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Abstract: The fig (the syconium of the Ficus tree) and its pollinating fig wasp represent
exceptional examples for researching plant–insect interactions due to their remarkable
specificity in species interaction and mutually beneficial symbiotic relationship. However,
the mechanisms underlying the developmental process of monoecious figs in response to
the entry of pollinating fig wasps (pollinators) and the metabolic changes occurring during
this process remain elusive. Our study employed a combination of controlled experiments
in the field and LC-MS methods to investigate the impact of pollinating fig wasp entry on
the developmental phase of figs, as well as the metabolic alterations occurring during this
process. A total of 381 metabolites and 155 differential metabolites were identified, with
the predominant classes of metabolites being organic acids, lipids, and benzene aromatic
compounds. The results suggest that in the absence of wasp entry, the receptive phase of fig
would exhibit an extended duration. However, upon the entry of fig wasps, the receptive
phase of figs would terminate within a span of 1 to 2 days, concomitant with substantial
fluctuations in the composition and proportions of metabolites within the fig. Our research
focuses on the analysis of linoleic acid metabolism, phenylpropanoid biosynthesis, and
flavonoid biosynthesis pathways. Our findings suggest that the entry of wasps triggers
alterations in the metabolic regulatory mechanisms of figs. Prior to wasp entry, metabolites
primarily regulate fig growth and development. However, after wasp entry, metabolites
predominantly govern lipid accumulation and the establishment of defense mechanisms,
indicating a transition in fig development. This metabolic perspective explains why figs
promptly enter an interflower phase that is not attractive to pollinating fig wasps after
their entry, and how figs achieve reproductive balance through the regulation of different
metabolic pathways. This study provides scientific evidence for elucidating the stability
mechanism of the fig wasp mutualistic system.

Keywords: pollinating fig wasp; monoecious; symbiosis; receptive phase; syconium

1. Introduction
The Ficus genus, a member of the Moraceae family, encompasses approximately

800 species worldwide and predominantly thrives in tropical and subtropical regions, with
a minority extending into temperate zones [1]. Renowned for its economic significance,
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the fig tree holds a prominent position among ornamental plants in gardens [2]. Moreover,
it serves as a resource for food production, medicinal applications, industrial utilization,
and so on [3,4]. In tropical and subtropical forest ecosystems, fig trees bear figs throughout
the year, providing a crucial food source for many frugivorous animals. Additionally, fig
trees serve as habitats for various species of parasitic and epiphytic plants, thus occupying
a significant ecological niche in tropical and subtropical ecosystems [5]. Moreover, the
mutualistic symbiosis between the fig tree and its pollinating fig wasp is an important
research subject for studying plant–insect interactions. This specialized mutualism involves
a single species of fig wasp that lays eggs in the female flowers of the fig, while each species
of fig can only be pollinated by one particular wasp species, with only a few exceptions [6].
Consequently, both the fig tree and its pollinating wasp are mutually dependent on each
other for reproduction [7]. The fruits of the Ficus genus, known as figs or syconia, require
the specialized species of pollinating fig wasp to pollinate the female flowers within
the syconium and deposit eggs in their ovaries, thereby facilitating reproduction for both
parties involved in this mutualistic relationship [8]. Figs can be classified as either dioecious
or monoecious. Dioecious figs consist of separate female and male figs, with the female
producing seeds and the male hosting gall separately. In contrast, monoecious figs produce
both seeds and host gall within the same fig, leading to competition for reproductive
resources between the seed-producing flowers and the gall-forming flowers [9].

The developmental stages of a monoecious fig can be categorized as the pre-female
phase, female phase (receptive phase), interfloral phase, male phase, and post-floral phase.
During the pre-flower phase, the bract of the fig is tightly closed, preventing the entry
of wasps. Upon reaching the receptive phase, female flowers mature and bract ostiole
loosens, which enables fig wasps to enter for egg-laying and pollination [10]. Subsequently,
during the interfloral phase, which is characterized by reduced attractiveness to pollinating
fig wasps, studies have suggested that the duration of receptivity may vary depending
on whether or not fig wasps enter [11]. Following the interfloral phase, both fig wasps
and/or seeds reach maturity as the fig transitions into its male and post-floral phases
before eventually rotting or being consumed by frugivores (Figure 1). Prior to the entry
of pollinators, the female flowers of figs are in the phase of vegetative growth. However,
upon pollinator entry for both pollination and egg-laying, the female flowers transition
into reproductive growth, initiating fig seed and wasp gall production [12]. Consequently,
it can be inferred that the entry of pollinating fig wasps represents a crucial developmental
turning point in the life cycle of figs.

Forests 2025, 16, 165 2 of 17 
 

 

1. Introduction 
The Ficus genus, a member of the Moraceae family, encompasses approximately 800 

species worldwide and predominantly thrives in tropical and subtropical regions, with a 
minority extending into temperate zones [1]. Renowned for its economic significance, the 
fig tree holds a prominent position among ornamental plants in gardens [2]. Moreover, it 
serves as a resource for food production, medicinal applications, industrial utilization, 
and so on [3,4]. In tropical and subtropical forest ecosystems, fig trees bear figs throughout 
the year, providing a crucial food source for many frugivorous animals. Additionally, fig 
trees serve as habitats for various species of parasitic and epiphytic plants, thus occupying 
a significant ecological niche in tropical and subtropical ecosystems [5]. Moreover, the 
mutualistic symbiosis between the fig tree and its pollinating fig wasp is an important 
research subject for studying plant–insect interactions. This specialized mutualism in-
volves a single species of fig wasp that lays eggs in the female flowers of the fig, while 
each species of fig can only be pollinated by one particular wasp species, with only a few 
exceptions [6]. Consequently, both the fig tree and its pollinating wasp are mutually de-
pendent on each other for reproduction [7]. The fruits of the Ficus genus, known as figs or 
syconia, require the specialized species of pollinating fig wasp to pollinate the female 
flowers within the syconium and deposit eggs in their ovaries, thereby facilitating repro-
duction for both parties involved in this mutualistic relationship [8]. Figs can be classified 
as either dioecious or monoecious. Dioecious figs consist of separate female and male figs, 
with the female producing seeds and the male hosting gall separately. In contrast, monoe-
cious figs produce both seeds and host gall within the same fig, leading to competition for 
reproductive resources between the seed-producing flowers and the gall-forming flowers [9]. 

The developmental stages of a monoecious fig can be categorized as the pre-female 
phase, female phase (receptive phase), interfloral phase, male phase, and post-floral 
phase. During the pre-flower phase, the bract of the fig is tightly closed, preventing the 
entry of wasps. Upon reaching the receptive phase, female flowers mature and bract osti-
ole loosens, which enables fig wasps to enter for egg-laying and pollination [10]. Subse-
quently, during the interfloral phase, which is characterized by reduced attractiveness to 
pollinating fig wasps, studies have suggested that the duration of receptivity may vary 
depending on whether or not fig wasps enter [11]. Following the interfloral phase, both 
fig wasps and/or seeds reach maturity as the fig transitions into its male and post-floral 
phases before eventually rotting or being consumed by frugivores (Figure 1). Prior to the 
entry of pollinators, the female flowers of figs are in the phase of vegetative growth. How-
ever, upon pollinator entry for both pollination and egg-laying, the female flowers transi-
tion into reproductive growth, initiating fig seed and wasp gall production [12]. Conse-
quently, it can be inferred that the entry of pollinating fig wasps represents a crucial de-
velopmental turning point in the life cycle of figs. 

 

Figure 1. Life history of monoecious fig and its pollinating fig wasps. Figure 1. Life history of monoecious fig and its pollinating fig wasps.

The fig literature is rich in experiments showing that the egg-laying and pollination
activities of fig wasps deeply modify the development of figs [13], while the study of
metabolic pathways following pollination and insect galling has not been reported. Upon
entry into monoecious figs, fig wasps parasitize the ovary of female flowers through egg
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deposition, thereby imposing pressure on their normal development. However, regardless
of the number of wasps that enter, not all flowers within the fig will fully develop into
galls, instead, certain female flowers will grow to seed [10]. Currently, the allocation of
female flowers and the underlying biological mechanisms governing this regulation have
garnered attention from researchers [11,14,15]. Metabolomics has emerged as a widely
employed approach to investigate plant response mechanisms toward parasitic galls. For
instance, it was used to clarify changes in the Metabolome of secondary metabolites
in rubber trees due to Pseudphodiplosis rubi (Diptera: Cecidomyiidae). Additionally, it
has shown that increased aromatic amino acids are key to tomato plants’ resistance to
nematodes. Metabolomics studies also indicate that Haloxylon persicum exhibits a stronger
defense response, with higher levels of fatty acids, dialkyl ethers, and carbohydrates, when
infected by Asiodiplosis ulkunkalkani and Caillardia notata, compared to Haloxylon aphyllum,
improving our understanding of plant defense mechanisms [16–18]. Currently, research on
the impact of pollinating fig wasps’ entry on fig developmental stages primarily focuses on
morphological structures [19,20], ecological phenomena [21,22], volatile compounds [23],
and a limited number of studies investigating molecular mechanisms [24]. However, there
is still a dearth of studies exploring the metabolic regulatory mechanisms underlying
changes in fig developmental stages.

This study aims to investigate the impact of pollinating fig wasps on fig development
through controlled experiments in the field. Additionally, we will utilize metabolomics
technology to compare the metabolic changes in figs before and after the introduction of
pollinating fig wasps. The objective is to elucidate the mediating role of pollinating fig
wasps in fig development and unravel the defense mechanisms employed by figs against
wasp parasitism from a metabolic perspective. This research provides the theoretical
underpinning for comprehending the stability mechanisms of the fig-wasp system and also
serves as a reference for studying plant–insect cooperation and antagonism in nature.

2. Materials and Methods
2.1. Study Sites and Materials

The study site is located in Kunming City, the capital of Yunnan Province, China (N:
25◦6′, E: 102◦44′, average elevation: 1907 m). It is situated in the southwestern region of
China and falls within the low-latitude subtropical highland monsoon climate zone. The
area experiences abundant sunshine hours, a short frost-free period, an average annual
temperature of 15 ◦C, approximately 2200 h of annual sunshine duration, and an annual
precipitation of 1450 mm. The climate exhibits mild and sunny characteristics [25]. For
this research project, Ficus hookeriana was selected as the experimental species due to its
wide distribution in tropical and subtropical regions of Asia. This tall evergreen tree bears
figs throughout the year, and its figs are monecious syconium. Additionally, it holds
significant importance as an ornamental and landscape tree species [26]. The pollinating
fig wasps of Ficus hookeriana are Platyscapa sp. (Hymenoptera: Chalcidoidea, Agaonidae),
exhibiting sexual dimorphism [27]. The pollinating fig wasps for the controlled experiment
are females. They were collected as follows: F. hookeriana figs in the male phase were placed
in netting bags before the field experiment. The wasps naturally emerged around 6–8 a.m.
the next morning and were then taken to the field for the experiment.

2.2. Controlled Experiment in the Field

To prevent interference from fig wasps and other insects, the pre-female floral phase
figs were isolated using netting bags. The ostiolar bract of each fig was observed daily, and
upon noticing loosening, the bag was removed, and an active fig wasp was introduced onto
the fig wall. If the fig wasp crawled toward the bract and exhibited behavior indicating an
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attempt to enter the fig, it was promptly removed using tweezers, marking that day as the
first receptive day. A total of 30 figs with 2 wasps entry and 30 figs without wasps entry
were set up for experimentation. This process was repeated daily to record the behavior of
the fig wasps. The experiment could only be concluded once the receptive phase of all figs
had ceased. If the pollinator does not show any entry behavior to the ostiole within 5 min,
the receptive phase is considered to have stopped [11]. A total of 3 trees were utilized in
the experiment.

2.3. Data Analysis

The normality of the data was assessed using SPSS 20.0. If the data met the criteria
for a normal distribution, an independent sample t-test was conducted. Otherwise, the
Mann–Whitney non-parametric test was employed. A p-value less than 0.05 indicates a
statistically significant difference.

2.4. Metabolomic Analysis
2.4.1. LC-MS Sample Preparation

The metabolomic techniques were conducted in collaboration with BioNovoGene
Technology Co., Ltd. (Suzhou, China). In this study, a total of 10 figs were selected that had
not been entered by wasps (BF), while another set of 10 figs was also selected after being
intentionally pollinated by pollinating fig wasps for two days (AF). The female flowers
were meticulously dissected from these figs and subsequently placed into 0.5 mL test tubes,
with each treatment being replicated three times. The samples were rapidly frozen using
liquid nitrogen for a duration of 10 min, followed by storage at −80 ◦C. Subsequently, they
underwent further processing through grinding into a fine powder. To this powder, 40 mg
of the sample, along with 600 µL of methanol containing 2-chlorophenylalanine (4 ppm),
and 100 mg of small steel ball were added in 2 mL centrifugal tubes. Then, the mixture was
vortexed for 30 s, ground at a frequency of 60 Hz for 90 s, and subsequently subjected to
ultrasonic extraction for 15 min. Afterward, it was centrifuged at 12,000 rpm at 4 ◦C for
10 min, the supernatant was filtered through a 0.22 µm membrane filter, and the filtrate
was preserved for LC-MS detection.

2.4.2. LC Conditions and MS Method

The LC-MS analysis was performed using the Waters ACQUITY ultra-performance
liquid chromatography system (Waters, Milford, MA, USA) coupled with a Thermo Q
Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The samples
were introduced onto an ACQUITY UPLC® HSS T3 column (2.1 × 150 mm, 1.8 µm) (Waters,
Milford, MA, USA) at a flow rate of 0.25 mL/min and maintained at a temperature of 40 ◦C
with an injection volume of 2 µL. In positive ion (POS) mode, the mobile phase consisted of
acetonitrile with 0.1% formic acid (B1) and water with 0.1% formic acid (A1). In negative
ion mode, the mobile phase comprised acetonitrile (B2) and water with 5 mM ammonium
formate (A2). The elution gradient was conducted as follows: 0–1 min at 2% phase B;
1–9 min from 2% to 50% phase B; 9–12 min from 50% to 98% phase B; 12–13.5 min at 98%
phase B; 13.5–14 min from 98% to 2% phase B; and 14–20 min at 2% phase B. The mass
spectrometry conditions were applied as follows: the electrospray ionization source (ESI)
was operated in both positive and negative ion modes, with a spray voltage set at +3.50 kV
and −2.50 kV, respectively. The sheath gas was maintained at 30 arb, the auxiliary gas at
10 arb, and the temperature was kept constant at 325 ◦C.

2.4.3. Data Processing and Multivariate Analysis

The R XCMS software (version 4.4.1) suite was utilized for feature identification,
retention time calibration, and alignment. Metabolite identification was accomplished
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by precise mass measurements (within <30 ppm) and MS/MS data that were matched
with HMDB (Human Metabolome Database), MassBank, LipidMaps, mzCloud, and KEGG
(Kyoto Encyclopedia of Genes and Genomes). To normalize the data to mitigate any
systematic biases, the robust LOESS signal correction (QC-RLSC) was implemented. Post-
normalization, only ion peaks exhibiting relative standard deviations (RSDs) of less than
30% in quality control were retained to ensure accurate metabolite identification.

The components eluted from the chromatography were introduced into the mass
spectrometer, and the mass spectrometer conducted continuous scanning to collect data for
obtaining the base peak chromatogram. To preliminarily determine the overall metabolic
differences and variability among each group of samples, the normalized metabolite data
were employed to generate a hierarchical clustering heatmap (HCA). The Pearson cor-
relation coefficient was employed for the evaluation of reproducibility and correlation.
To determine the extent of intergroup differences for the identified metabolites, (orthog-
onal) partial least squares-discriminant analysis (OPLS-DA) was performed to calculate
the variable importance in projection (VIP) and fold change (FC). A significant threshold
for variable importance of metabolites exhibiting notable differences in expression levels
was established based on VIP > 1 and p-value < 0.05. The differential metabolites were
thoroughly analyzed in terms of quantity and attributes, accompanied by the generation
of volcano plots and bar charts to visually represent their differential expression patterns.
Based on the results obtained from the screening of differential metabolites, we performed
pathway annotation and analysis using the Kyoto Encyclopedia of Genes and Genomes
(KEGG). The KEGG pathway mapper functionality was employed to annotate and present
significant differential metabolites (VIP > 1, p-value < 0.01) along with their correspond-
ing pathways. In order to enhance visual clarity, color-coding based on upregulation
and downregulation information of these differential metabolites was incorporated into
the display.

3. Results
3.1. The Duration of Fig Receptivity Following Pollinator Entry and in the Absence of Pollinators

After pollinator entry, the attractiveness of figs to pollinators rapidly diminishes,
indicating a loss of receptivity upon pollinators. However, in the absence of the pollinator
entry, the receptive phase can extend beyond one week. Based on observations of pollinator
behavior at the ostiole, figs that had been visited by two foundresses exhibited significantly
shorter receptivity compared to those without any pollinator entry (p < 0.05) (Figure 2).
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3.2. Metabolomic Analysis of Pre- and Post-Pollinator Entry Figs
3.2.1. Data Quality Assessment

The metabolites of female flowers before and after the entry of pollinating fig wasps
into the figs were analyzed using LC-MS. After quality control inspection, the total ion
chromatogram (TIC) plots for data quality control revealed a significant overlap in the
ground curves of metabolite detection. Furthermore, the retention times and peak in-
tensities of the metabolites exhibited consistent patterns, indicating optimal stability in
the signals obtained from quality control detection and ensuring reliable experimental
outcomes (Figure 3a). To investigate the accumulation pattern of metabolites before and
after the entry of pollinating fig wasps into the figs, this study employed a cluster heat map
analysis, revealing significant differences in metabolite expression among the six clusters.
Metabolites in cluster 2 were up-regulated in the BF group but down-regulated in the AF
group. Conversely, metabolites in clusters 5 and 6 were down-regulated in the BF group
and up-regulated in the AF group.
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The remaining clusters exhibited minimal changes in expression levels. Moreover, the
three biological replicates of each treatment were consistently grouped together, indicating
good homogeneity among the replicates and ensuring high data reliability. These findings
highlight a remarkable diversity in metabolite expression within figs before and after fig
wasp pollination occurs (Figure 3b).

3.2.2. Metabolite Composition Analysis

A total of 381 metabolites, classified into 15 categories, were identified in figs before
and after pollinators’ entry. These categories primarily encompass organic acids and
their derivatives, lipids, cyclic aromatic hydrocarbons derived from benzene, heterocyclic
compounds not derived from benzene, organic peroxides, and flavonoids (Figure 4a).

The metabolites of figs were classified before and after the wasps entered, and the
differences in the expression of different metabolites were compared between the two
groups. It was discovered that the presence of pollinators led to significant alterations in
metabolite expression levels in figs. Specifically, lipids, benzene cyclic aromatic hydrocar-
bons, organic peroxides, flavonoids, terpenes, and their compounds exhibited a substantial
increase. Conversely, there was a notable decrease in the levels of organic acids and their
derivatives, organic nitrogen compounds, carbohydrates, as well as others (in Figure 4,
others represent compounds not belonging to primary categories). These findings suggest
that the introduction of fig-pollinating wasps elicits a complex metabolic response within
figs (Figure 4b).

Forests 2025, 16, 165 8 of 17 
 

 

metabolite expression levels in figs. Specifically, lipids, benzene cyclic aromatic hydrocar-
bons, organic peroxides, flavonoids, terpenes, and their compounds exhibited a substan-
tial increase. Conversely, there was a notable decrease in the levels of organic acids and 
their derivatives, organic nitrogen compounds, carbohydrates, as well as others (in Figure 4, 
others represent compounds not belonging to primary categories). These findings suggest 
that the introduction of fig-pollinating wasps elicits a complex metabolic response within 
figs (Figure 4b). 

 

Figure 4. Metabolite composition analysis: (a) Metabolite categorization pie chart; (b) Metabolite 
grouping comparison stack; BF: prior to figs entry by pollinators; AF: subsequent to figs entry by 
pollinators. 

3.2.3. Screening of Differentially Accumulated Metabolites (DAMs) 

To transform the original metabolomics data to conform to a normal distribution, we 
applied a Log2FC (log2-fold change) transformation. Following this, differential metabo-
lites were identified using screening criteria of VIP value > 1 and p-value < 0.05, resulting 
in the identification of 155 differential metabolites. Among these, 87 metabolites were up-
regulated, while 68 showed down-regulation. Exclusive compounds have not been de-
tected among groups. The major categories encompassed organic acids and their deriva-
tives, non-benzene heterocyclic compounds, lipids, benzene cyclic aromatic hydrocar-
bons, terpenes, and their derivatives, as well as flavonoids (Figure 5). 

Figure 4. Metabolite composition analysis: (a) Metabolite categorization pie chart; (b) Metabolite
grouping comparison stack; BF: prior to figs entry by pollinators; AF: subsequent to figs entry
by pollinators.



Forests 2025, 16, 165 8 of 16

3.2.3. Screening of Differentially Accumulated Metabolites (DAMs)

To transform the original metabolomics data to conform to a normal distribution, we
applied a Log2FC (log2-fold change) transformation. Following this, differential metabo-
lites were identified using screening criteria of VIP value > 1 and p-value < 0.05, resulting
in the identification of 155 differential metabolites. Among these, 87 metabolites were
up-regulated, while 68 showed down-regulation. Exclusive compounds have not been
detected among groups. The major categories encompassed organic acids and their deriva-
tives, non-benzene heterocyclic compounds, lipids, benzene cyclic aromatic hydrocarbons,
terpenes, and their derivatives, as well as flavonoids (Figure 5).
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3.2.4. Major Differential Metabolic Pathways in Fig Flower

The accumulated metabolites of figs before and after the entry of pollinators were
compared with the KEGG database, leading to the identification of 215 KEGG pathways.
The top twenty metabolic pathways are presented based on the screening criteria of p-value
< 0.05. Notably, the enriched metabolic pathways included linoleic acid metabolism,
alanine, aspartate, and glutamate metabolism, aminoacyl-tRNA biosynthesis, arginine
biosynthesis, D-amino acid metabolism, purine metabolism, phenylpropanoid biosynthesis,
beta-alanine metabolism, flavonoid biosynthesis, and pyrimidine metabolism (Figure 6).
More than 10 out of 215 identified KEGG pathways were significantly enriched both prior
to and following pollinator entry, indicating that these pathways may play a pivotal role in
fig development.

3.2.5. Linoleic Acid Metabolism Pathway Analysis

To further investigate the response of the fig to the entry of the pollinating fig wasp, we
focused on the most significantly KEGG-enriched metabolic pathway for analysis: linoleic
acid metabolism. This pathway has been demonstrated to function as a defensive mecha-
nism against attacks and damage in other plants and plays a pivotal role in plant growth,
development, and seed energy storage [28]. Subsequently, we evaluated the variations
in expression levels of differential metabolites annotated within this pathway. Within the
linoleic acid metabolic pathway, six differential metabolites were identified, including four
up-regulated differential metabolites and two down-regulated differential metabolites.
The linoleic acid metabolic pathway is initiated by the conversion of lecithin to linoleate
and can be classified into two distinct pathways. In the first pathway, 13(S)-hydroperoxy
linoleic acid (13(S)-HPODE) is down-regulated, resulting in subsequent down-regulation of
13-oxygen-octadecadienoic acid (13-oxo-ODE) and up-regulation of 9,12,13-trihydroxy-10-
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octadecenoic acid (9,12,13-Trihome). The second pathway begins with the transformation
of linoleate into 9(S)-hydroperoxy linoleic acid (9(S)-HPODE), leading to up-regulation of
9,10,13-trihydroxy-11-octadecenoic acid (9,10,13-Trihome), 9(S)-hydroxyoctadecadienoic
acid (9(S)-HODE), and 9-hydroxyoctadecadienoic acid (9-OxoODE) (Figure 7).
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3.2.6. Phenylpropanoid Biosynthesis and Flavonoid Biosynthesis Pathway Analysis

Population genomic analysis of the resequenced genomes of the Sycomorus subgenus
in Ficus has revealed that phenylpropanoid biosynthesis and flavonoid biosynthesis are
likely key metabolic pathways influencing fig-wasp mutualism and species differentia-
tion [29]. In this study, these two pathways were also identified in the KEGG enrichment
analysis of the metabolomics data. To investigate the obligate mutualistic relationship
between figs and their pollinating wasps from a metabolomics perspective, we analyzed
the significantly expressed metabolite intermediates in the phenylpropanoid and flavonoid
biosynthesis pathways and further investigated the metabolic alterations in figs before and
after wasp entry. The flavonoids and phenylpropanoids are crucial constituents of the plant
cell wall, playing a defensive role in response to external stimuli [30]. Our study investi-
gated the synthetic pathways of these compounds, revealing six differentially expressed
metabolites in the phenylpropanoid biosynthesis pathway, including two up-regulated and
four down-regulated metabolites. Additionally, we identified four differentially expressed
metabolites in the flavonoid biosynthesis pathway, all of which were up-regulated. Both
pathways are initiated via the enzymatic conversion of tyrosine to cinnamoyl-CoA, sub-
sequently leading to the production of p-coumaroyl-CoA, thus providing precursors for
distinct downstream pathways. The phenylpropanoid biosynthesis pathway comprises
three branches. The first branch involves the down-regulation of tyrosine, which catalyzes
the production of cinnamoyl-CoA, subsequently leading to the down-regulated expression
of cinnamaldehyde. The second branch yields up-regulated caffeic acid through the inter-
action between cinnamoyl-CoA and tyrosine, ultimately resulting in a non-significantly
expressed sinapoylmalate. The third branch, initiated by the conversion of cinnamoyl-CoA
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to p-coumaroyl-CoA, leads to the down-regulation of p-coumaraldehyde and conifery-
laldehyde expression while up-regulating isoeugenol production, thereby resulting in a
non-significant expression of isomethyleugenol. Moreover, the flavonoid biosynthesis
pathway comprises three branches. The first branch is catalyzed by cinnamoyl-CoA and
promotes increased pinocembrin levels, subsequently facilitating elevated chrysin produc-
tion. The second branch utilizes p-coumaroyl-CoA as a precursor metabolite and results in
up-regulated naringenin chalcone alongside down-regulated naringenin and sakuranetin.
Additionally, the inhibitory effect of naringenin contributes to the down-regulation of
eriodictyol while promoting up-regulation of luteolin and (-)-epigallocatechin (Figure 8).
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Figure 7. Linoleic acid metabolism pathway. BF: prior to figs entry by pollinators; AF: subsequent to
figs entry by pollinators. Note: Blue and red indicate down-regulation and up-regulation, respectively.
Note: The relative abundance of metabolites depicted is represented by color intensity, where red
signifies increased expression and blue denotes decreased expression. Positive values indicate
up-regulated metabolites, while negative values indicate down-regulated metabolites.
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Figure 8. Phenylpropanoid biosynthesis pathway and flavonoid biosynthesis pathway; BF: prior to
figs entry by pollinators; AF: subsequent to figs entry by pollinators. Note: Blue and red indicate
down-regulation and up-regulation, respectively. Note: The relative abundance of metabolites
depicted is represented by color intensity, where red signifies increased expression and blue denotes
decreased expression. Positive values indicate up-regulated metabolites, while negative values
indicate down-regulated metabolites.

4. Discussion
The fig–fig-wasp mutualistic system serves as an exemplary model for investigating

the cooperative and competitive relationships between species in nature, as it exemplifies
both mutualism and competition for reproductive resources [31]. The findings from con-
trolled experiments demonstrate that upon entering figs, pollinating fig wasps promptly
initiate egg-laying and pollination activities within the fig. Subsequently, the receptive
phase of the fig terminates within 1–2 days, rapidly transitioning into the interflower phase.
The loss of attraction to fig wasp indicates a rapid transition from the nutrient growth
stage to the reproductive stage in the fig. This suggests that foundresses promptly initiate
egg-laying and pollination upon entering the figs and that figs react as promptly to either
pollination or oviposition in their ovules by terminating the receptivity period. However,
if no wasps enter, there is an extended receptive phase lasting over a week. This implies
that the fig tree may actively extend its receptive phase in order to attract pollinators, as
observed in previous studies on Ficus sermicordata [11]. The phenomenon of figs “awaiting”
the arrival of pollinators can enhance their reproductive success rate and provide increased
reproductive opportunities for fig wasps. Our findings indicate that the receptive phase of
figs is primarily governed by wasp behavior. Specifically, the pollination and oviposition
(galling) activities of wasps appear to “trigger” a critical threshold of ovule development,
which in turn determines the termination of the receptive phase.

The fig-wasp symbiosis has undergone a long evolutionary history, resulting in mu-
tual adaptation and cooperation [32]. However, limited research has been conducted to
investigate whether the behavior of pollinating fig wasps mediates fig development. Our
findings revealed a significant accumulation of organic acids and derivatives, organic
nitrogen compounds, and carbohydrates during the receptive phase prior to wasp entry.
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Previous studies have demonstrated that these metabolites play a crucial role in facilitating
energy generation and amino acid synthesis, providing sugars, regulating metabolism,
and ultimately promoting plant growth and development [33–35]. Once the pollinator
enters the fig, there is a significant increase in the expression of metabolites such as lipids,
benzene cyclic aromatic hydrocarbons, organic peroxides, flavonoids, terpenes, and their
compounds in female flowers. These substances provide essential energy and metabolic
resources for the plant organism and, thus, for the symbiotic larvae in the galls of the
ovules [30,36–38]. The metabolic expression patterns of figs display substantial discrep-
ancies pre- and post-pollinator entry. The metabolic regulation prior to pollinator entry
primarily aims to facilitate the growth and development of figs. Subsequent to the pollina-
tor entry, in addition to maintaining fig growth, a substantial number of eggs are deposited
by the fig wasps within the ovary of the female flower. Therefore, considering the sta-
bility of the mutualism system, monoecious figs may have evolved metabolic regulation
mechanisms to “facilitate” the occupation of reproductive resources by pollinators while
simultaneously developing strategies to “mitigate” their overutilization.

Further analysis of the metabolic pathways of figs at different stages revealed a signif-
icant enrichment of important metabolites in the linolenic acid pathway. Linolenic acid,
being the predominant polyunsaturated fatty acid in plant oils, serves as a crucial compo-
nent for both defensive responses against external interferences and energy provision for
plant growth and development [28,39]. After wasp entry, the expression of 13-OxoODE
in the linoleic acid metabolic pathway is down-regulated in figs. This compound can
function as a peroxisome proliferator-activated receptor (PPAR) ligand to regulate lipid
metabolism in plants [40], suggesting that lipid metabolism may be inhibited, causing lipid
accumulation within figs, and providing resources for subsequent seed development and
gall formation. Furthermore, previous studies have demonstrated that 9,12,13-Trihome
and 9,10,13-Trihome possess the ability to induce defense mechanisms in plants [41]. Their
expression is up-regulated after wasp entry, indicating their establishment of a defense
mechanism against wasp interference. Alternatively, the plant may support the egg or larva
of the pollinator by acting as a signaling molecule to activate or prime the plant’s immune
system for faster and stronger responses. This may particularly promote gall development,
which protects the developing larva of the pollinator. In the study investigating the re-
sponse of mint leaves to Phenanthrene stress, it was confirmed that 9-OxoODE activates
early tolerance in mint leaves toward Phenanthrene stress [42]. Furthermore, our findings
demonstrate a significant up-regulation of 9-OxoODE expression upon wasp entry, sug-
gesting its potential role in activating tolerance against wasp interference. The metabolites
identified within the linolenic acid metabolic pathway not only serve as effective lipid
mediators but also play a pivotal role in the expression of defense immunity.

Flavonoids and phenolic compounds exist in various plant organs and tissues, play-
ing a crucial role in promoting plant growth and development [38,43]. Simultaneously,
they serve as vital components of the plant’s defense mechanism against biotic or abiotic
stress [30]. In this study, tyrosine, an intermediate in the phenylpropanoid biosynthesis
pathway, exhibited up-regulation prior to wasp entry and down-regulation after wasp
entry. Tyrosine serves as a precursor for various antioxidants, attractants, and defense
compounds [44]. We propose that the dynamic change in tyrosine levels might be one of the
mechanisms governing the alteration in the fig’s attraction to its pollinator. Additionally,
isoeugenol, a metabolite with defensive interference properties [33], showed up-regulation
following pollinator entry. This alteration may represent one of the strategies employed by
figs to respond to pollinating fig wasps’ egg-laying behavior [33,44]. Additionally, in the
phenylpropanoid biosynthesis pathway, caffeic acid, a precursor of lignin, is up-regulated
in figs following wasp entry. Lignin serves as a crucial metabolic substance for plant physi-
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cal defense [45]. In the flavonoid biosynthesis pathway, pinocembrin, naringenin chalcone,
luteolin, and (-)-epigallocatechin are all up-regulated in the figs after wasp entry. These
compounds play defensive roles when plants encounter biotic or abiotic stressors [46].
Therefore, we propose that these defense metabolites activate the fig’s defense mechanism
in response to wasp oviposition behavior [30]. In the benzaldehyde biosynthesis pathway,
cinnamaldehyde, p-coumaraldehyde, and coniferylaldehyde exhibit down-regulation after
wasps enter the fig. Cinnamaldehyde has been shown to facilitate the activation of plant
defense mechanisms and enhance tolerance against external interference [47]. On the
other hand, p-coumaraldehyde and coniferylaldehyde play crucial roles as precursors and
enzymes involved in lignin formation [48,49]. Accumulation of p-coumaraldehyde has
been demonstrated to confer stress tolerance in cucumbers by promoting rapid lignifica-
tion of injured tissues [50], while coniferylaldehyde contributes to preventing toppling
over in Carex [51]. In the flavonoid biosynthesis pathway, sakuranetin and eriodictyol
are also down-regulated after pollinator entry. Sakuranetin has been demonstrated to
attenuate endocytosis in plant cells and activate the plant’s responsiveness to external
disturbances [52,53], while eriodictyol exhibits antioxidant properties and enhances re-
sistance against oxidative stress [54]. Based on the aforementioned metabolic regulation
results, it can be inferred that the dynamic expression of diverse defense metabolites in
both pathways achieves a balance of this mutualistic system. Fig trees achieve both the
production of seeds and pollen vectors within the same fig by providing resources for
the growth of the seeds and the growth of the pollinator larva and its gall. The entry of
fig wasps into the fig can be considered a pivotal or a triggering factor in regulating this
dynamic balance.

Our study investigated the balance of resource allocation in the mutualistic fig–fig
wasp system, focusing on the interplay between competition and cooperation from an eco-
logical and metabolic perspective. The results suggest that fig wasp entry plays a mediating
role in fig development. Specifically, we observed a shift in the metabolic regulation of figs
after fig wasps entered, with a transition from nutrient growth to primarily responding to
wasp-induced stress. This dynamic balance is achieved through up-regulation and down-
regulation of metabolites in different metabolic pathways. The results partially explain
why pollinating wasps do not convert all fig flowers into wasp galls from a metabolic
perspective, thereby providing support for the “unbeatable seeds hypothesis”. This hy-
pothesis posits the existence of a mechanism that confers partial flowers are immune to
wasp galling [9]. However, it is important to note that these mechanisms may differ among
species, and multiple mechanisms may work together to prevent excessive gall formation
in figs [9].

Our study provides interesting insights into understanding the stable mechanism un-
derlying fig–fig-wasp mutualism and can serve as a reference for other studies investigating
insect-plant mutualisms. However, Our study did not examine the metabolic differences be-
tween galled and pollinated flowers. Further research on metabolic differences in different
styled flowers would be valuable research.

5. Conclusions
This study employed controlled experiments and LC-MS methods to investigate the

impact of pollinating fig wasps on fig development and metabolic regulation. A total of
381 metabolites, including 155 differential metabolites, were identified. Prior to wasp entry,
metabolic regulation primarily relied on carbohydrates and amino acids to facilitate fig
growth and development. Following wasp entry, metabolic regulation shifted toward
coping with wasp stress and providing nutrition for the subsequent reproduction of fig-
wasp offspring. Furthermore, we annotated and enriched the differential metabolites,
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focusing on the linoleic acid metabolism pathway, phenylpropanoid biosynthesis pathway,
and flavonoid biosynthesis pathway. Our findings demonstrate that figs maintain the
stability of the fig-wasp symbiotic system through the coordinated regulation of multiple
metabolic pathways, thereby providing support for the “unbeatable seeds hypothesis”
to a certain extent. This study provides scientific evidence elucidating the mechanism
underlying stability in the fig-wasp system.
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