is involved in the SI pollen–pistil
interaction. PLRX4 is a pollen-specific protein that reportedly interacts with rapid alkalinization factors
(RALFs), and proteome analysis revealed that this protein sustains pollen tube growth in Arabidopsis
[52]. Moreover, PLRX4 (PEX4) was found to be involved in the SI of Dendrobium officinale [53] and is
similar to PEX1 in Zea mays. Several studies have shown that ZmPEX1 is involved in pollen tube growth
and may be an important signaling molecule in pollen stigma recognition [54]. TF2B2, AL11A, and
BABL were found to be factors that affect pollen tube reception, growth, and guidance [22,28,32].

5 Conclusions

HetSI is a very complex physiological process that promotes interpollination and prevents
intrapollination. Major advancements have been made toward obtaining a comprehensive understanding
of the molecular foundation of HetSI, but the mechanism of HetSI has not been elucidated. To explore
the mechanism underlying HetSI, we conducted a 4D-DIA analysis of P. auriculata dry stigmas before
and after pollination. A total of 33387 peptides and 5311 proteins were detected, and among them, SI S1,
MPK3/4, M2K2/3, E70A1, and TRXH1/2 were identified as HetSI-related candidates in our study. In
addition, other regulatory transducers were identified. From the results, we can infer that SI S1 might be
the key factor in HetSI and that ROS are overexpressed to enhance SC pollen–stigma receptivity during
SC pollination.
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