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Abstract
Background

Siraitia grosvenorii is a medicinal and edible plant species endemic to China. Its fruit quality is regulated
jointly by developmental stage, cultivation environment, and symbiotic microorganisms, and endophytic
fungi are recognized as key factors influencing the accumulation of bioactive medicinal components.
However, how endophytic fungal communities succeed during fruit development and how this
succession relates to fruit quality components such as mogroside V and total flavonoids remain poorly
understood.

Results

Fruits at four developmental stages (young fruit, RG; early expansion, DG; green fruit, QG; mature fruit,
CSG) were used to determine the contents of total flavonoids, water-soluble sugars, soluble proteins, and
mogroside V, and high-throughput sequencing was used to profile the diversity, composition, and
assembly of the endophytic fungal communities. Total flavonoid content was highest at the young fruit
stage (0.72%) and declined gradually with development. Soluble protein and mogroside V contents
peaked at the mature stage (5.92 mg/g and 21.85 mg/g, respectively). The fungal a-diversity indices
were relatively low at the young fruit and early expansion stages but increased significantly at the mature
stage, indicating higher species diversity, richness, and phylogenetic diversity at maturity. Analyses of 3-
diversity and community composition revealed significant differences in community structure and
composition among different developmental stages, with the early expansion stage being a key turning
point for community decline and subsequent reconstruction; Cladosporium delicatulum was the
dominant species throughout the entire developmental period. Community assembly was governed
mainly by stochastic drift (contributing > 66%), whereas the contribution of dispersal limitation rose from
3.19% at RG to 31.33% at CSG, and deterministic environmental filtering weakened markedly at maturity.
Mantel test and redundancy analysis further confirmed that soluble protein and mogroside V were
significant explanatory factors for community variation at the mature stage, while the correlation
heatmap indicated that both were highly significantly positively correlated with the abundances of
dominant fungal genera such as Cladosporium.

Conclusions

These results indicate that endophytic fungal community assembly in S. grosvenorii fruit shifts from
early flavonoid-mediated processes to later protein- and mogroside V-mediated nutrient recruitment. The
synergy between metabolites and the core microbiota established at maturity is likely a key mechanism
underlying the high specialization of the mature endophytic fungal community.

Introduction
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Siraitia grosvenorii (Swingle) C. Jeffrey, a perennial vine of the family Cucurbitaceae and genus Siraitia, is
native to the subtropical region of Guilin, Guangxi, China, and is a medicinal and edible plant resource
endemic to China [1]. The mature fruit contains mogroside V as its primary active component, which is
roughly 300 times sweeter than sucrose and virtually calorie-free. As a result, the fruit is widely used as a
natural sugar substitute and has become an important raw material in the international functional
sweetener market [2]. Mogroside V also displays a range of pharmacological activities, including heat-
clearing and lung-moistening effects, hypoglycemic, antioxidant, anti-inflammatory, and gut microbiota-
modulating properties [3], and it therefore holds considerable application potential in medicine and
functional foods. Fruit quality in S. grosvenorii is not determined solely by genetic factors, however. It is
regulated by cultivation environment, developmental stage, harvesting and processing, and microbial
communities. Among these, endophytic fungi that reside within plant tissues and co-evolve with their

host, acting as the plant’s “second genome,” have been shown in recent years to be key regulators of
quality formation in medicinal plants [4].

Endophytic fungi are defined as fungal taxa that complete all or part of their life cycle within healthy
plant tissues without causing obvious disease symptoms [5]. They are ubiquitous in plants, and each
host species harbors a specific fungal microbiome. Through molecular interactions, these
microorganisms confer multiple ecological benefits on their hosts, including growth promotion,
enhanced adaptability, and increased stress tolerance [6]. In medicinal plants, endophytic fungi regulate
host growth and development directly by secreting plant hormones, producing volatile organic
compounds, and releasing polysaccharide elicitors, and they also influence the synthesis and
accumulation of bioactive medicinal components by activating key enzyme genes in secondary
metabolic pathways [7]. Liu et al. [8] showed that the endophytic fungus Sarocladium kiliense DF2
promoted the accumulation of dihydrotanshinone and tanshinone IlA in Salvia miltiorrhiza through the
salicylic acid signaling pathway, and pharmacological inhibition confirmed that salicylic acid signaling is
an indispensable mediator of this plant—fungus interaction. The endophytic fungus Trichoderma
atroviride D16 promotes tanshinone accumulation by enhancing abscisic acid and salicylic acid signaling
[9], whereas Penicillium steckii DF33 promotes tanshinone biosynthesis by regulating the expression of
CYP450 genes [10]. Notably, the interaction between endophytic fungi and medicinal plants is not
unidirectional but rather a bidirectional dynamic interplay. A study by Zhao et al. on Dendrobium nobile
identified a dual regulatory mechanism involving phytohormone signaling and endophytic fungal
communities, revealing the key role of the hormone—microbiome—metabolite network in dendrobine
accumulation and offering a new perspective on how endophytic fungi coordinate with host plants to
regulate secondary metabolite biosynthesis [11]. Collectively, these studies demonstrate that endophytic
fungi, as important regulators of active ingredient accumulation in medicinal plants, play a critical role in
improving the quality of Chinese medicinal materials.

Research on endophytic fungi of S. grosvenorii has advanced considerably in recent years. Tamang et al.

[12] examined the endophytic microbial diversity of dioecious S. grosvenorii and found that male and

female plants harbor distinct endophytic microbial communities with pronounced tissue-specific

distribution patterns. Predictive functional analysis further indicated that root endophytic communities
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are enriched in enzymes involved in secondary metabolite biosynthesis, particularly those related to
mogrosides, a finding with important implications for mogroside biosynthesis. Ma et al. [13]
systematically isolated endophytic fungi from seeds, seedlings, mature plants, and fruits of S. grosvenorii
grown in Canadian greenhouses and found that they comprised 60 genera and more than 150 species
across 20 orders, with fungal abundance and diversity highest in leaves, confirming that S. grosvenorii is
arich host of endophytic fungi. Xu et al. [14] isolated 150 endophytic fungal strains from male and
female S. grosvenorii plants using morphological characterization combined with rDNA-ITS sequence
analysis and assigned them to nine genera, with Colletotrichum and Fusarium dominant. These fungi
showed clear preference and tissue specificity in their distribution between sexes and across roots,
stems, and leaves. Chen et al. [15] further revealed that endophytic fungi from S. grosvenorii possess a
rich capacity for mogroside biotransformation; the isolated strains Diaporthe angelica and Fusarium
solani showed significant transforming activity toward mogroside V. Together, these studies have laid an
important foundation for understanding the resource distribution, community composition, and
metabolic functions of endophytic fungi in S. grosvenorii.

Most existing studies have nevertheless focused on mature S. grosvenorii plants, examining endophytic
fungal diversity, tissue distribution, and microbial community differences between male and female
plants. They have not systematically elucidated how endophytic fungal communities succeed during
fruit development, nor how this succession is coupled to fruit quality formation. During the progression
from fruit set to maturation, host physiological status (for example, sugar accumulation, pH changes,
and hormonal fluctuations), the tissue microenvironment, and the substantial accumulation of
secondary metabolites inevitably restructure the endophytic fungal community. Nguyen et al. [16] found
that during development of Vaccinium myrtillus L. fruit from the green stage through veraison to maturity,
endophytic fungal diversity increased gradually and community composition changed markedly, with
host phenolic compounds substantially shaping community structure, indicating that host secondary
metabolites play a key role in fungal community assembly. Xie et al. [17] reported that endophytic
microbial communities of the medicinal plant Rubus chingii Hu undergo phased succession during fruit
ripening, closely linked to the accumulation of bioactive components. Specifically, certain bacterial
genera (Geodermatophilus and Brevundimonas) and yeast genera (Metschnikowia and Starmerella) were
significantly positively correlated with key secondary metabolites, including ellagic acid, flavonoids, and
phenolic acids, and the authors concluded that fruit ripening results from the synergistic interplay of host
development, microbial succession, and metabolic reprogramming. Similarly, during Fengtang plum fruit
development, endophytic microbial communities displayed stage-specific succession, with a-diversity
increasing significantly at later stages and the dynamics of dominant fungal genera closely associated
with fruit disease resistance and quality formation [18]. During Gastrodia elata development, different
stages selectively enriched specific fungi, driving continuous succession and reshaping of the
community [19]. From an ecological perspective, the assembly of endophytic fungal communities is a
multi-tiered selection process driven jointly by host genotype, developmental stage, tissue type, and
environmental factors, and this selective effect can differ markedly across fruit developmental stages
[20].
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In summary, quality formation in medicinal plants reflects a multi-layered interplay among host
development, microbial community succession, and metabolic regulatory networks. Previous studies
have revealed the resource abundance and tissue distribution of endophytic fungi in S. grosvenorii and
have begun to investigate changes in mogroside content during fruit development. However, studies that
integrate the dynamic succession of endophytic fungal diversity across developmental stages with the
accumulation patterns of fruit functional components remain rare. To address this gap, the present
study used S. grosvenorii fruits at different developmental stages. High-throughput sequencing was used
to systematically analyze the composition and diversity of endophytic fungal communities, and high-
performance liquid chromatography (HPLC) and other methods were used to determine the contents of
major functional components, including mogroside V, total flavonoids, and water-soluble sugars. By
integrating bioinformatics and multivariate statistical analyses, we explored the potential correlations
between endophytic fungal community succession and fruit quality formation. These findings provide a
scientific basis for understanding the ecological functions of endophytic fungi in S. grosvenorii and the
microbial regulatory mechanisms underlying fruit quality formation, and they lay a theoretical foundation
for microbiome-based cultivation and targeted quality regulation of S. grosvenorii.

Results

Dynamic metabolite accumulation across fruit developmental stages in Siraitia grosvenorii

The fruit morphology of S. grosvenorii at different fruit developmental stages is shown in Fig. TA.
Changes in total flavonoid, water-soluble sugar, soluble protein, and mogroside V contents in S.
grosvenorii fruits at different fruit ages are shown in Fig. 1(B ~ E), and the corresponding detailed data
are presented in Table S1. Total flavonoid content was highest in the RG group, with a mean of
approximately 0.72%, which was significantly higher than in the CSG, QG, and DG groups (P < 0.05); no
significant differences were detected among the other three groups. For water-soluble sugars, no
significant difference was detected between the CSG and DG groups, whereas significant differences
were observed among all other pairwise comparisons. For soluble proteins, no significant difference was
detected between the QG and RG groups, whereas significant differences were observed among all other
pairwise comparisons; the CSG group had the highest content, with a mean of 5.92 mg/g, significantly
higher than the other three groups. For mogroside V, no significant difference was detected between the
DG and RG groups; the CSG group had the highest content, with a mean of 21.85 mg/g, significantly
higher than the other three groups, and the QG group ranked second, with a mean of 3.93 mg/g,
significantly higher than the DG and RG groups. Across the whole growth period, total flavonoid content
was highest at the young fruit stage and then declined, with no significant changes after the early
expansion stage. Water-soluble sugar content first increased, then decreased, and then increased again;
soluble protein content first decreased and then increased; and mogroside V content increased
progressively with fruit age, reaching its maximum at maturity.
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Developmental stage-mediated diversity and structural
differentiation of endophytic fungal communities in fruits

The a-diversity indices were used to characterize the microbial diversity and species richness of S.
grosvenorii fruits at different fruit ages (Fig. 2A and Table S2). The Shannon, Sobs, Chao1, ACE, and PD
indices of the CSG group were all significantly higher than those of the QG, DG, and RG groups (P < 0.05),
indicating greater species diversity, richness, and phylogenetic diversity, and a more balanced and stable
community structure. The Shannon index of the DG group was significantly lower than those of the CSG
and RG groups, reflecting relatively low species diversity. The Sobs, Chao1, ACE, and PD indices of the
DG and RG groups were all at their lowest levels, indicating markedly reduced community richness and
phylogenetic complexity with a tendency toward community homogenization. The a-diversity of the QG
and RG groups fell between those of the CSG and DG groups, with the RG group showing slightly lower
community richness than the QG group. Collectively, the CSG group harbored a microbial community
characterized by high diversity and high richness, whereas the DG and RG groups exhibited
comparatively low overall community complexity and ecological functional potential.

Principal coordinate analysis (PCoA) based on the Bray-Curtis distance was performed to characterize
the overall differentiation of microbial community structure across fruit ages (Fig. 2B). The first two
principal coordinates (PC1 and PC2) together explained 53.96% of the total community variation (PCT1,
46.38%; PC2, 7.58%), indicating that the first coordinate mainly distinguished the core structural
differences among communities. The analysis revealed significant separation of microbial communities
among groups (R? =0.5151, P =0.001), demonstrating that developmental stage exerted highly
significant remodeling effects on community structure. Samples from the CSG and QG groups clustered
tightly on the left side of the coordinate axis, indicating highly similar endophytic microbial community
structures. This cluster was clearly separated from the RG and DG groups, implying that the microbial
communities at the green fruit and mature stages possessed distinctive core compositions that differed
significantly from those at fruit ages of less than 25 days. RG samples were distributed near the
midpoint of the PC1 axis, occupying a transitional zone between the CSG and DG groups with a slight
upward shift along PC2. DG samples were concentrated on the right side of the PC1 axis, forming a
fungal niche markedly distinct from that of the CSG and QG groups and thus representing the group with
the most pronounced community structural differentiation.

Succession dynamics of endophytic fungal community composition
and dominant taxa over time

According to the Venn diagram (Fig. 3A), the CSG group harbored the highest number of unique OTUs
(59 OTUs assigned to 15 known genera and 30 known species), followed by the QG group (1 OTU
assigned to 1 known species) and the RG group (1 OTU assigned to 1 known species). A total of 85
OTUs were shared across all four fruit age groups, assigned to 52 known genera including Cladosporium,
Cercospora, and Pseudocercospora. Among three-way overlaps, the CSG, QG, and RG groups shared the
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most OTUs (50 OTUs assigned to 33 known genera and 46 known species), whereas the QG, DG, and RG
groups shared the fewest (7 OTUs assigned to 2 known genera and 5 known species). For two-way
overlaps, the CSG and QG groups shared 68 OTUs assigned to 32 genera including Neodeightonia,
Uwebraunia, and Pallidocercospora, together with some unclassified genera.

At the family level, Cladosporiaceae (comprising the genera Cladosporium and Toxicocladosporium)
exhibited the highest relative abundance in the CSG group, following a pattern of initial decrease and
later increase with fruit age (RG, 21.38%; DG, 5.67%; QG, 32.08%; CSG, 40.50%) (Fig. 3B). Pleosporaceae
(including Curvularia, Exserohilum, Alternaria, Cochliobolus, Dendryphiella, Bipolaris, and Setosphaeria)
was most abundant in the RG group (17.26%), which also harbored the highest abundances of
Ustilaginaceae (3.71%) and Sporidiobolaceae (4.71%). Nectriaceae was most abundant in the DG group
(6.05%). The QG group was characterized by relatively high abundances of Didymellaceae (13.16%),
Mycosphaerellaceae (6.86%), Bulleribasidiaceae (4.78%), and Didymosphaeriaceae (2.94%), followed by
the CSG group at 4.90%, 4.62%, 3.85%, and 2.44%, respectively. Trichosphaeriaceae (containing the
genus Nigrospora) consistently displayed higher abundance in the CSG group than in the other groups.

The results of the Kruskal-Wallis H test are shown in Fig. 3C. Among the 11 fungal genera examined, 10
showed statistically significant differences among groups (P < 0.05), of which 9 showed highly
significant differences (P < 0.01), indicating that during fruit development the relative abundances of
these taxa were subject to clear selection or regulation. In the CSG group, Cladosporium and Nigrospora
were significantly more abundant than in the other groups. The QG group was characterized by
significant enrichment of Cercospora and Exserohilum. In the RG group, the dominant genera were
Curvularia and Sporobolomyces, which were significantly more abundant than in the other groups.

Across fruit development, the dominant species displayed distinctive dynamic changes (Fig. 3D). The
abundances of Cladosporium delicatulum and Curvularia intermedia first decreased and then increased,
whereas the abundance of Gibberella intricans followed a pattern of initial increase, subsequent
decrease, and final increase. Overall, the DG group represented a critical turning point in community
composition, as both the total abundance of the three species and the abundance of each individual
species were significantly reduced at this stage. This indicates that the environmental conditions at this
time point exerted a clear inhibitory effect on these three taxa, and that the community structure differed
significantly from those at other fruit ages. The RG group exhibited specific changes in species
composition, with Curvularia intermedia showing a significantly increased abundance and becoming the
second most dominant species after Cladosporium delicatulum. This feature distinguished the RG group
from the other three groups and corroborated the specific enrichment of Curvularia in the RG group.

Ecological drivers of endophytic fungal community assembly in S. grosvenorii fruits

Null model analysis (Fig. 4) revealed that fruit developmental stage significantly altered the relative
contributions of deterministic and stochastic processes to community assembly. Drift (DR) was the
overwhelmingly dominant process across all groups, contributing more than 66% in each of the four
groups and approaching nearly 90% in the DG and RG groups, indicating that stochastic events
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constituted the core driver of fungal community composition, whereas deterministic environmental
filtering (HoS/HeS) was relatively weak overall. At the early stages (RG and DG), the contribution of
homogeneous selection (HoS) to within-fruit community assembly was higher than at later stages (QG
and CSG), decreasing from 4.03% and 6.91% to less than 1%. The contribution of dispersal limitation
(DL) showed the opposite trend, increasing from 3.19% to 31.33% with fruit age. Heterogeneous
selection (HeS) and homogeneous dispersal (HD) only affected the RG, DG, and QG groups, with HeS
contributing most in the QG group (6.18%), suggesting that the habitat at this stage exhibited slight
environmental heterogeneity that drove community differentiation. The contribution of HD increased
significantly with fruit age but remained below 3% across all groups. Collectively, stochastic processes
exerted the most pronounced influence on fungal community assembly throughout fruit development.

Regulatory effects of metabolites on endophytic fungal community
differentiation and their interaction mechanisms

The results of the Mantel test and correlation analysis are shown in Fig. 5A. The fungal community in the
CSG group was the primary responder to metabolic factors, with a significant association detected only
between the fungal community and metabolic factors in this group, whereas community changes in the
other groups showed no significant correlation with these factors. This indicates that the CSG
community was most strongly regulated by metabolic factors. Total flavonoids (TF), water-soluble
sugars (WSS), and soluble proteins (SP) were significantly positively correlated with the CSG fungal
community, corroborating the high abundance of dominant genera such as Cladosporium revealed by the
Kruskal-Wallis test and suggesting that these factors may be primary drivers of dominant taxon
enrichment in the CSG group. Significant antagonistic and synergistic relationships were observed
among the factors: TF showed a highly significant negative correlation with WSS and mogroside V,
whereas SP showed a highly significant positive correlation with mogroside V, indicating that these
factors interact in a complex manner to influence CSG community assembly.

The correlation heatmap illustrates the relationships between metabolic factors and fungal genera
(Fig. 5B). TF showed a highly significant positive correlation with Curvularia, Sporobolomyces, and
Exserohilum. WSS showed a significant positive correlation with Gibberella and a significant negative
correlation with Exserohilum, Dirkmeia, and Moesziomyces. SP and mogroside V showed highly
significant positive correlations with nine genera, including Gibberella, Nigrospora, Pseudopithomyces,
Cercospora, Phaeosphaeriopsis, Cladosporium, Hannaella, Saitozyma, and Epicoccum.

The relationships between fungal community composition and metabolic factors are presented in the
redundancy analysis (RDA) ordination plot (Fig. 5C). The first two axes (RDA1 and RDA2) together
explained 52.42% of the total community variation (RDA1, 50.69%; RDA2, 1.73%), indicating that
metabolic factors accounted for a substantial proportion of community variation. SP, mogroside V, TF,
and WSS were all identified as significant factors influencing community composition, with SP and
mogroside V exhibiting longer arrows that suggest stronger explanatory power. The arrow of
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Cladosporium delicatulum was oriented in a direction highly consistent with those of SP and mogroside
V, forming an acute angle and indicating that high contents of these two factors significantly promoted
the enrichment of this species. The arrows of Curvularia intermedia and Gibberella intricans were oriented
consistently with those of TF and WSS, also forming acute angles and suggesting significant positive
correlations with these two genera. Collectively, the selective effects of SP, mogroside V, WSS, and other
factors may be the core reason driving the separation of the CSG group from the other three groups. This
finding is consistent with the null model analysis, which indicated that although stochastic drift
predominated overall, deterministic environmental filtering directly shaped the unique community
structure of the CSG group.

Discussion

Fruit ripening in medicinal plants involves concurrent physiological changes in the host and interactions
with endophytic fungi, and the host—fungus symbiosis can synchronously regulate plant stress tolerance
and metabolic capacity. This study examined the dynamic co-evolutionary relationship between
endophytic fungal community composition and metabolite accumulation during fruit development in the
medicinal cash crop S. grosvenorii. The results showed that the signature metabolic differences
distinguishing immature from mature fruit are closely coupled with the stage-specific succession of
endophytic fungal communities.

The dynamic accumulation of primary and secondary metabolites during fruit development is a critical
indicator of physiological maturation and quality formation, and it also constitutes the material basis for
establishing the endophytic microenvironment and regulating microbial colonization and community
succession. The four categories of metabolites measured here exhibited distinctly different
accumulation curves across the developmental cycle. Total flavonoid content peaked at the young fruit
stage and then declined continuously, consistent with the established view that flavonoids accumulate
abundantly in young tissues to constitute chemical defense [21]. However, the extent and rate of
flavonoid decline in S. grosvenorii were notably pronounced, differing markedly from the peak
accumulation patterns reported in fleshy fruits such as grape during rapid growth and ripening [22, 23].
This discrepancy may reflect the fact that cucurbitane-type triterpenoid glycosides (mogroside V) serve
as the predominant secondary metabolites at the mature stage, accompanied by a substrate
competition-driven shift of the carbon skeleton from the phenylpropanoid pathway to the mevalonate
pathway [24, 25]. This shift in metabolic flux offers a physiological explanation for the rapid decline in
flavonoid content at maturity, and it suggests that the host may transition from broad-spectrum
flavonoid-based defense to a targeted chemical ecological defense mediated by triterpenoid glycosides
during development. Mogroside V is highly accumulated at the mature stage, yet its ecological function
has long been overlooked. Recent studies have revealed that plant glycosides, in addition to their roles in
storage and defense, can serve as selective growth substrates for rhizosphere and endophytic
microorganisms [26]. Moreover, the strong positive correlation between proteins and mogroside V at
maturity suggests a possible synergistic effect: proteins provide a nitrogen source for microbial
proliferation, while the deglycosylated metabolites of mogroside V release carbon signals, together
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establishing a symbiotic microenvironment highly favorable to specific microorganisms. This hypothesis
provides a clear entry point for subsequent functional validation. Compared with other metabolites,
water-soluble sugars fluctuated relatively little throughout development, with a transient increase at the
DG stage reflecting a temporary imbalance between polysaccharide hydrolysis and sucrose
accumulation [27]. As a general basal carbon source, water-soluble sugars have weaker indicative value
for distinguishing community characteristics across stages than proteins and mogroside V;
nevertheless, their marked accumulation at maturity indirectly supports the view that the endophytic
fungal community of S. grosvenorii is finely regulated by carbon and nitrogen metabolites.

The structural succession of endophytic fungal communities along the developmental timeline is not
merely a passive response to changes in the host environment, but a composite ecological process
driven jointly by active host selection, intra-community assembly, and interspecific interactions [28, 29].
Here, endophytic fungal diversity followed a dynamic pattern of initial decrease and later increase during
development, peaking at maturity, a phenomenon also observed in Rubus idaeus and Malus domestica
fruit [30, 31]. This may reflect the abundant nutrients in mature fruit, such as sugars, proteins, and amino
acids, which provide favorable conditions for microbial colonization and the accumulation of community
diversity [32]. It also indicates that high concentrations of specific secondary metabolites can override
the conventional relationship between developmental stage and microbial diversity [30]. From an
ecological perspective, the host does not passively allow random microbial colonization during
development, but actively modulates microbial interactions to meet growth requirements, a process
facilitated by core microbiota hubs that maintain plant health and mediate nutrient metabolism [33]. At
the early expansion stage, the endophytic fungal community declined, which may be associated with
rapid fruit enlargement during which carbon—nitrogen metabolic flux is substantially redirected, total
flavonoid content declines markedly, and soluble proteins and mogroside V have not yet been
extensively synthesized. This creates a temporary niche vacuum arising from a gap in nutrient
substrates. The colonization and persistence of host-selected endophytic fungi are co-determined by
deterministic mechanisms such as environmental filtering and by stochastic processes. Plant
developmental stage is a key factor governing microbial community assembly; plant-secreted signaling
molecules can recruit and enrich functional microorganisms, while seasonal environmental factors such
as air and rainfall also influence colonization [33]. Here, stochastic processes exerted the most
pronounced influence on fungal community assembly throughout fruit growth, whereas deterministic
processes had a relatively strong impact only before maturation. This may reflect the fact that fruit
defense barriers are not yet fully established during early development, leaving the fruit susceptible to
external environmental influences while internal metabolites are still accumulating. Nevertheless, the
available data cannot quantitatively delineate the specific contributions of environmental factors to
within-fruit community assembly, and this warrants further investigation.

The association between metabolites and endophytic fungal communities is a key link in deciphering

how host physiological state translates into microbial community structure. Plants can actively shape

the composition and function of their symbiotic microbial communities through chemical pathways,

including root exudates, volatile organic compounds, and tissue-accumulated metabolites [16, 34, 35].
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Here, correlation analyses explicitly linked specific microbial taxa to the accumulation of key
metabolites. Gibberella, Nigrospora, Phaeosphaeriopsis, Epicoccum and Cladosporium showed significant
positive correlations with soluble proteins and mogroside V, while Curvularia showed significant positive
correlations with total flavonoid content, suggesting that these fungi may participate in promoting or
stabilizing the accumulation of these bioactive compounds. For instance, Zhang et al. isolated two novel
bicyclic sesquiterpenes from Nigrospora sp. E121 [36], and Yuan et al. isolated four unprecedented
tremulane-type sesquiterpenes from the mangrove-derived endophytic fungus Phaeosphaeriopsis sp.
P11 [37]. These terpenoid-producing genera synthesize terpene precursors via the mevalonate (MVA)
pathway, which are then catalyzed by modifying enzymes such as terpene synthases (TPS) and
cytochrome P450 monooxygenases (CYP450) to generate structurally diverse terpenoids [38-40].
Gibberella, Nigrospora, Phaeosphaeriopsis, and Cladosporium represent key endophytic fungal taxa in S.
grosvenorii, and because mogroside V, the primary bioactive component, is a triterpenoid, its
transformation and biosynthesis may be associated with endophytic fungi. Furthermore, genera such as
Curvularia and Exserohilum can transform or produce flavonoids: Harwoko et al. demonstrated that
Epicoccum nigrum can biotransform plant flavonoids such as kaempferol [41], and Liu confirmed that
Curvularia inaequalis can produce flavonoids [42]. In addition to their roles in terpenoid and flavonoid
transformation and synthesis, these endophytic fungi produce polyketides, alkaloids, lactones,
cytochalasans, isocoumarins, and other pharmaceutically relevant compounds [43-45], and some
function as biocontrol agents against plant pathogens [46]. The high abundance and enrichment of
these core fungal genera in fruit therefore suggest that they may play an important functional supporting
role in the accumulation of host terpenoids and flavonoids through structural modification or
homeostatic maintenance.

Conclusion

In summary, this study clarified the core associations between metabolites and endophytic fungal
communities during S. grosvenorii fruit development. The temporal progression of fruit development
regulates the stage-specific accumulation of total flavonoids, water-soluble sugars, soluble proteins, and
mogroside V, producing differentiated microenvironments that drive dynamic succession in the diversity,
structure, and dominant taxa of endophytic fungal communities. Stochastic drift predominates in
community assembly, while the balance between deterministic and stochastic processes is modulated
by fruit development, with metabolites likely serving as key mediators of this regulation. Soluble proteins
and mogroside V, as core metabolic factors, directionally regulate the fungal community structure at
maturity and constitute the central linking hubs of the metabolite—microbiome interplay. These findings
refine the theoretical framework of fruit—microbe interactions in S. grosvenorii, clarify the mechanisms
by which metabolites drive fungal community succession, and provide a theoretical basis for improving
fruit quality through the regulation of fruit development and optimization of metabolite accumulation.
This work also serves as a reference for future studies of endophytic microorganisms in other vine-borne
fruits.
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Methods
Plant material and sampling

The Siraitia grosvenorii samples used in this study were derived from a single virus-free tissue-cultured
plantlet selected by the Institute of Chinese Medicinal Materials, Guangxi Academy of Specialty Crops.
The plants were trial-planted in Lingui District, Guilin City, Guangxi Zhuang Autonomous Region, China
(25°23'57"N, 110°2'50"E), which is one of the major production areas for S. grosvenorii. To ensure
randomness, samples were collected during the summer and autumn of 2022 at four developmental
stages: young fruit (RG, 3-5 days), early expansion (DG, 20-25 days), green fruit (QG, 50-55 days), and
mature fruit (CSG, 80—85 days). Four biological replicates were collected from each of three plots within
the production area. For each replicate, fruits were sampled from five individual plants, with several fruits
taken per plant. Adjacent sampling areas were separated by a minimum distance of 3 m, and all
collections were conducted between 9:00 and 10:00 a.m. at approximately the same location. Fruits
were picked with sterile gloves, placed into sterile bags, and stored on ice (+ 4°C) for transport and
subsequent processing.

Within 24 h of harvest, fruits were surface-sterilized following the protocol described by Nguyen et al.
[47] to remove contaminants from the peel. For each replicate, approximately 60 fruits were pooled and
processed together. After surface sterilization, fruits were sampled with a sterile biopsy punch and
placed into sterile 50 mL conical tubes, then stored at - 80°C until lyophilization. Lyophilized samples
were ground into fine powder under cold sterile conditions using a mortar and pestle. From each pooled
sample, 1 g aliquots were taken for DNA extraction and subsequent sequencing, and the remainder was
used for metabolite analysis. For metabolite analysis, the pooled samples (excluding those intended for
lyophilization) were oven-dried and ground into powder.

DNA extraction, library construction, sequencing, and data
processing

Total genomic DNA of the microbial communities was extracted using the E.Z.N.A.® Soil DNA Kit
(Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s instructions. After quality
assessment, purity determination, and concentration measurement, qualifled DNA samples were used
as templates for PCR amplification of the ITS region with the primers ITS1F (5-
CTTGGTCATTTAGAGGAAGTAA-3") and ITS2R (5-GCTGCGTTCTTCATCGATGC-3'). The PCR reaction
mixture (20 pL) consisted of 10 pL of 5x Pro Taq, 0.8 pL of each primer (5 pmol-L-"), and template DNA
at 10 ng-uL~", adjusted to 20 pL with sterile water. The amplification program was: initial denaturation at
95°C for 3 min; 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at
72°C for 45 s; a final extension at 72°C for 10 min; and a hold at 4°C.
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PCR products were used to construct sequencing libraries with the NEXTFLEX® Rapid DNA-Seq Kit.
Library construction included: (1) adapter ligation; (2) removal of adapter-self-ligated fragments by
magnetic bead-based selection; (3) enrichment of library templates by PCR amplification; and (4)
recovery of PCR products with magnetic beads. Sequencing was performed on the lllumina PE300
platform (Shanghai Majorbio Bio-pharm Technology Co., Ltd., China).

Chemical profiling of metabolites

Water-soluble sugar content was determined by the anthrone colorimetric method [48], soluble protein
content by the Coomassie Brilliant Blue method [48], total flavonoid content by the AICI; colorimetric
method [49], and mogroside V content by high-performance liquid chromatography (HPLC) [50]. Each
sample was assayed in triplicate, and the means were calculated.

Statistical analysis

Statistical processing of the measured metabolite data was performed using Microsoft Excel 2016, and
graphical representations were generated with GraphPad Prism 10.1.2 and Raincloud-shiny. Partial data
analyses were performed on the Majorbio Cloud Platform (https://cloud.majorbio.com). Operational
taxonomic units (OTUs) were clustered at a 97% similarity threshold using UPARSE [51]
(http://drive5.com/uparse/, version 7.1). Alpha diversity indices, including Chao1 and Shannon, were
calculated with mothur [52] (http://www.mothur.org/wiki/Calculators). Principal coordinate analysis
(PCoA) based on the Bray-Curtis distance was used to examine the similarity of microbial community
structures among samples, and permutational multivariate analysis of variance (PERMANOVA) was
used to test for significant differences among groups. The Kruskal-Wallis rank sum test was used to
analyze differences in fungal communities among groups. Phylogenetic-bin-based null model analysis
(iCAMP) was used to infer community assembly mechanisms. The Mantel test, based on the Bray-Curtis
distance, was used to investigate the correlation between community distance matrices and
metabolites. Species for correlation network analysis were selected based on Spearman correlation
coefficients (|r] > 0.6, p < 0.05) [53]. Redundancy analysis (RDA), which combines correspondence
analysis with multiple regression, was used to investigate the relationships between metabolites and
fungal communities.
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Figure 1

Fruit Morphology and Metabolite Contents of S.grosvenorii at Different Developmental Stages. A, Fruit

morphology at different developmental stages. B, Total flavonoid content. C, Water-soluble sugar
content. D, Soluble protein content. E, Mogroside V content.
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Figure 2

Endophytic fungal diversity in S. grosvenorii at different developmental stages. A, a-diversity index
analysis. B, B-diversity analysis: principal coordinate analysis (PCoA). Asterisks indicate statistically
significant differences in pairwise comparisons among developmental stages; the same applies below.
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Figure 3

Composition analysis of endophytic fungal communities in S. grosvenorii at different developmental
stages. A, Venn diagram of shared and unique OTUs. B, stacked bar chart of dominant fungal families. C,
bar chart of the Kruskal-Wallis H test for dominant fungal genera. D, alluvial diagram of dominant fungal
species.

Page 22/24



DL DR HoS HD HeS
250
200 sokok
3 sokk ° !
% T
4 ok
% 190 ri! f ****** 1 skokok skokk kkk
E . sokok X —_— l—: ok _ x« " — ]
2. 100 N e ' . - . —_— ' .
E — Kk " !
g f ! Hokok
2 50 T - : '
) +
)
m
o- £ = I
- - — —_— — é — —
-50

T T T T T T T T T T T T T T T T T T
CSG QG DG RG CSG QG DG RG CSG QG DG RG QG

0.19%

1.07%
1.58%
& / 231%
31.33%
24.76%
CSG QG

Figure 4

@ HoS: Homogeneous selection
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iCAMP analysis at the fungal genus level across developmental stages of S. grosvenorii.
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Figure 5

Association analysis between metabolites and fungal communities in S. grosvenorii at different
developmental stages. A, Mantel test and combined correlation analysis. B, correlation heatmap
between fungal genera and metabolites. C, redundancy analysis (RDA) ordination plot between fungal
species and metabolites. TF, total flavonoids; WSS, water-soluble sugars; SP, soluble proteins.
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