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Abstract: Acacia mangium is well known as a valuable commercial tree species in the Acacia genus.
A. mangium was recently found to be self-incompatible (SI), but its SI mechanism is not clear, which has
hindered the progress of genetic improvement of A. mangium with strong resistance. To confirm the SI
type of A. mangium, pollen germination was observed via fluorescence microscopy at 0 h, 3 h, 6 h, 9 h,
12 h, and 24 h after self-pollination. We found over ninety percent of the pollen grains produced no
pollen tube growth on the stigma/style. To further explore the SI molecular mechanism of A. mangium,
tests of the transcriptome and metabolome were carried out after self-pollination. Observations of
pollen germination after self-pollination using fluorescence microscopy suggested that the SI type of
A. mangium is gametophytic self-incompatibility (GSI). A combined transcriptomic and metabolomic
analysis showed that DEGs (differentially expressed genes) related to SI (6 S-glycoproteins, 93 F-box
proteins, 69 26S proteasomes, 38 calcium-dependent protein kinases/calmodulin and 41 thiore-
doxin genes) were significantly enriched in six KEGG (sulfur metabolism, tyrosine metabolism,
phenylalanine metabolism, butanoate metabolism, and valine, leucine, and isoleucine degradation).
Further analysis of these six pathways revealed the enrichment of SI-related DEGs corresponding
to succinate, methylmalonate, and 3-hydroxypropane. These three metabolites were significantly
downregulated. The analysis of transcripts and metabolites suggested that transcripts of SI-related
gene families (thioredoxin and F-box protein) were significantly upregulated under the regulation of
transcription factors (TFs) after self-pollination, leading to a decrease in metabolites (such as succinate,
methylmalonate, and 3-hydroxypropionate). We also further speculated that TFs (MYB, HB-HD-ZIP,
AP2/ERF-ERF, and bZIP) and gene families (thioredoxin and F-box protein) were important factors
related to the SI of A. mangium.

Keywords: Acacia mangium; self-incompatibility; transcriptome; metabolome; thioredoxin; F-box protein

1. Introduction

There are two main types of self-incompatibility (SI), namely gametophytic self-
incompatibility (GSI) and sporophytic self-incompatibility (SSI) [1]. SSI includes two main
forms based on pollen tube growth. One is pollen that cannot germinate, as observed
in Raphanus sativus [2]. Another is pollen that can germinate but cannot pass through
the stigma, as observed in Chinese cabbage [3]. There are three types of GSI, defined
according to the growth state of the pollen tube after self-pollination. In the first type, the
Ca2+-dependent signal transduction pathway mediates the suppression of incompatible
pollen, and pollen does not properly germinate, as observed in poppies [4–7]. In the second
type, pollen tubes can grow into the ovary, but are unable to produce fertilized eggs, as
observed in Camellia sinensis [5–7]. In the third type of GSI, pollen tubes can enter into the
ovary but cannot extend past the stigma, as observed in Camellia oleifera [4,8].

The molecular mechanism of SI is not clear. Some studies have found that SSI is
determined by several S-factor alleles [9]; for instance, the SLG and SP11/SCR genes were
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determined to be associated with SSI [6–8,10–12]. At present, it is speculated that there
are two types of molecular mechanism of GSI in most GSI plants. One mechanism is
the GSI system of programmed cell death (PCD) mediated by S glycoproteins, which are
generally specifically recognized by the stigma and the pollen S protein after pollination,
prompting a rapid increase in Ca2+ concentration [13]. This impairs the ability to produce
the components necessary for pollen tube formation, causing P26 phosphorylation and
resulting in the progressive inactivation of pyrophosphates. Moreover, PCD develops as a
result of p56 activation [14,15]. At the same time, Ca2+ also activates the PrABP8 protein
and other coenzyme factors, which together lead to F actin depolymerization and ultimately
SI [16]. For example, in the SI of Papaver rhoeas, Ca2+ acts as an intracellular signal factor
to induce a cascade reaction, leading to the failure of pollen germination [17]. The other
SI mechanism is the GSI system mediated by S-RNase. The most common molecular
mechanism of SI is usually one in which the compatible pollen S factors complex with
the Skp1 binding protein, Cullin 1 skeleton protein F-box protein, and the SBP1 proteins
to form the SCF complex, which then specifically binds to S-RNase later, resulting in the
degradation of the S-RNase via E3 ubiquitination. In contrast, the pollen S factor that is
incompatible during self-pollination is specifically bound to the S-RNase, resulting in an
inability to form the SCF complex. However, S-RNase destroys rRNA in pollen tubes,
which consequently causes the occurrence of GSI [18,19].

At the molecular level, some SI-related genes, such as those encoding calmodulin,
calcium-dependent protein kinase, calmodulin-like interacting protein kinase, F-box pro-
tein, thioredoxin, and 26S protease, have also been found [20,21]. In recent years, research
on the transcriptomic, metabolomic and proteomic analysis of Camellia oleifera has shown
that the complex regulation of PCD during SI in C. oleifera is related to the MAPK signaling
pathway, plant hormone signal transduction, ABC transporters, and ubiquitin-mediated
proteolysis [8]. Moreover, lipid metabolism-related, flavonoid biosynthesis and spliceo-
some pathway activities are down-regulated in self-pollinated pistils according to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis [22]. Seif studied
the germination of Chinese fir pollen grains at different time points (1, 24 and 48 h) via
the metabolic spectrum technique, and their results showed that there were considerable
changes in metabolites during pollen development [23].

There are more than 800 species of Acacia, so the SI in this genus is very complex.
Kenrick and Knox used the index of self-incompatibility (ISI, or the ratio of infructescences
or pods set after self-pollination/cross-pollination) to quantitatively evaluate seven acacia
trees, and found that A. mearnsii, A. pycnantha, and A. retinodes showed high levels of self-
incompatibility, A. myrtifolia, A. paradoxa, and A. terminalis showed partial self-compatibility,
and A. ulicifolia showed self-compatibility [24]. Fluorescence microscopy has been widely
used to observe the growth of pollen tubes to evaluate the SI type of plants [6,25,26].
Fluorescence microscopy observations of in manually pollinated pistils of A. retinodes
showed that pollen tubes could not enter the embryo sac [27]. Temporal studies of pollen
tube growth in manually pollinated pistils showed that pollen tubes grew for 18–24 h in
the style before reaching the embryo sac [28].

A. mangium is used for the ecological restoration of barren hills and degraded areas all
over the world due to its rapid growth, high nitrogen fixation capacity, abundant litter-fall,
strong tolerance to acidic and poor soils, and potential nitrification [29–34]. The high
economic value of A. mangium also results from its frequent use in pulp, paper and parti-
cleboard manufacturing and as a greening tree species [35–37]. Furthermore, A. mangium,
widely planted in coastal areas, is easily affected by typhoons [38,39]. Genetic improvement
may be the best option [40], but SI makes A. mangium breeding very challenging. Indeed,
in A. mangium, the pistils mature first, and the pistils are slightly longer than the stamens,
which is not conducive to wind pollination [41]. Additionally, the main insects for ento-
mophilous pollination are Chinese honeybees; the pollen is almost 100% single-plant pollen,
which is not conducive to cross-pollination [41]. Furthermore, the SI index of A. mangium
is less than 0.002, indicating a high degree of self-incompatibility [42]. However, the SI
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type of A. mangium remains to be elucidated, and there has been no related research on
its molecular mechanism. Therefore, especially in the tall trees of Acacia, it is necessary to
study the self-incompatibility of A. mangium.

In order to confirm the SI type and molecular mechanism of A. mangium, this study
observed the pollen tube growth of A. mangium after self-pollination, and determined its
SI phenotype category via fluorescence microscopy. Then, we further explored the differ-
entially expressed genes, metabolites, and pathways related to SI to reveal the molecular
mechanism of SI in A. mangium. Because it is difficult for tall trees to pollinate directly, we
carried out a flower branch hydroponics experiment at the early stage [43]. Our study will
fill a knowledge gap regarding the cellular basis of SI for A. mangium, and will provide
an important molecular basis for A. mangium breeding and genetic improvement in the
future. Moreover, the study can also be used as a reference for SI studies of tall trees and
other plants.

2. Materials and Methods
2.1. Site Description and Samples

Plant materials were acquired from the Key National Breeding Base of Acacia in
Jiangmen City, Guangdong Province, China (113◦08′ E longitude, 22◦18′ N latitude), which
has a subtropical marine climate. Elite individual plants of A. mangium (the trees are
21–25 m high, 26–32 cm in diameter at breast height, 21 years old) were collected from
the clonal seed orchard, which was established in January 1998. The collection area was
2 hm2, and the row spacing was 5 m × 8 m. The study was conducted from September to
November 2019.

Fresh pollen was collected and then stored in the refrigerator for later use [44,45].
After cutting the flowering branches that were strong and about to bloom, the flowering
branch watering method (5 leaves, twigs, and 3 g/L potassium dihydrogen phosphate
nutrient solution) established by our research group was used for cultivation [43]. The
unopened flower spikes and sporadic unopened flower buds were removed after the
flowers bloomed at 9:00 a.m. the next day, and the unopened flower buds were removed
from the refrigerator at approximately 10:00 a.m. The brush method was used for hand
pollination [43,45]. The pollen of self-pollination comes from the same tree, and the pollen
of cross-pollination comes from a different tree of the same species. The flowers were
sampled at 0 h, 3 h, 6 h, 9 h, 12 h, and 24 h after pollination, soaked in a solution containing
FAA, and refrigerated at −4 ◦C. The pistils were removed for fluorescence microscopy
observations, and 20–30 pistils were observed at each time point (the pistil was pollinated).
The flowers used for transcriptomic and metabolomic analysis were sampled at 0 h and
24 h after pollination, and the every experimental treatment was repeated three times. Each
sample weighed 0.3–0.5 g and was immediately placed in liquid nitrogen, and was then
stored in an ultralow temperature refrigerator at −80 ◦C. The samples were sent to Wuhan
Metroville Biotechnology Co., Ltd. (Wuhan, China) for transcriptome sequencing and
metabolome detection.

2.2. Microscopy Observation for Evaluate the SI Type

For fluorescence microscopy observation, the style was treated as follows. After
removing the sample from the refrigerator, it was rinsed 3–4 times with distilled water,
and then soaked in alcohol containers with different concentrations (70%, 50%, and 30%),
respectively. After 30 min, the sample was removed and washed with distilled water
1–2 times, soaked in pH 5.5 buffer for 1.5–2 h, rinsed with distilled water 1–2 times, placed
in NaOH solution and softened in a boiling water bath for 15 min. After the temperature
dropped to room temperature, the sample was washed and aniline blue dye solution was
added for 6–8 h for staining. Finally, the stained samples were washed 1–2 times in the
culture dish to remove the stamens, the pistils were retained and placed on a slide, and
a cover slip was placed over them and pressed down lightly. Each glass slide contained
8–10 pistils (5 slides per time point). Additionally, 40–50 pistils were observed at each time
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point (n = 40–50). A fluorescence microscope (LeicaDM2500, Wetzlar, Germany) was used
for observations and for taking photos.

2.3. Total RNA Extraction and RNA-seq Analysis

We picked the flowering branches from tall A. mangium plants for hydroponics, and
self-pollinated them with the pollen from the same tree that had been collected previously.
Flowers (60%–70% pistil tissue, from unpublished breeding system studies) were first
collected immediately after self-pollination (T0/CK), and then after 9 h (T9) and 24 h (T24).
Both sample types were immediately placed into liquid nitrogen. The inflorescence of
A. mangium is spike-shaped and consists of 172.72 ± 27.06 single flowers. The corolla
is approximately 0. 2 mm long after extension, the diameter of the compound pollen is
29–35 µm, and the pistil is (4.55 ± 0.38) mm long (from unpublished breeding system stud-
ies). It is difficult to separate petals and stamens because the flowers are small (Figure S1).
We also needed to take enough samples for RNA extraction immediately at each time point.
Sequencing requires a large number of samples. If we spend a lot of time peeling stamens,
this will also strongly affect the experimental results. Moreover, our previous research
showed that leaving the stamens unpeeled did not affect the final pollination results [46].
Therefore, the samples used for transcriptomic and metabolomic analyses were derived
from intact flowers.

RNA extraction was performed using an Aidlab Plant RNA extraction kit (Aidlab
Biotech, Beijing, China) according to the manufacturer’s instructions, and quality testing
was performed according to the methods of Chen et al. [6] and J Chen [32]. Transcrip-
tomes of A. mangium were developed by using the Illumina HiSeq NovaSeq 6000 platform
(San Diego, CA, USA). After the library construction was completed, the library was pre-
liminarily quantified by Qubit2.0, and the insert size of the library was assessed with
an Agilent 2100 system. After it was verified that the insert size met expectations, the
effective concentration of the library was accurately quantified via Q-PCR (the effective
concentration of the library > 2 nm) to complete the library quality check. After the library
qualified, different libraries were pooled according to the target download data volume
and sequenced on the Illumina HiSeq platform. The RNA-seq data obtained by quality
control, filtering, and splicing of the data were compared with KEGG, NR, Swiss-Prot, GO,
COG/KOG, and Trembl databases using BLAST 2.12.0 [47–49]. Then, the predicted amino
acid sequence of a unigene was compared with the Pfam database using HMMER software
to obtain annotation information for the unigene. The annotated sequences were compared,
subjected to differential expression analysis, and screened (the screening criteria were
[log2 fold-change] = 1 and FDR < 0.05), and the differentially expressed genes were then
subjected to KEGG/GO annotation and enrichment analysis [47,50,51]. A network diagram
of different structural genes and TFs was drawn according to |r| > 0.8, p < 0.05 [52,53].
Transcriptome sequencing without a reference genome was carried out by Wuhan Maiwei
Metabolism Company (Wuhan, China).

2.4. UPLC-MS/MS-Based Metabolomic Analysis

Based on UPLC-MS/MS and an in-house-built database by the Wuhan Maiwei
Metabolism Company (Wuhan, China), we conducted the extraction, detection, pretreat-
ment, quality control, and annotation of the metabolites for the samples. The main liquid-
phase conditions were as follows: chromatographic column (Waters ACQUITY UPLC HSS
T3 C18 1.8 µm, 2.1 mm × 100 mm), mobile phase (phase A was ultrapure water with 0.04%
acetic acid added, and phase B was acetonitrile with 0.04% acetic acid added), gradient of
elution (the proportion of phase B was 5% at 0.00 min, the proportion of phase B linearly in-
creased to 95% within 10.00 min, and remained at 95% for 1 min from 11.00–11.10 min, then
decreased to 5% and remained balanced at 5% until 14 min), a flow rate of 0.35 mL/min, a
column temperature of 40 ◦C, and an injection volume of 4 µL.

The main mass spectrometry conditions were as follows: electrospray ionization (ESI)
temperature 550 ◦C, mass spectrometry voltage 5500 V, and curtain gas (CUR) 30 psi;
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the collision-activated dissociation (CAD) parameter was set to high. In the triple four-
pole (QQQ) analyses, each ion pair was scanned and detected according to the optimized
decluttering potential (DP) and collision energy (CE) [54]. LIT and triple quadrupole
(QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer
(Q TRAP), API 4500 Q TRAP UPLC/MS/MS System equipped with an ESI Turbo Ion-
Spray interface, operating in positive and negative ion mode and controlled using Analyst
1.6.3 software (AB Sciex, Framingham, MA, USA). The ESI source operation parameters
were as follows: ion source, turbo spray, source temperature 550 ◦C, and ion spray voltage
(IS) 5500 V (positive ion mode)/−4500 V (negative ion mode); the ion source gas I (GSI),
gas II (GSII), and the curtain gas (CUR) were set at 50, 60, and 30.0 psi, respectively,
and the collision gas (CAD) was high. Instrument tuning and mass calibration were
performed with 10 and 100 µmol/L polypropylene glycol solutions in QQQ and LIT
modes, respectively. QQQ scans were acquired as MRM experiments with the collision
gas (nitrogen) set to 5 psi. DP and CE for individual MRM transitions were performed
with further DP and CE optimization. A specific set of MRM transitions was monitored
for each period according to the metabolites eluted within this period [55]. The different
metabolites detected were statistically analyzed, and then clustering heatmaps, KEGG
pathway enrichment classifications, and scatterplots were then generated [56,57].

2.5. Joint Transcriptomic–Metabolomic Joint Analysis of the Molecular Mechanism of SI

Associations between PCCs (Pearson’s correlation coefficients) > 0.8 and p < 0.05 were
selected, and the network of genes and metabolites was constructed using Cytoscape soft-
ware [53]. Additionally, the differentially expressed genes and metabolites were mapped
using the KEGG pathway database and the enrichment analysis results were plotted in a
histogram. Then, the differential genes and metabolites related to SI were further correlated
and analyzed via CCA and O2PLS [58,59]. Additionally, differential genes and metabolites
with correlation greater than 0.8 in each pathway were used to make a network diagram.
Finally, Adobe Photoshop (Adobe Inc., San Jose, CA, USA) CC 2019 was used to draw the
metabolic pathways related to SI for analysis.

3. Results
3.1. Microscopy Observation of Pollen Germination and Stigma Contact Sites

Our previous research on the pollen vitality of A. mangium has proven the vitality of
fresh pollen [44]. Less than 6.67% of polyad–pistil combinations resulted in the germination
of the grains after self-pollination or hand-controlled cross-pollination (Table S1), and
others (over 90% of the pollen grains) produced no pollen tube growth on the stigma/style
(Table S1, Figure 1A). Polyad–pistil combinations resulted in the germination of a minority
of the grains at different times, as shown in Figure S1. Only 2.78% of pollen grains had
grown pollen tubes at 9 h after self-pollination, and 3.13% of pollen grains had grown
pollen tubes at 9 h after cross-pollination (Table S1). Moreover, all of the germinated pollen
tubes were twisted towards the stigma and could not enter the style channel (Figure 1B,C).
Therefore, we speculate that the self-pollination and cross-pollination of A. mangium are
incompatible, considering our previous research [42]. Furthermore, GSI mediated by Ca2+

may explain why pollen grains cannot grow pollen tubes after self-pollination [17].

3.2. Transcriptomic Analysis
3.2.1. Transcriptome Data and Differentially Expressed Gene (DEG) Screening

To elucidate the molecular genetic mechanisms of self-incompatibility in A. mangium,
a transcriptomic analysis was performed. Quality estimation and data cleaning resulted in
73.46 Gb of clean data, with more than 6Gb from each sample. Their GC contents and Q30
were above 44% and 91%, respectively (Table S2).

To verify the effects of self-pollination time on the transcript levels of SI genes in
A. mangium, DEGs from the self-pollination treatments were identified via pairwise compar-
isons of the three libraries (CK/T0 vs. T9, CK/T0 vs. T24, and T9 vs. T24). A total of 18,127
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(9689 upregulated and 8438 downregulated), 15,121 (7653 upregulated and 7468 downreg-
ulated), and 8789 (3998 upregulated and 4791 downregulated) DEGs were found during
the comparisons of CK/T0 vs. T9, CK/T0 vs. T24, and T9 vs. T24, respectively (Table S3).
Moreover, 925 DEGs were shared among the three groups (Figure 2A). The number of DEGs
was higher in CK/T0 vs. T9 than in CK/T0 vs. T24, which indicated strong gene expression
disturbance experienced by A. mangium at 24 h after self-pollination. The promotion of SI
in A. mangium was more active at 24 h than at 9 h.
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The results of the KEGG analysis revealed that significantly enriched DEGs among
the three comparison groups were associated with metabolic pathways, biosynthesis of
secondary metabolites, carbon metabolism, biosynthesis of amino acids, and phenyl-
propanoid biosynthesis (Figure 2B). Furthermore, DEGs were annotated by searching
against the KOG dataset based on their annotated functions. KOG-annotated putative
proteins were functionally classified into at least 25 categories, including poorly character-
ized, metabolism, information storage and processing, and cellular processes and signaling.
In the metabolism-based classification, carbohydrate transport and metabolism, energy
production and conversion, lipid and amino acid transport and metabolism, and secondary
metabolite biosynthesis were the primary enriched pathways across the three groups
(Figure 2C). The results indicated that these DEGs were associated with metabolic path-
ways that could contribute to the biosynthesis and accumulation of carbohydrates and
amino acids in A. mangium flowers after different pollination times.

3.2.2. DEGs Related to SI Genes and Growth of Pollen Tubes

Previous studies have shown that the DEGs related to calcium-dependent protein
kinases, thioredoxins, F-box protein families, and 26S proteases may be involved in the self-
incompatibility of plants. Our fluorescence microscopic observation results suggested that
there were largely ‘pollen grains could not grow’-type pollen tubes on the stigma/style in
A. mangium due to self-incompatibility. The DEGs implicated in these crucial gene families
were consequently screened. Moreover, the DEGs associated with pollen tube growth were
searched for. Core genes related to SI were studied in detail, and the results demonstrated
that most of the transcripts showed significant changes in their expression levels. The
expression levels for most of the SI-related DEGs were higher in the T9 and T24 than in CK,
and the DEGs in T24 were upregulated when compared with those in T9 (Table S4). There
may be feedback regulation among the DEGs related to SI under self-pollination. DEGs
encoding thioredoxins, which are receptor proteins related to SI, were upregulated after
self pollination. Accordingly, the expression of DEGs encoding F-box protein-encoding
gene families, which mediate several responses to SI, was upregulated after self-pollination
(Table S4). These results indicate that self-pollination at 24 h could promote the occurrence
of self-incompatibility compared with other pollination times via the direct or indirect
regulation of the expression levels of SI-related DEGs.

Our fluorescence microscopy results showed that most pollen grains could not grow
pollen tubes after self-pollination, and the expression of SI-related genes was significantly
different at 24 h after pollination. Therefore, we chose 24 h as the time point for exca-
vating the gene and transcription factor (TF) that affect the growth of A. mangium pollen
tubes. We obtained 42 DEGs that may be related to A. mangium pollen tube growth after
comparing the differences in expression between CK/T0 and T24. These DEGs were classi-
fied into fifteen main categories, including pollen receptor-like kinase clusters, 1,3-glucan
synthase/sucrose synthase catalytic subunit clusters, serine/threonine protein kinase and
peptidase clusters, four Ras-related protein clusters, ROP guanine nucleotide exchange
factor clusters, Ca2+/calcium-dependent protein kinase clusters, S-locus glycoprotein clus-
ters, K+-channel ERG and related protein clusters, zinc finger protein clusters, 26S pro-
teasome clusters, DNA-binding protein clusters, acetyl-CoA and phosphoethanolamine
N-methyltransferase clusters (Table S5). Moreover, we also found that two MYB clus-
ters and four MADS-box clusters were significantly differentially expressed 24 h after
self-pollination. Therefore, SI-related gene families (such as Ca2+/calcium-dependent
protein kinase, S-locus glycoprotein, and 26S proteasome-encoding genes), TFs, and carbo-
hydrate and amino acid protein kinases may be associated with the self-incompatibility
of A. mangium.
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3.2.3. The Co-Expression Network between Differentially Expressed TFs and
SI-Related Genes

A. mangium flowers with different self-pollination times showed significantly different
TFs, primarily belonging to 83 different families (Figure 3A, Table S5). Most of the differen-
tially expressed TFs belonged to the NAC, bZIP, MYB-related, MYB, WRKY, HB-HD-ZIP,
bHLH, AP2/ERF-ERF, and C2H2 families. There were more differentially expressed TFs
in CK/T0 after self-pollination, and few expressed TFs in T9 and T24, indicating that
self-pollination promoted changes in gene or TF expression levels (Figure 3B).
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Figure 3. Distribution of the differentially expressed transcription factors (TFs) and co-expression
networks between candidate genes and TFs. (A) Quantitative statistics for the differentially expressed
TFs; (B) Heatmap showing the candidate TFs under various self-pollination conditions; (C) Co-
expression networks between DEGs related to SI and TFs under different self-pollination times.

TFs regulate gene expression patterns by acting as activators or repressors to induce
or inhibit gene promoter activity. There is a potential regulatory mechanism by which
differentially expressed TFs may influence the expression levels of SI-related genes. Co-
expression networks were established between TFs and SI-related genes (CK vs. T24) to
verify this hypothesis using gene expression profile data based on the correlation coefficient.
The resulting co-expression networks indicated that different TFs connected distinct genes,
and there were correlations among them (Figure 3C). TFs (MYB, HB-HD-ZIP, AP2/ERF-
ERF, and bZIP) connected more genes related to SI in A. mangium flowers 24 h after
self-pollination.
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3.3. Transcriptome–Metabolome Joint Analysis

UPLC-MS/MS was used to compare the metabolite compositions of A. mangium flow-
ers after self-pollination by hand at different times. PCA was used to classify six samples
into two distinct clusters, accurately reflecting the four light-quality treatments applied
to blueberry leaves (Figure 4A). The differences between the CK/T0 and T24 resulted
from PC1, PC2 and PC3 in this model (53.33%, 15.59% and 13.25% of the variables, re-
spectively). A total of 73 differential metabolites were identified at 0 and 24 h following
self-pollination, among which 16 were downregulated and 57 were upregulated (Figure 4B).
For the significantly differential metabolites, unit variance scaling (UV) normalization
processing was used, and heatmaps were created for CK/T0 vs. T24 using the R pro-
gramming language. Thus, 73 anthocyanins were grouped into seven categories, among
which lipids, amino acids, and their derivatives were significantly different between T0 and
24 h after self-pollination (Figure S2A). An orthogonal partial least-squares discriminant
analysis (OPLS-DA) model was used to identify the differentially accumulated metabolites
responsible for metabolic differentiation between the two treatments. A total of 20 (11 up-
accumulated, 9 down-accumulated) metabolites were selected for a comparative analysis
of CK and T24 (Figure 4C).
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Figure 4. Metabolome profiling of A. mangium flowers under different self-pollination times. (A) Prin-
cipal component analysis (PCA) scores for the first component (PC1), second component (PC2), and
third component (PC3). Within the same area, the farther from the origin, the closer the distance,
and the higher the correlation. (B) The results for differentially expressed metabolites in the OPLS-
DA model with the top ranked VIP value. (C) Hierarchical clustering analysis of the metabolites.
(D) KEGG classification and enrichment diagram of differential metabolites.
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Furthermore, according to the differential metabolite KEGG enrichment map
(Figure 4D), the pathways with more significant scatterplot enrichment showed the fol-
lowing order: tryptophan metabolism, propanoate metabolism, glycerophospholipid
metabolism, ether lipid metabolism, phosphonate and phosphinate metabolism, arachi-
donic acid metabolism, and arginine biosynthesis. Based on a differential metabolite
analysis, glycerophospholipid metabolism, propionate metabolism, ether lipid metabolism,
and arginine biosynthesis were the pathways that produced the most diverse metabolites.

3.4. Joint Transcriptomic–Metabolomic Analysis
3.4.1. Differentially Expressed Genes and Metabolites Related to SI

Based on the enrichment analysis results for differential metabolites and differential
genes, the correlations between the identified differentially expressed genes and metabo-
lites were analyzed by drawing a nine-quadrant diagram (Figure 5A). The genes were
upregulated and the metabolites were downregulated in quadrants 6, 8 and 9. According
to the categories of SI-related genes, 166 genes for S-locus glycoproteins, 419 genes for
calcium-dependent protein kinases, 249 genes for calmodulin, 2440 genes for thioredoxin,
2830 genes for F-box protein, and 1776 genes for the 26S proteasome were found in quad-
rants 6, 8, and 9 (Figure 5A). In addition, transcripts with significantly different expressions
are also shown in Table S8. These results also indicated that the expression of SI genes in
A. mangium can regulate metabolites.
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Figure 5. Analysis of differentially expressed genes and metabolites. (A) The nine-quadrant chart
shows the different multiples of gene and metabolites. It is divided into quadrants 1–9 from left
to right and from top to bottom with black dashed lines. Genes and metabolites with negative
correlations are presented, in quadrants 6, 8 and 9, genes are upregulated, and metabolites are
unchanged or downregulated. (B–D) CCA diagram of differentially expressed genes and metabolites.



Forests 2023, 14, 2034 11 of 19

The above differential metabolites and differential genes with correlation coefficients
above 0.8 were selected to draw network maps. Ten maps associated with SI-related genes
were found among all 34 network maps. The network related to the thioredoxin genes
(ko00920 and ko01200) was associated with succinate (Succinate) numbered mws0192
(Figure S2, Table S6). The network plots (ko00280, ko00350, ko00360, ko00410, ko00650, and
ko00950) related to the F-box genes were associated with methylmalonate, succinate, and
3-hydroxypropanoic acid (Figure S3, Table S6). Furthermore, a canonical correlation analy-
sis (CCA) was carried out on differentially expressed genes related to SI and metabolites.
Notably, three CCA maps related to thioredoxin genes were obtained, and the metabolites
(L±-arginine, N-acetyl-L-glutamic acid, ribulose-5-phosphate, 2-deoxyadenosine, guano-
sine 3′,5′- cyclic monophosphate, 3- hydroxypropionic acid, and succinate) connected more
genes related to SI (Figure 5B–D, Table S7). All of the differential metabolites were also
selected to establish an O2PLS model for screening out the important metabolites affecting
other levels of omics (Table S9, Figure S4). The results showed that the metabolites named
succinate, N-acetyl-L-glutamic acid, 3-hydroxypropionic acid, and methylmalonate pre-
sented high correlations with transcriptomic results. These metabolites corresponded to
the above analysis of the network maps.

Through the joint analysis of differential genes and metabolites based on KEGG en-
richment, we found that 6 S-glycoproteins, 38 SCF ubiquitin ligases, 93 F-box proteins,
68 26S proteasomes, 36 calcium-dependent protein kinases, 27 calmodulins, and 67 thiore-
doxin genes related to SI were significantly differentially expressed. Furthermore, clas-
sifying the significantly 247 DEGs associated with SI via a KEGG enrichment analysis
revealed a total of six pathway maps, five of which were related to the F-box protein
pathway (tyrosine metabolism, phenylalanine metabolism, β-alanine metabolism, valine,
leucine and isoleucine degradation, and butanoate metabolism) and one of which was
related to thioredoxin (sulfur metabolism). There are two distinct genes that encode F-box
proteins, which are involved in the production of three important metabolites: succinate,
3-hydroxypropionic acid, and methylmalonate. Five distinct genes are associated with
thioredoxin, and succinate is the associated metabolite. In addition, succinate accounted
for the majority of the differential metabolites associated with the six pathways (Table 1).

Table 1. Metabolic pathways and metabolites of differentially expressed and significantly enriched
genes related to SI.

Differential
Gene Families

Differential
Gene Number

Pathway
ID

Pathway
Annotation

Differential
Metabolite

Thioredoxin

Cluster-10295.88411
Cluster-10295.83728
Cluster-10295.93820
Cluster-10295.97869
Cluster-10295.88407

ko00920 sulfur
metabolism succinate

F-box protein

Cluster-10295.69454

ko00350 tyrosine
metabolism succinate

ko00360 phenylalanine
metabolism succinate

ko00410 β-alanine
metabolism

3-
hydroxypropionate

Cluster-10295.32019
ko00280

valine, leucine
and isoleucine
degradation

methylmalonate

ko00650 butanoate
metabolism succinate
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3.4.2. Joint Analysis of the Path Graph of SI from the Perspective of Transcriptomics
and Metabolomics

As shown in Figure 6, analysis of the six pathway diagrams revealed that the expres-
sion of a gene in the F-box protein family (Cluster-10295.69454) (enzyme code: 1.4.3.21) was
significantly upregulated, and the metabolite 4-hydroxy-phenylacetaldehyde, generated in
the tyrosine metabolic pathway, entered the isoquinoline alkaloid biosynthesis pathway;
it also entered the pyruvate and butanoate metabolism pathways via the production of
4-hydroxy-phenylacetaldehyde. On the other hand, movanillate was produced in a reac-
tion catalyzed by catechol O-methyltransferase (enzyme code: 2.1.1.6). In phenylalanine
metabolism, a significantly upregulated SI gene product (Cluster-10295.69454) (enzyme
code: 1.4.3.21) works with two other enzymes to produce the metabolite phenyl acetate.
Then, the product enters the tyrosine metabolism and styrene degradation pathways; on
the other hand, it enters the citric acid cycle (or tricarboxylic acid cycle or TCA) through
acetyl-CoA. An SI gene product (Cluster-10295.69454) (enzyme code: 1.4.3.21) produces
the metabolite alanine in the β-alanine metabolism pathway and the β-alanine branch
in pantothenate and CoA biosynthesis. On the other hand, the differentially downregu-
lated metabolite 3-hydroxy-propionate was produced under the action of 4-aminobutyrate
aminotransferase (EC: 2.6.1.19).
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A significant downregulation of another F-box gene (Cluster-10295.32019) (enzyme
code: 4.1.3.4) causes valine, leucine and isoleucine degradation, while acetyl acetate is
produced; when this product enters the biosynthesis pathway of the type II polyketide
backbone through acetyl-CoA production and enters the citric acid cycle, the metabolite
succinate is significantly downregulated, indirectly leading to significant downregulation of
the metabolite methylmalonate. In the butanoate metabolism pathway, Cluster-10295.32019
(enzyme code: 4.1.3.4) affects the synthesis and degradation of ketone bodies by produc-
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ing acetyl acetate; it also participates in the citric acid cycle, producing a significantly
downregulated metabolite, succinate.

Therefore, it is reasonable to speculate that the significant upregulation of SI genes
after pollination will affect the expression of some enzymes (such as the enzyme codes
1.4.3.21, 2.1.1.6, 2.6.1.19, 4.1.3.4, and 1.8.4.9), and will thereby cause a large reduction in
metabolites (succinate, methylmalonate and 3-hydroxypropionate), which are strongly
associated with the occurrence of SI. All abbreviations are shown in Schedule S10 (Table S10).
Laboratory diagrams of sample preparation, plant sampling, and RNA extraction are shown
in Figure S5 (Figure S5).

4. Discussion
4.1. SI Type in A. Mangium

According to the state and position of the pollen tube, there are three main types of
GSI. In the third GSI type, mediated by Ca2+, pollen cannot germinate normally on the
stigma after pollination [4,60]. Early studies found that the seed setting rate of A. mangium
was low due to the SI [42]. In this study, fluorescence microscopy revealed that at 24 h after
self-pollination, more than 90% of A. mangium pollen grains could not germinate, which is
very similar to what is observed in Ca2+-mediated GSI [60]. Cases in which a wet stigma
manifests SI usually involve the GSI mechanism [61,62]. In the mature A. mangium pistil,
the surface of the stigma secretes mucus, resulting in a wet stigma [41]. Therefore, we
believe that the SI mechanism of A. mangium can be classified as a GSI mechanism.

According to previous research results, in self-pollinated and hybrid A. caven showing
GSI, pollen tubes can reach the ovary within 11 h, but pollen tubes from the self cannot enter
the embryo sac [27,63]. Additionally, in A. senegal showing GSI, pollen tubes can access the
ovules [28]. The above research findings show that the GSI mechanism of Acacia species is
characterized by variable performance. Sedgley found via fluorescence microscopy that
pollen tubes entered the style channel of A. mangium [64]. However, they did not record
the rate of entry into the style passage, and they only counted the numbers of pollen tubes
after entry into the style. In this study, more than 90% of the pollen grains were unable to
germinate 24 h after self-pollination (Table S1), and the results showed similarities to the
GSI mechanism, in which pollen cannot germinate after self-pollination [2,4,65,66]. Hence,
we speculated that the SI mechanism of A. mangium was roughly similar to that of most
acacia species, and both were GSI mechanisms [24,27,28,63,67].

4.2. Transcriptomic Analysis

Studies have shown that when SI occurs, the increase in the Ca2+ concentration leads
to the inhibition of pollen tube growth [13,65], and the increase in Ca2+ is related to the
SI response [66,68]. A study of A. mangium showed that high concentrations of Ca2+

exert a significant inhibitory effect on pollen germination [69]. Our study also identified
28 calcium-dependent protein kinase genes that were significantly differentially expressed.
Therefore, we further hypothesized that A. mangium was Ca2+-mediated GSI after self-
pollination [65,66], and the increase in the Ca2+ concentration and other modifications
may prevent the formation of synthetic pollen tube material, inhibit the elongation of the
pollen tube, and eventually result in the occurrence of SI. An SCF complex composed
of the four protein subunits (SKP1, CUL1, RBX1, and F-box proteins, and the majority
of the proteins produced by the F-box) takes part in ubiquitination and facilitates the
ubiquitination and destruction of target proteins. The target proteins are ubiquitinated, and
the 26S proteasomes can detect ubiquitin substrates and degrade them [70,71]. It has been
reported that F-box protein genes play a role in the self-incompatible S-RNase system of
plants [72,73]. In this assay, all gene families related to 26S proteasomes and F-box proteins
were upregulated similarly to SI plants [70,71,73], suggesting that these genes may be
crucial in the development of SI in A. mangium. As a type of multifunctional acidic protein,
thioredoxin generally participates in various reactions in cells via reduced disulphide
bonds [74]. The key gene bm2, identified in a study of the SI of Eupatorium adenophorum,
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encodes a thioredoxin-like product, and functional verification showed that bm2 plays
a very important role in the SI of E. adenophorum [75]. The thioredoxin h protein from
Nicotiana alata (NaTrxh) is expressed by the transmitting tissue cells of the style and secreted
to the extracellular matrix; however, its essential role in the pollen rejection response
suggests a function within the pollen tube [76,77]. Forty-one thioredoxin genes with
variable expression were also identified in A. mangium, which proved that thioredoxin
may play a role in SI of A. mangium [75,77]. However, further research is required to
determine whether they contribute to the SI of A. mangium in the stylus channel surface
and pollen interior.

The growth of pollen tubes and SI are tightly connected. In recent years, research on this
related gene has found that sequences encoding Ca2+/calcium-dependent protein kinases, the
26S proteasome, and serine/threonine kinase proteins have been shown to be involved in the
reaction of pollen tubes to recognize non-self and self S-RNase proteins [78–80]. Moreover,
two MADS-box transcription factors have also been proven to be close to the S-locus in
HIS [81]. A zinc-finger protein and a MYB protein were also encoded by genes that are
specifically or preferentially expressed genes in stigmas/style after self-pollination [82,83].
Similarly, transcriptome analysis also identified these specifically expressed genes and TFs
in this study. The questions as to whether these genes are involved in the SI reaction of
A. mangium and what their specific functions are require further study.

4.3. Metabolomic Analysis

The metabolites produced by pollen grain germination can increase or inhibit germi-
nation and pollen tube growth [23]. For example, fatty acids/lipids are essential for the
hydrophobic interaction between pollen and stigmas [84], pollen tube growth requires fatty
acids to form membrane lipids [85], and flavonoids can promote pollen germination and
pollen tube growth [86]. Goetz et al. argue that glucose and sucrose are metabolic signals re-
quired for pollen germination and extension [87]. Zhao et al. analyzed the metabolic profile
of tomato SI and identified a total of nine different compounds related to self-pollination
and non-self-pollination, including amino acids, sugars, fatty acids/lipids, and organic
acids [88]. Additionally, recent research by He et al. on Camellia oleifera self-flowering
and cross-pollination revealed variations in both lipid metabolism and the mechanism of
flavonoid synthesis. Thus, He et al. hypothesized that self-pollination alters the peroxisome
pathway and inhibits lipid metabolism, which together reduce the production of flavonoids
after self-pollination and cause SI in C. oleifera [22].

In this study, the metabolomic analysis of A. mangium at 0 h and 24 h after self-
pollination indicated that significantly altered metabolites included lipids, organic acids,
amino acids, and their derivatives, similar to previous studies [84,85,88]. As a result, it is
hypothesized that lipids, organic acids, and amino acids may also play a role in the SI of
A. mangium, but this hypothesis still needs to be confirmed.

4.4. Model-Based Prediction of Transcripts and Metabolites Related to SI of A. Mangium

The six identified pathways, sulfur metabolism, butyric acid metabolism, tyrosine
metabolism, phenylalanine metabolism, alanine metabolism, and valine, leucine, and
isoleucine degradation, were correlated with the SI-related genes, and all metabolites were
found to be directly or indirectly associated with the SI genes. Meanwhile, the citric acid
cycle (or tricarboxylic acid cycle, or TCA) was also found to be an important pathway
for connecting SI genes and metabolites (Figure 6). The phenylalanine metabolism of
A. mangium corresponds to previous research showing that phenylalanine related to RNase
NE inhibits the elongation of germ tubes via degradation of microbial RNAs [89]. Amino
acids/peptides and tricarboxylic acid cycle-related metabolites were also found to be
involved in heteromorphic self-incompatibility [90]. Additionally, the compounds that
were correlated with these genes in the six pathways, namely, succinate, methylmalonate,
and 3-hydroxypropionate, were considerably enriched, with succinate accounting for the
highest proportion. Thioredoxin h2 and the mitochondrial thioredoxin system regulate
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the metabolic fluxes throughout the tricarboxylic acid cycle and associated pathways
(glycolysis, gluconeogenesis and the synthesis of glutamine) [91]. The F-box targets citrate
synthase 2 for proteasomal degradation, thereby suppressing the glyoxylate cycle, an
anabolic pathway that replenishes the TCA cycle with succinate for the activation of
gluconeogenesis [92]. Notably, in our results, the significantly upregulated and SI-related
transcripts (F-box and thioredoxin gene families) were associated with the metabolites
(succinate, methylmalonate and 3-hydroxypropionate) in the corresponding pathway,
and were all significantly downregulated. Other research has found that metabolites
are associated with the expression of transcripts, which are related to plant SI [8,80,93].
Therefore, we speculate that these metabolites, genes, and SI-related TFs are associated
with the inhibition of pollen growth and the occurrence of SI in A. mangium (Figure 7).
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5. Conclusions

The SI mechanism of A. mangium was not clear. In order to further understand the
SI of A. mangium, the flowers were analyzed at different time points after pollination and
from the perspectives of cell and molecular biology. We found that over ninety percent
of the pollen grains produced no pollen tube growth on the stigma/style. We speculated
that A. mangium was GSI. In addition, DEGs related to SI (6 S-glycoproteins, 93 F-box
proteins, 69 26S proteasomes, 38 calcium-dependent protein kinases/calmodulin and
41 thioredoxin genes) were significantly enriched. Further analysis of six pathways (sulfur
metabolism, tyrosine metabolism, phenylalanine metabolism, and butanoate metabolism,
and valine, leucine and isoleucine degradation) revealed the enrichment of SI-related DEGs
corresponding to succinate, methylmalonate and 3-hydroxypropane. Additionally, the three
metabolites were significantly downregulated. Combining analyses of the transcriptome



Forests 2023, 14, 2034 16 of 19

and metabolome, we suggested that transcripts encoding thioredoxin and F-box proteins
were significantly upregulated under the regulation of transcription factors after self-
pollination, leading to a decrease in succinate, methylmalonate and 3-hydroxypropionate.
These may play a key role in the occurrence of the self-incompatibility of A. mangium.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f14102034/s1, Table S1. Pollen germination rate of A. mangium after
self-pollination (same tree) and cross-pollination (different trees); Table S2. Statistics of transcriptome
sequencing data of A. mangium; Table S3. Number and expression analysis of differentially expressed
genes; Table S4. Classification and expression characteristics of significantly differentially expressed
genes in CK/T0 vs. T9, CK/T0 vs. T24 and T9 vs. T24; Table S5. Classification and expression
characteristics of TFs in CK/T0 vs. T9, CK/T0 vs. T24 and T9 vs. T24; Table S6. The genes and
metabolites of Figures S2 and S3; Table S7. The genes and metabolites of Figure S5B–D; Table S8.
Classification of significantly differentially expressed genes in CK vs. T24; Table S9. Top ten genes and
metabolites with a greater influence on other histology by O2PLS analysis; Table S10. Abbreviations
of target gene families; Figure S1. Fluorescence microscopy observations of Acacia mangium. Scale
bar = 100 µm (white); Scale bar = 10 µm (blue). A–F, Pollen germination at 3, 6, 9, 12, 24 and 48 h after
self-pollination. G–H: Pollen germination at 3, 6, 9, 12, 24 and 48 h after cross-pollination from the
same clones. M: Flower spike of A. mangium. N: A whole pistil that has been pollinated. O: A pistil
that has not been pollinated. P–R: Enlarged view of the contact area between the pistil and pollen;
Figure S2. Two correlation network diagrams of the thioredoxin genes and metabolites; Figure S3.
Six correlation network diagrams of F-box proteins and metabolites; Figure S4. O2PLS model for
screening out the important metabolites affecting another omics; Figure S5. The diagrams of hand
pollination, flower collection, pistil peeling, RNA extraction, and detection in the experiment.
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