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Abstract: Intercropping is a promising strategy for sustainable medicinal plant cultivation, but
its impact on plant-microbe interactions remains poorly understood. This study investigated the
influence that intercropping giant lily (Cardiocrinum giganteum) with bamboo (BG), Chinese fir (FG),
and mixed forests (MG) had on the giant lily metabolome and microbiome compared to a monoculture
control (GG). Metabolomic analysis revealed that BG significantly increased the accumulation of
terpenoids (e.g., yucalexin B22, 19.39-fold), alkaloids (e.g., anabasine, 2.97-fold), and steroids (e.g.,
O-acetyl-lariciresinol, 4.49-fold), while MG induced the production of stress-related metabolites
(e.g., aflatoxin G2, 128.62-fold), and FG enhanced nitrogen metabolism (e.g., putrescine, 2.47-fold).
Intercropping altered the rhizosphere and endophytic microbial communities, with BG enriching
beneficial bacteria (e.g., Acidobacteria and Alphaproteobacteria) and FG promoting symbiotic fungi
(e.g., Serendipita and Xylariales). Network analysis revealed strong correlations between specific
microbial taxa (e.g., Bacillus and Ceratobasidiaceae) and key metabolites (e.g., norpandamarilactonine
A, methylgingerol), indicating their potential roles in shaping the metabolic profiles of giant lily. These
findings highlight the complex interplay between intercropping systems, microbial communities,
and medicinal plant metabolism and provide a basis for developing targeted cultivation strategies to
enhance the production of bioactive compounds in giant lily and other medicinal plants.

Keywords: giant lily; intercropping; agroforestry; rhizosphere microbiome; endogenous microbiome;
secondary metabolites

1. Introduction

The intricate and dynamic relationships between plants and their associated microor-
ganisms play a pivotal role in the formation of terrestrial ecosystems, in the promotion
of global biodiversity, and in the enhancement of agricultural productivity [1,2]. This
dynamic relationship has evolved over millions of years, and the complex interactions
between plants and microorganisms have a profound impact on plant health. Rhizosphere
microorganisms and endogenous bacteria community involved in plant nutrient cycling
and access enhance resistance, adjusting the synthesis of secondary metabolites [3]. Certain
rhizobia facilitate phosphorus solubilization and nitrogen fixation, whereas endophytic
fungi enhance the synthesis of plant defense compounds [4]. It is therefore imperative to
gain an understanding of these complex interactions if sustainable agricultural practices
are to be developed and the cultivation of economically important plants, in particular
medicinal species, is to be optimized. The complicated relationship between plants and
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microbes in the context of medicinal plants is of special significance given the critical im-
portance of the production of bioactive compounds in these crops. Microbes can promote
the growth of medicinal plants and their resistance through a variety of mechanisms, the
most important of which is to promote the synthesis of therapeutic compounds, including
the production of plant hormones, thereby enhancing dissolved nutrients and regulating
plant gene expression [5,6]. The endophytic association between Dictyophora indusiata and
Bacillus aryabhattai stimulated production of growth-promoting metabolites (lysoPC 18:1
and dihydrobenzofuran) in sugarcane roots, enhancing both crop yield and flavonoid
metabolism during endophytic phenotype development [7]. Arabidopsis root triterpenes
(thalianin, thalianyl fatty acid esters, and arabidin) exert a selective influence on the root
microbiome, providing carbon sources for specific bacteria through metabolic breakdown
(e.g., thalianyl fatty acid esters to palmitic acid) or inhibiting the growth of other bacteria [8].
Understanding and using plant and microbial interactions can significantly increase the
yield and quality of medicinal plants and enhance their therapeutic potential.

Intercropping, the practice of growing multiple crops in a single field, has emerged as
an effective way to harness plant-microbe interactions to increase agricultural productiv-
ity and sustainability. The benefits of intercropping have been demonstrated for several
farming systems. For example, research shows that a corn, soybean, peanut, and cotton
intercropping system can strengthen the soil nutrient cycle, promote ecosystem diversity,
and promote crop growth and soil health by altering the microbial community [9]. Inter-
cropping can enhance the interaction between plants and microbes, resulting in increased
crop yields and soil quality, thereby reducing the need for fertilizer and pesticide inputs.

Recent studies have indicated that intercropping medicinal plants in agroforestry
systems has the potential to improve the yield and quality of the target species. For instance,
Wang et al. [10] illustrated that intercropping Panax notoginseng with tree species not only
promoted biomass accumulation and reduced disease occurrence but also increased saponin
concentration through alterations in soil metabolites. Similarly, Duan et al. [11] reported
that intercropping P. notoginseng with ryegrass and red clover resulted in a notable increase
in ginsenoside content and facilitated the access of beneficial bacteria to the rhizosphere.
It has been proven that intercropping legumes can improve soil quality and tea quality
in tea plantations by regulating rare bacterial communities [12]. These findings highlight
the potential of intercropping as an optimization strategy for medicinal plant cultivation
in agroforestry.

Giant lily (Cardiocrinum giganteum) is a cash crop with dual medicinal and edible
uses. Revered for their massive stature and showy flowers, giant lily has been used
to treat a variety of diseases, including respiratory, cardiovascular, and inflammatory
conditions. Thus, it is an optimal candidate for integration into agroforestry systems.
Recent phytochemical studies have revealed that giant lily is a rich source of bioactive
compounds, including steroidal saponins, polysaccharides, and flavonoids, with a range of
pharmacological activities [13-15]. However, the effects of intercropping on the giant lily
metabolome and microbiome remain to be fully elucidated, particularly in the context of
agroforestry systems.

As a comprehensive database of features, the metabolome effectively reflects distur-
bances to plants due to their environment and plants” adaptive response to intercropping
conditions [16]. Microbes influence key processes, including nutrient cycling, disease resis-
tance, and specialized metabolite biosynthesis, and these microbial-metabolite interactions
are critical for optimizing medicinal plant cultivation in agroforestry systems [17]. This is
particularly true for giant lily because the impact of understory intercropping on its micro-
biome, metabolome, and medicinal potential in different forest systems remains unknown.
It is imperative to fill this knowledge gap to facilitate the development of sustainable
cultivation methods that can optimize the production of bioactive compounds in giant lily
and other valuable medicinal plants.

This study had three objectives: (1) to characterize the rhizosphere and endophytic mi-
crobial communities associated with giant lily in different intercropping systems; (2) evaluate
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the response of the giant lily to different systems of intercropping; (3) to explore the po-
tential interactions between the microbiome and metabolome of giant lily under different
intercropping systems.

2. Materials and Methods
2.1. Study Area and Sample Collection

The research site is situated in Jianxin Village, Jiangdi Township, Longsheng Au-
tonomous County, Guilin City, Guangxi Zhuang Autonomous Region, China (110°24’ E,
25°80’ N) (Figure S1). The region is characterized by a subtropical monsoon climate, with
an altitudinal range of 845-850 m above sea level. The area receives an average annual
precipitation of 1500-2400 mm and enjoys 1670 h of sunshine per year. The average annual
temperature is 18.1 °C, with extreme temperatures of 4.8 °C and 39.5 °C recorded. The
frost-free season extends for approximately 314 days. The terrain exhibits a typical karst
topography, and the soil is classified as Haplic Lixisols according to the World Reference
Base for Soil Resources, 4th edition (2022). To investigate the influence of different inter-
cropping systems on the rhizosphere microbial communities, endogenous bacteria, and
bulb metabolites of the medicinal plant giant lily, four intercropping arrangements were
established within 400 m? experimental plots: giant lily intercropped with natural stands
of Moso bamboo (Phyllostachys edulis) (BG), with a Chinese fir (Cunninghamia lanceolata)
forest stand (FG), and with a bamboo-fir mixed forest (MG). Additionally, a 400 m? forest
gap was used for giant lily intercropping (GG) as a control treatment, simulating a mono-
culture system. Each intercropping system was designed to ensure consistent sampling
and comparison conditions, with giant lily planted at a density of three plants per square
meter. The giant lily plants were three years old at the time of sampling. The experimental
plots were situated on slopes with inclinations ranging from 23° to 29°, and the study area
has been under uniform forest management practices for over a decade.

In August 2024, when the giant lily reached maturity, six three-year-old plants were
randomly chosen from each plot and pooled into a single sample. This process resulted
in a total of 24 individual samples (4 systems Xx 6 replicates). Rhizosphere samples were
collected by carefully removing the soil clinging to the roots and passing it through a
2.0 mm sieve to remove plant debris and rocks. The samples were subsequently stored
at —80 °C for later biodiversity analysis. The harvested bulbs were preserved in liquid
nitrogen to facilitate metabolite detection and endophytic microbial diversity analysis.

2.2. DNA Extraction and Sequencing

DNA extraction and quantification were performed on rhizosphere soil and plant bulb
samples using the Magnetic Soil and Stool DNA Kit (DP712-02, TIANGEN, Beijing, China)
and the TTANamp Bacteria DNA Kit (DP302-02, TTANGEN, Beijing, China), respectively,
following the manufacturer’s instructions. The extracted DNA was quantified using
a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA). PCR amplification targeted the
V3-V4 region of the 165 rRNA gene in rhizosphere soil bacteria using the primers 341F
(5'-CCTACGGGNGGCWGCAG-3') and 805R (5'-GACTACHVGGGTATCTAATCC-3') [18],
the V4 region of the 165 rRNA gene in plant bulb endophytic bacteria using the primers 515F
(5-GTGYCAGCMGCCGCGGTAA-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3') [19],
and the ITS2 region in both rhizosphere soil and plant bulb fungi using the primers ITS1FI2
(5'-GTGARTCATCGAATCTTTG-3') and ITS2 (5'-TCCTCCGCTTATTGATATGC-3') [20].
The PCR conditions included pre-denaturation at 98 °C for 30 s, followed by 32 cycles of
denaturation at 98 °C for 10 s, annealing at 54 °C for 30 s, extension at 72 °C for 45 s, and
a final extension at 72 °C for 10 min. The amplified PCR products were purified using
AMPure XT Beads (Beckman Coulter Genomics, Danvers, MA, USA) and quantified using
a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA). The quality and quantity of the
amplicon libraries were assessed using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
CA, USA) and the Library Quantification Kit for Illumina (Kapa Biosciences, Wilmington,
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MA, USA). Finally, the libraries were pooled in equimolar amounts and sequenced on an
[Mlumina NovaSeq PE250 platform (Illumina, San Diego, CA, USA).

2.3. Metabolite Extraction and LC-MS Detection

The plant bulb samples were snap-frozen in liquid nitrogen and swiftly ground into
a fine powder to facilitate metabolite extraction. A 100 mg aliquot of the powdered
sample was subjected to extraction using 1 mL of pre-cooled 50% methanol, following the
manufacturer’s operating manual. The extraction mixture was vortexed for 1 min, allowed
to stand at room temperature for 10 min, and then stored overnight at —20 °C. The mixture
was centrifuged at 4000 g for 20 min, and the resulting supernatant was transferred to
a new tube and stored at —80 °C until LC-MS analysis. Metabolite detection was carried
out using a Vanquish Flex UHPLC system (Thermo Fisher Scientific, Bremen, Germany)
coupled with high-resolution mass spectrometers, including Q-Exactive, Q-Exactive plus,
and OE 120 (Thermo Fisher Scientific, Bremen, Germany). Chromatographic separation
was performed using an ACQUITY UPLC T3 column (100 mm x 2.1 mm, 1.8 pm, Waters,
Milford, MA, USA) maintained at 40 °C. The mobile phase consisted of solvent A (water
containing 5 mM of ammonium acetate and 5 mM of acetic acid) and solvent B (acetonitrile),
with a flow rate of 0.3 mL/min. The gradient elution conditions were optimized for each
sample type to ensure optimal separation and detection of metabolites.

2.4. Data Analysis

The acquired mass spectrometry data were preprocessed using XCMS software
(version 1.9) for peak picking, grouping, retention time correction, and annotation of
isotopes and adducts. Metabolite annotation was achieved by matching the exact molecular
mass data (m/z) of the samples with those from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Human Metabolome Database (HMDB), with a mass difference
threshold of less than 10 ppm. Further validation of the annotated metabolites was per-
formed using isotopic distribution measurements. Statistical analysis was conducted in
R 4.4.1, with raw metabolite intensities normalized using the median normalization method.
Hierarchical clustering was carried out using the pheatmap packages (version 1.0.12). Par-
tial least squares discriminant analysis (PLS-DA) was performed using the ropls package
(version 1.30.0), and variable importance in projection (VIP) values were calculated for
each variable. Pearson’s correlation coefficient from the cor package was used for correla-
tion analysis. Differentially abundant metabolites were identified based on the following
criteria: p < 0.05, fold change (FC) > 1.2, and VIP > 1, with all three conditions being
satisfied simultaneously. Hypergeometric test-based KEGG pathway enrichment analysis
was conducted on the differentially abundant metabolites (p < 0.05).

The 16S rRNA gene and ITS sequencing data were analyzed using the QIIME2 pipeline,
which involved quality filtering, merging of paired-end reads, removal of chimeras, and
generation of amplicon sequence variants (ASVs) using the DADA2 algorithm. Taxonomic
assignment was carried out using the QIIME?2 feature-classifier plugin with the SILVA (Re-
lease 138) and NT-16S (Release 20230718) databases for bacteria and the UNITE database
for fungi. Alpha diversity indices were calculated using QIIME2, and differences between
groups were determined using the Wilcoxon rank-sum test (p < 0.05). Beta diversity was
assessed using Bray—Curtis distances, followed by principal component analysis (PCA)
visualization using R package “ggplot2” (version 3.4.2). Linear discriminant analysis effect
size (LEfSe) was performed to identify differentially abundant taxa (Linear Discriminate
Analysis (LDA) score > 4.0, p < 0.05). Redundancy analysis (RDA) was selected based
on the gradient lengths (<3) of the first detrended correspondence analysis axis for both
bacterial and fungal communities to explore the relationships between the differentially
abundant metabolites and the microbial communities. Procrustes analysis was conducted
to correlate microbial community structure (Bray—Curtis distances) with metabolite profiles
(Euclidean distances) using R package “vegan” (version 2.6.4), with significance assessed
by Monte Carlo permutation test (999 permutations). The co-occurrence network anal-
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ysis was conducted by calculating Spearman’s rank correlations, retaining only robust
(Irl >0.9) and significant (p < 0.05) associations [21]. Networks were visualized using
Gephi 3.10.3 [22].

3. Results
3.1. Secondary Metabolites of Giant Lily Bulbs Under Different Intercropping Systems

PLS-DA revealed distinct metabolic profiles among the intercropping systems (p < 0.001),
with the first two components capturing 27.90% and 22.98% of the total variance, respec-
tively (Figure 1a,b). Heatmap analysis demonstrated clear segregation of metabolic profiles
across the intercropping systems. BG showed the greatest divergence from the GG control
system, while MG exhibited distinct patterns characterized by strong metabolite upreg-
ulation, particularly of carbohydrates and organic acids. FG showed the most focused
metabolic response, with selective upregulation of amino acids and nitrogen-rich com-
pounds such as guanylurea and L-tyrosine. Each system displayed characteristic metabolic
signatures, with BG showing notable upregulation of glycoside-containing compounds and
specialized metabolites. Metabolomic analysis of 356 metabolites revealed 62 differentially
abundant metabolites (p < 0.05) among the GG, MG, BG, and FG systems, suggesting dis-
tinct physiological adaptations (Figure 1c). GG exhibited the highest levels of lipid-related
compounds and octanol, while MG demonstrated the most extensive metabolic alterations.
These alterations in MG were characterized by increases in stress-related compounds such
as aflatoxin G2 (FC = 128.62), yucalexin B22 (FC = 54.43), and kaurenic acid (FC = 19.54), as
well as enhanced carbohydrate metabolism, with increased levels of trehalose (FC = 6.32)
and melibiose (FC = 4.29). BG also displayed substantial changes, with increases in stress-
related compounds, including yucalexin B22 (FC = 19.39), kaurenic acid (FC = 14.13), and
azoxy-2-procarbazine (FC = 12.14), along with enhanced lipid and amino acid metabolism
and moderate increases in carbohydrate metabolism. In contrast, FG exhibited balanced
metabolic reprogramming, with moderate changes in organic acid metabolism, amino acid
accumulation, and stress-related compounds accompanied by reduced lipid-related metabo-
lites. Secondary metabolism showed coordinated changes alongside primary metabolic
shifts, with system-specific accumulation patterns. Phenylpropanoids were highest in
MG, with increased levels of isoferulic acid (FC = 2.83), and they were reduced in FG
(FC =0.18). B-D-glucopyranoside derivatives exhibited variable responses across systems.
Nitrogen-containing compounds such as putrescine (FC = 2.47) were highest in BG. Specific
metabolic suppressions differed among systems, with MG showing decreases in nucleo-
sides such as 2’-deoxyadenosine (FC = 0.07). BG displayed reduced aromatic compounds,
including 2-phenylethanol (FC = 0.13) and methylgingerol (FC = 0.23), while FG exhib-
ited decreased lipid-derived metabolites such as SL 17:0,0/17:0,0 (FC = 0.07) and DGDG
0-9:0_2:0 (FC = 0.30).

Pairwise comparisons revealed additional metabolic differences, with the number of
differential metabolites ranging from 64 to 97 (Figure 2a—c; Table S1). Notable differences
included increased alkaloid (narcotoline, FC = 2.97; hupehenine, FC = 3.83) and steroid
metabolism (O-acetylsolasodine, FC = 4.49; 7a,12a-dihydroxy-cholestene-3-one, FC = 2.89)
in BG compared to GG. FG showed significant increases in amino acid derivatives (or-
nithine, FC = 5.41; pipecolate, FC = 4.45) compared to GG. In contrast, phenylpropanoids
(isoferulic acid, FC = 0.18) and some steroid derivatives (O-Acetylsolasodine, FC = 0.16;
solasodine, FC = 0.46) were decreased in FG compared to GG. KEGG pathway enrichment
analysis of the differential metabolites revealed ATP-binding cassette (ABC) transporters
as the most significantly enriched pathway, followed by biosynthesis of plant secondary
metabolites and central carbon metabolism (Figure 2d). The enriched pathways encom-
passed metabolism, environmental information processing, cellular processes, and genetic
information processing categories. Primary metabolic pathways included the tricarboxylic
acid (TCA) cycle and carbon fixation, while secondary metabolism predominantly involved
alkaloid biosynthesis, with notable representation of membrane transport systems.
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Figure 1. Effects of different intercropping systems on the secondary metabolism of giant lily bulbs.
(a) Partial least squares discriminant analysis (PLS-DA) score plot showing the metabolic profiles of
giant lily bulbs under different intercropping systems: bamboo-giant lily (BG), Chinese fir-giant lily
(FG), mixed forest-giant lily (MG), and forest gap-giant lily (GG). (b) Permutation test for PLS-DA
model validation. (c¢) Heatmap displaying the relative abundance of differentially accumulated

metabolites among the four intercropping systems.
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Figure 2. Effects of different intercropping systems on the secondary metabolism of giant lily
bulbs. (a—c) Volcano plots illustrating the differentially abundant metabolites. (d) KEGG pathway
enrichment analysis of the differentially abundant metabolites.

3.2. Effects of Intercropping Systems on Rhizosphere and Endophytic Microorganisms of Giant Lily

High-throughput sequencing of 96 samples generated 7,993,949 raw reads (aver-
age 83,270 reads/sample). Analysis at a 97% sequence similarity threshold identified
3665 fungal and 8328 bacterial endophytic ASVs. Rhizosphere soil exhibited higher micro-
bial diversity, containing 40,624 bacterial and 7001 fungal ASVs, representing 4.88-fold and
1.91-fold increases compared to endophytic communities, respectively.

3.2.1. Variations in Microbial Community Diversity

Alpha diversity analysis revealed higher Shannon indices in the rhizosphere compared
to endophytic communities (Figure 3a—d). In the rhizosphere, bacterial and fungal diversity
peaked in GG and MG systems, respectively, while endophytic bacteria showed the highest
diversity in FG. All between-system differences were significant (p < 0.05) except for
those of endophytic fungi. PCA demonstrated distinct clustering patterns in bacterial and
fungal communities across systems (p = 0.001). Principal coordinate analysis revealed
distinct microbial community compositions between systems (Figure 3e,f). The bacterial
communities showed clear separation (77.85% variation explained), with BG and GG
assemblages clustering together but distinct from FG, while MG exhibited the greatest
compositional divergence. Similarly, fungal community ordination (49.29% variation
explained) demonstrated that GG assemblages were clearly differentiated from other
systems, whereas FG and BG shared similar community structures, and MG occupied an
intermediate position.
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“*” shows at p < 0.05, “**” shows at p < 0.01.

3.2.2. Dominant Microbial Communities of Giant Lily in Different Intercropping Systems

Taxonomic profiling revealed compartment-specific microbial compositions (Figure 4).
The rhizosphere bacterial community comprised three major phyla: Proteobacteria (25.45%),
Planctomycetota (19.79%), and Acidobacteriota (16.37%), with unclassified Gemmataceae
representing the most abundant genus (9.19%). Rhizosphere fungi were predominantly
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Ascomycota (59.79%) and Basidiomycota (32.33%), with Cryptococcus (13.91%) and unclassi-
fied Ascomycota (7.28%) as the dominant genera. Endophytic bacterial communities showed
strong dominance of Proteobacteria (68.62%) and Cyanobacteria (22.35%), with unclassified
Chloroplast sequences (22.33%) and Burkholderia-Caballeronia-Paraburkholderia (13.59%) as the
major genera. The endophytic fungal community was dominated by Ascomycota (68.40%)
and Basidiomycota (30.51%), with four abundant genera: Gibberella (14.88%), Ceratobasidium
(10.95%), unclassified Xylariales (10.55%), and unclassified Ascomycota (10.46%).

a b
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Figure 4. Microbiota of rhizosphere and endophytes. (a) Relative abundance of bacterial phyla in
the rhizosphere and endosphere. (b) Relative abundance of bacterial genera in the rhizosphere and
endosphere. (c) Relative abundance of fungal phyla in the rhizosphere and endosphere. (d) Relative
abundance of fungal genera in the rhizosphere and endosphere.

3.2.3. Differences in the Microbiomes of Giant Lily in Different Intercropping Systems

Kruskal-Wallis testing identified system-specific differences in microbial abundance
at the genus level (p < 0.05), with the endosphere containing 113 bacterial and 49 fungal
genera and the rhizosphere harboring 148 bacterial and 79 fungal genera with differential
abundance (Table S2). LEfSe analysis (LDA > 4.0) revealed distinct microbial signatures
across systems and compartments (Figure 5). In the rhizosphere, bacterial communi-
ties showed system-specific enrichments. In the case of BG, these enrichments were in
Acidobacteriota (Acidobacteriales) and Alphaproteobacteria (Elsterales, Rhizobiales with
Acidothermus); for GG, these were Methylomirabilota (Rokubacteriales), Latescibacterota,
and Nitrospirota (Nitrospiraceae); for MG, these were Planctomycetota (Gemmatales); and
for FG, Actinobacteriota was enriched. Fungal communities were distinguished by the
following: GG by Ascomycota (Nectriaceae: Fusarium, Nectria; Pleosporaceae: Dendryphion);
FG by Basidiomycota (Tremellomycetes: Cryptococcus, Trichosporon); MG by Zygomycota
(Mortierellaceae) and Nectriaceae (Ilyonectria); and BG by Ascomycota (Hypocreaceae,
Microascaceae). Endosphere bacterial communities were characterized by the follow-
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ing: MG by Burkholderiaceae (Burkholderia-Caballeronia-Paraburkholderia); GG by Sphin-
gomonadaceae (Sphingomonas), Rhizobiaceae (Rhizobium complex), and Oxalobacteraceae
(Duganella, Herbaspirillum); FG by Bacillaceae (Bacillus), Bradyrhizobiaceae, and Xanthobac-
teraceae; BG by Pseudomonadaceae and Chitinophagaceae. Fungal communities showed
distinct patterns: GG showed a patten of Cantharellales (Ceratobasidium); FG of Sebacinales
(Serendipita) and Xylariales; MG of Sordariomycetes (Gibberella) and Dothideomycetes; BG
of Helotiales (Acephala), Glomerellaceae, and unclassified Ascomycota.

3.3. Interactions Between Differential Microorganisms and Differential Metabolites

The Procrustes analysis reveals distinct patterns of microbial-metabolite relationships
across root compartments and crop systems (Figure 6). In the rhizosphere, FG and GG
systems consistently demonstrate stronger correlations between both bacterial and fungal
communities and metabolites, as evidenced by shorter distances and more parallel con-
figurations. Conversely, MG consistently shows the weakest coupling in the rhizosphere,
with longer distances and more divergent angles, indicating greater dissimilarity between
microbial and metabolite profiles. BG shows moderate coupling strength, with intermediate
distances and varying angles between microbial and metabolite configurations. In the
endosphere, the patterns of microbial-metabolite relationships are more variable across
crop systems. BG exhibits the strongest correlation in bacterial communities, with shorter
distances and more parallel configurations, while showing moderate coupling with fungal
communities. GG maintains consistent coupling in both bacterial and fungal communi-
ties, as indicated by stable distances and parallel configurations across microbial types.
However, FG shows a notable shift in the endosphere, with longer distances and more
divergent angles for both bacterial and fungal analyses compared to its rhizosphere results.
MG maintains weak correlations in the endosphere, particularly in fungal communities,
suggesting a persistent trend of decoupling between microbes and metabolites. Across all
comparisons, GG uniquely displays the most stable patterns, maintaining consistent dis-
tances and parallel configurations in both compartments and microbial types. In contrast,
MG consistently shows weaker correlations in most comparisons, with longer distances
and more divergent angles, indicating generally looser microbe-metabolite associations
across both compartments and microbial types. FG demonstrates compartment-specific pat-
terns, with stronger coupling in the rhizosphere but weaker associations in the endosphere.
BG shows microbial type-specific patterns, with stronger bacterial-metabolite coupling
compared to fungal-metabolite associations, particularly in the endosphere.

Rhizosphere bacteria—metabolite analysis revealed 3085 significant correlations (33.6%
of 9176 pairs; p < 0.05, FDR-corrected) comprising 1190 positive (38.6%) and 1895 negative
(61.4%) associations (Figure S2). Correlations spanned rho = 0.405-0.923 (median = 0.584,
IOR = 0.488-0.692). Glucopyranoside conjugate showed the most correlations (140; 42 positive,
98 negative) and the highest average strength (rho = 0.752), including 10 very strong
positive correlations (rho > 0.900) between Pajaroellobacter, on the one hand, and both WPS-
2_unclassified (both rho = 0.923) and Elsterales_unclassified (tho = 0.911). Solasodine followed
with 124 correlations (31 positive, 93 negative), while citric acid displayed a unique pattern
(91 positive, 26 negative).

Among rhizosphere fungi—metabolite pairs (4898), 2608 (53.3%) showed significant
correlations (1,603 positive, 1,005 negative), with an rho ranging from 0.405 to 0.930 (me-
dian = 0.655, IQR = 0.540-0.741) (Figure S3). Sordariomycetes—norpandamarilactonine A
exhibited the strongest correlation (rtho = 0.930), with 12 correlations exceeding rho > 0.900.
2-METHYL-3-HYDROXYETHYLENEPYRAN-4-ONE and B-D-Glucopyranoside each corre-
lated with 52 fungi, while Clavulinaceae and Sordariomycetes showed 55 correlations each.
Highest average correlations were observed for Helicobasidium (rho = 0.772), Platygloeales
(rho = 0.767), Ngaione (-) (rtho = 0.702), and norpandamarilactonine A (rho = 0.699).
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Figure 5. Linear discriminant analysis effect size (LEfSe) results of microbial groups in the rhizosphere
and endophytic bacteria of different intercropping systems. (a) Rhizosphere bacteria; (b) rhizosphere

fungi; (c) endophytic bacteria; (d) endophytic fungi.
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Figure 6. Procrustes analysis of microbial community composition and metabolic profiles in giant
lily across intercropping systems. (a) Rhizosphere bacteria; (b) rhizosphere fungi; (c) endophytic
bacteria; (d) endophytic fungi. The connecting line represents the vector residuals of the two sorted
configurations, which can be used to evaluate the variation between the two. A shorter connecting
line indicates a higher level of consistency between the two datasets.

Endophytic bacteria—metabolite analysis yielded 3043 significant correlations (43.4%
of 7006 pairs; 1427 positive, 1616 negative) spanning rho = 0.405-0.947 (median = 0.630,
IQR = 0.523-0.730) (Figure S4). Eleven very strong negative correlations emerged, with
Bacillus—norpandamarilactonine A strongest (rho = —0.947). Pyridoxine and L-tyrosine
showed the most correlations (82 and 81 bacteria; 56/26 and 27 /54 positive /negative ratios),
while Bacillus and Klebsiella each correlated with 58 metabolites. The highest average corre-
lations were observed for Sandaracinaceae and Niveibacterium (both rho = 0.702), Methyl-13-
hydroperoxy-delta9E,11E-octadecadienoate (rho = 0.692), and L-tyrosine (rho = 0.689).

Among 3038 endophytic fungi-metabolite pairs, 1593 (52.4%) correlated significantly
(794 positive, 799 negative), spanning rho = 0.405-0.969 (median = 0.642, IQR = 0.540-0.734)
(Figure S5). Sixteen correlations exceeded rho > 0.900 (14 negative), with Ceratobasidiaceae—
methylgingerol the strongest (rho = —0.969). -D-Glucopyranoside derivative and Ngaione
(-) each correlated with 32 fungi (9/23 and 8/24 positive /negative ratios), while Campy-
lospora and Chaetothyriales showed the highest correlation frequencies (57 each; 24 /33
and 23/34 positive /negative ratios). Pezizaceae demonstrated the highest average corre-
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6-Chloro-N-( 1-methy]%hyl)—1,3,5-(riazine-2,4-diamine

lation strength (rho = 0.756), followed by Solasodine (rho = 0.729), citric acid, anhydrous
(rho = 0.725), and Dendryphion (rho = 0.718).

To further investigate the organization and potential interactions among the strongly
correlated microbial taxa and metabolites, we conducted a network analysis focusing on
the 52 strong associations (Irhol > 0.90) (Figure 7a). The resulting scale-free network
consisted of 56 nodes comprising 25 metabolites, 20 rhizosphere microbes, and 11 endo-
sphere microbes. The network exhibited a clear compartment-specific organization, with
distinct correlation patterns and modularity. The rhizosphere sub-network was charac-
terized by a predominance of positive correlations (76%, 19/25 edges) centering around
specialized glycosides. In particular, 4-(2,6,6-trimethyl-4-oxo-2-cyclohexen-1-yl)-2-butanyl
beta-D-glucopyranoside emerged as the primary hub, with a degree of 11. Conversely, the
endosphere sub-network displayed a majority of negative correlations (81.5%, 22/27 edges).
Betweenness centrality analysis identified norpandamarilactonine A and endophytic Cer-
atobasidiaceae as key bridging components potentially playing crucial roles in mediating
interactions between the rhizosphere and endosphere communities. The network exhibited
significant modularity (11 communities, modularity = 0.68) and compartment-specific
correlation patterns (x> = 24.56, p < 0.001), suggesting a highly organized and specialized
structure of microbial-metabolite interactions within the medicinal plant.
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Figure 7. Interactions between differentially abundant microorganisms and differentially abundant
metabolites. (a) Co-expression network of differentially abundant microorganisms and differen-
tially abundant metabolites (| rho| > 0.90); (b) Redundancy analysis results of typical differentially
abundant microorganisms and differentially abundant metabolites.

Based on the network analysis, we selected 20 key microbial taxa for further inves-
tigation using RDA analysis (Table S3). These taxa included five each from rhizosphere
bacteria (e.g., Candidatus Solibacter, Rhodoplanes), rhizosphere fungi (e.g., Sordariomycetes,
Helicobasidium), endosphere bacteria (e.g., Bacillus, Klebsiella), and endosphere fungi (e.g.,
Ceratobasidiaceae, Tolypocladium). RDA analysis revealed that these 20 microorganisms col-
lectively explained 74.94% of the total variance in metabolite profiles across the investigated
systems (Figure 7b). Intriguingly, system-specific associations emerged, indicating dis-
tinct microbial assemblages and their potential functional roles under different conditions.
The BG system was characterized by the prevalence of soil-dwelling Sordariomycetes and
endophytic Sebacinales, while the FG system was dominated by endophytic Bacillus and
Klebsiella. The GG system exhibited strong associations with soil Proteobacteria, particularly
Pseudochrobactrum and Rhodoplanes. In contrast, the MG system was primarily linked to
specialized Basidiomycetes such as Helicobasidium and Entoloma. Fitting analysis confirmed
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significant correlations between 16 of the 20 differential microorganisms and the observed
metabolite profiles, underlining the potential importance of these microbial taxa in shaping
the metabolome of the medicinal plant under different system conditions.

3.4. Functional Analysis of Microorganisms and Secondary Metabolites

Functional analysis revealed compartment-specific metabolic pathway associations
between differential microorganisms and metabolites. While fungal communities in both
compartments showed no significant pathway overlap with metabolites, rhizosphere bacte-
ria shared 19 significant metabolic pathways, and endophytic bacteria shared 21 pathways,
with metabolites (Table S4). Both compartments exhibited common pathways involved
in fundamental metabolic processes, including ABC transporters, carbon metabolism (cit-
rate cycle, fructose and mannose metabolism, galactose metabolism, starch and sucrose
metabolism), and amino acid metabolism (alanine, aspartate and glutamate metabolism,
beta-alanine metabolism, histidine metabolism, phenylalanine metabolism, tyrosine
metabolism). The endophytic bacteria uniquely displayed bacterial chemotaxis and phos-
photransferase system (PTS) pathways, suggesting enhanced cellular communication and
substrate transport in the endosphere compartment, while sharing other basic metabolic
processes, such as aminoacyl-tRNA biosynthesis, cyanoamino acid metabolism, glyoxylate
and dicarboxylate metabolism, and methane metabolism, with the rhizosphere bacteria.

4. Discussion
4.1. Effects of Intercropping Systems on the Secondary Metabolites of Giant Lily

The practice of intercropping has been demonstrated to exert a pronounced influence
on the metabolic profiles and bioactive compounds of medicinal plants [23]. The findings of
this study demonstrate that the metabolic responses of giant lily in different intercropping
systems exhibit notable distinctions.

The BG system triggered specific terpenoid biosynthesis in the giant lily bulbs, with
dramatic increases in yucalexin B22 (FC = 19.39) and kaurenic acid (FC = 14.13) levels. The
increased accumulation of terpenoids under intercropping conditions may be a defense
response to biotic and abiotic stresses [24]. Moreover, the allocation of resources for ter-
penoid biosynthesis in the giant lily may represent an adaptive trade-off between growth
and defense, as observed in other plant species under resource-limited conditions [25]. The
BG system exhibited a significant increase in alkaloid content, with anabasine and lupinine
showing fold changes of 2.97 and 3.83, respectively, and enhanced steroid metabolism, as
evidenced by the accumulation of O-acetyllariciresinol (FC = 4.49) and 7a,12a-dihydroxy-
cholest-3-en-26-one (FC = 2.89) compared to the GG system. This particular accumulation
is ascribed to considerable enhancement of the MVA-mediated terpenoid backbone biosyn-
thesis and steroid biosynthesis pathways [26]. Research on Fritillaria hupehensis shows
that intercropping significantly increases steroidal alkaloid content, primarily through
the upregulation of key genes in alkaloid biosynthetic pathways and through enhanced
energy metabolism via oxidative phosphorylation [27]. These findings suggest that in-
creased steroid metabolism in the giant lily may contribute to its adaptation to the specific
ecological challenges posed by bamboo forests.

The MG system elicited a complex stress response, as indicated by the substantial accu-
mulation of aflatoxin G2 (FC = 128.62) and compatible solutes such as trehalose (FC = 6.32)
and melibiose (FC = 4.29). The enhanced accumulation of trehalose in giant lily under
the MG system is consistent with observations for P. notoginseng intercropped with Taxus
chinensis, where significant upregulation of trehalose-6-phosphate synthase and trehalose-6-
phosphate phosphatase was observed, leading to increased trehalose content and improved
stress tolerance [10]. These findings suggest that metabolic adaptations in giant lily under
the MG system are driven by the integrated effects of light and nutrient stress mediated by
the coordinated regulation of carbohydrate and secondary metabolite pathways [28].

The FG system induced a marked upregulation of nitrogen metabolism in giant lily,
as evidenced by a 2.47-fold increase in putrescine levels and significant enrichment of



Forests 2024, 15, 2201

15 of 22

the alanine, aspartate, and glutamate metabolism pathways. This metabolic response is
likely driven by elevated soil nitrogen availability under the coniferous canopy, similar
to how intercropping of peanuts with maize significantly increases the activities of ni-
trogen metabolism-related enzymes and the content of different amino acids in peanut
roots compared to monocropped controls [29]. Polyamines such as putrescine interact
with various metabolic pathways and influence plant growth and stress responses. For in-
stance, Shi et al. [30] found that the manipulation of arginase expression, which is involved
in putrescine biosynthesis, modulates ROS accumulation and abiotic stress tolerance in
Arabidopsis. The coordinated upregulation of nitrogen metabolism and putrescine accumula-
tion in giant lily highlights the intricate regulatory networks governing nitrogen utilization
efficiency and stress tolerance in medicinal plants under nitrogen-rich conditions [31].

The GG system exhibited a distinct metabolic profile characterized by the highest
levels of lipid-related compounds and octanol. As fundamental components of the plasma
membrane, lipids play a critical role in facilitating plant adaptation to abiotic stresses, and
studies have shown that these elevated levels may be due to competition for water and
nutrients in the intercropping environment [32]. The elevated octanol content may enhance
plant uptake and transport processes through its high octanol-water partition coefficient,
allowing binding to non-specific lipid transfer proteins and accumulation in membrane
lipids, thereby facilitating transport and storage of lipophilic compounds as part of stress
response mechanisms in competitive environments [33].

KEGG pathway enrichment analysis revealed that ABC transporters were the most
significantly enriched pathways in giant lily under different intercropping systems. ABC
transporters play crucial roles in the transport of secondary metabolites across membranes
and contribute to the accumulation and distribution of these compounds in plants [34]. The
biosynthesis of plant secondary metabolites was also significantly enriched in giant lily.
Duan et al. [27] observed a notable enhancement in the flavonoid and terpene biosynthetic
pathways in Fritillaria hupehensis as a consequence of intercropping with Magnolia officinalis.
The upregulation of these pathways was associated with an increased accumulation of
bioactive compounds, such as salvianolic acids and tanshinones, in intercropped S. mil-
tiorrhiza. Furthermore, the enrichment of central carbon metabolism pathways, such as
the TCA cycle and carbon fixation, highlights the importance of primary metabolism in
supporting the biosynthesis of secondary metabolites in giant lily under intercropping
systems. In a study on the effect of intercropping on the metabolic profile of P. notoginseng,
Wang et al. [10] observed significant upregulation of citrate synthase and malate dehydro-
genase, key enzymes in the TCA cycle, in the roots of P. notoginseng intercropped with Taxus
chinensis. This upregulation was positively correlated with increased accumulation of gin-
senosides, suggesting that enhanced central carbon metabolism supports the biosynthesis
of these bioactive compounds.

4.2. Differences in Diversity and Composition of the Microbial Community in Giant Lily

The composition and diversity of microbial communities associated with giant lily
varied significantly among the different intercropping systems, consistent with previous re-
search that revealed the significant influences of intercropping combinations on rhizosphere
fungal communities [35]. A comparison of microbial diversity between compartments
consistently showed higher Shannon indices in the rhizosphere than in endophytic com-
munities, consistent with the findings of Chen et al. [36] in the medicinal plant Rheum
palmatum. They attributed the higher rhizosphere diversity to abundant nutrients and com-
plex ecological interactions in the rhizosphere niche, supporting a more diverse microbial
community than the selective endophytic compartment.

The PCA demonstrated that bacterial communities exhibited stronger responses to
intercropping types than fungal communities, mirroring previous research findings [37].
In the giant lily rhizosphere, bacterial diversity was highest in the GG system, and fungal
diversity in the rhizosphere was highest in the MG system, which may be related to soil
properties and enzyme activity [38]. Proteobacteria, Planctomycetes, and Acidobacteria
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were the dominant bacterial phyla in the giant lily rhizosphere. Additionally, Zhu et al. [39]
discovered that Proteobacteria is the most abundant phylum in Rhizobium, and several
genera promote plant growth and are positively correlated with bioactive compound
content. The substantial presence of Planctomycetes and Acidobacteria suggests their
potential roles in nutrient cycling and organic matter decomposition, which may influence
carbon and nitrogen levels in the intercropping system [40]. Further evidence comes from
Delgado-Baquerizo et al. [41], who demonstrated positive correlations between these phyla
and soil organic carbon and total nitrogen contents in their global study of soil microbiomes.

The endophytic bacterial community exhibited a distinct taxonomic structure, with
Proteobacteria and Cyanobacteria being the dominant phyla. In many plants, the most
abundant phylum was Proteobacteria [42]. Previous studies have demonstrated that
cyanobacteria can facilitate plant photosynthesis and the conversion of atmospheric ni-
trogen dioxide into nitrogen compounds that plants can absorb and utilize [43]. Fungal
communities displayed distinct compositional patterns between compartments, with As-
comycetes and Basidiomycetes dominating both the rhizosphere and the endosphere, align-
ing with previous studies [44]. The marked differences in bacterial community composition
between the rhizosphere and endosphere compartments indicate strong host selection
processes, as demonstrated by You et al. [45] in their study on Schisandra sphenanthera,
where endospheric communities showed reduced diversity and distinct compositional
profiles. In contrast, the relative consistency in fungal community proportions between
compartments suggests lower host specificity, which may be due to the differential re-
sponse of microorganisms to environmental factors [46]. These contrasting patterns in
bacterial and fungal host specificity align with broader ecological observations; Li and Wu
documented greater bacterial community differentiation between intercropping systems
than between fungal communities [35]. This pattern was further substantiated by Song
et al. [47], who attributed differential responses to the selective influence of cultivation
practices on bacterial communities and the broader environmental adaptability of fungi.

The LEfSe analysis revealed distinct microbial enrichment patterns across different
intercropping systems in both the rhizosphere and endosphere compartments of giant
lily. In the rhizosphere, the BG system resulted in the enrichment of Acidobacteria and
Alphaproteobacteria. Previous studies have demonstrated that Acidobacteria are involved
in the degradation of complex organic compounds and nutrient cycling in the soil [48],
whereas Alphaproteobacteria includes many taxa capable of nitrogen fixation, phosphate
solubilization, and plant growth regulator production [49]. The FG system rhizosphere
was enriched with Chloroflexi and Actinobacteria. Research has shown that Chloroflexi
participate in organic matter degradation and carbon cycling in soil [50], and Actinobacteria
are known to produce various bioactive compounds, including antibiotics and plant growth
regulators [51]. In the MG system, Planctomycetes and Verrucomicrobia were enriched
in the rhizosphere. Studies have found that Planctomycetes are involved in ammonia
oxidation and nitrogen cycling [52], while Verrucomicrobia participate in polysaccharide
degradation and carbon cycling [53]. Rhizosphere fungal communities also showed system-
specific enrichment patterns. The BG system resulted in the enrichment of Ascomycetes
and Mortierellomycetes. Previous research has shown that while Ascomycetes includes
both pathogenic and beneficial fungi, many members can promote plant growth and sup-
press soil-borne pathogens [54], and Mortierellomycetes are involved in organic matter
degradation and nutrient cycling [55]. The FG system resulted in the enrichment of Basid-
iomycetes and Glomeromycetes. Studies have demonstrated that Basidiomycetes includes
many ectomycorrhizal fungi that can form symbiotic associations with plants [56], whereas
Glomeromycetes forms arbuscular mycorrhizal associations that can enhance nutrient
acquisition and stress tolerance [57].

In the endophytic compartment, the BG system showed enrichment of Firmicutes
and Deltaproteobacteria. Studies on Phlomoides rotata have found that abundance of these
endophytic bacterial systems correlates with flavonoid biosynthesis content [58]. The FG
system resulted in the enrichment of Gammaproteobacteria and Bacteroidetes. Previous
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research has indicated that an expansion in the population of these bacterial systems is
conducive to enhancing nutrient uptake by plants [59]. The MG system showed enrichment
of Actinobacteria and Planctomycetes, whereas the GG system showed enrichment of
Chloroflexi and Verrucomicrobia. Endophytic fungal communities also exhibited system-
specific patterns. The BG system enriches Ascomycota and Basidiomycota, and previous
studies have shown that these fungal systems can effectively produce exopolysaccharides
with multiple biological activities [60]. The FG system resulted in the enrichment of
Mucoromycetes and Mortierellomycetes. Research on Atractylodes macrocephala has found
negative correlations between these fungal systems and disease incidence and positive
correlations with plant biomass [61].

4.3. Potential Mechanism of Interaction Between Giant Lily Microbes and Metabolites

The plant-associated microbiome plays a crucial role in modulating medicinal plant
metabolism through various mechanisms such as nutrient acquisition, gene expression reg-
ulation, and the production of signaling molecules [62]. For instance, the endophytic fungus
Cladosporium tenuissimum DF11 induces the accumulation of tanshinones in S. miltiorrhiza by upreg-
ulating key biosynthetic genes [63], while the rhizosphere bacterium Pseudormonas brassicacearum
subsp. neoaurantiaca enhances tanshinone production in S. miltiorrhiza hairy roots by
increasing the expression of biosynthetic genes and the activities of key enzymes [64].

Procrustes analysis revealed distinct patterns of microbial-metabolite correlations
in the rhizosphere and endosphere of giant lily. In the rhizosphere, the FG and GG sys-
tems showed stronger correlations between the bacterial and fungal communities and
metabolites. Liu et al. [65] reported that intercropping B. chinense with maize increased
the diversity and abundance of beneficial rhizosphere bacteria, such as Bacillus and Pseu-
domonas, which positively correlated with saikosaponin accumulation. In contrast, the MG
system had the weakest correlations, possibly due to increased competition for resources
or changes in soil properties that are less favorable for specific microbial-metabolite in-
teractions [66]. Glucopyranoside conjugates, solasodine, and citric acid emerged as key
metabolites in the rhizosphere bacterial-metabolite associations. Kudjordjie et al. [67]
demonstrated that maize-synthesized benzoxazinoids affect rhizosphere microbiome as-
sembly and composition. Hou et al. [68] found that inoculation of Gentiana plants with
endophytic fungi led to significant changes in the root metabolome, including alterations
in secoiridoid and iridoid glycoside levels. Duan et al. [7] reported that intercropping
sugarcane with Dictyophora indusiata increases the accumulation of lysoPC 18:1 and di-
hydrobenzofuran in the sugarcane root system, thereby promoting sugarcane growth by
activating flavonoid metabolism. These studies demonstrate the complex interplay between
plant species, microbial communities, and environmental factors in shaping rhizosphere
microbial-metabolite associations.

The endosphere microbial-metabolite associations exhibit distinct patterns compared
to the rhizosphere, suggesting that the endosphere represents a unique niche for microbial-
metabolite interactions with potentially different driving factors and functional implica-
tions [69]. Mastan et al. [70] found that the endophytic fungi Fusarium redolens, Phiale-
moniopsis cornearis, and Macrophomina pseudophaseolina increased the forskolin content in
Coleus forskohlii by modulating key biosynthetic genes. Further evidence of endophyte—
metabolite relationships was demonstrated in Ephedra sinica, where distinct endophytic
communities between wild and cultivated plants were significantly correlated with the
differential production of bioactive compounds, including ephedrine, pseudoephedrine,
and flavonoids such as kaempferol and rhamnetin [71]. These findings underscore the
potential of endophytic microorganisms to produce unique bioactive compounds that
influence plant metabolism.

Network analysis revealed compartment-specific patterns in the organization and
modularity of microbial-metabolite interactions. The rhizosphere subnetwork showed pre-
dominantly positive correlations centered around specialized glycosides as primary hubs,
which is consistent with previous findings [72]. In contrast, the endosphere sub-network
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was dominated by negative correlations, with norpandamarilactonine A endophytic Cera-
tobasidiaceae as key bridging components potentially mediating rhizosphere—endosphere
interactions, similar to observations by Ren et al. [73] in Scrophularia ningpoensis. These find-
ings provide insights into the factors that influence medicinal plant quality and bioactivity,
suggesting potential synergistic effects on the rhizosphere and competitive interactions or
the ability of endophytic microbes to modulate plant gene expression in the endosphere [68].

RDA and fitting analysis revealed the significant influence of specific microbes on the
giant lily metabolome and the potential for targeted microbial intervention. The differential
metabolites in the BG system were more closely associated with Sordariomycetes and
Sebacinales, which are known for their diverse secondary metabolite production and
roles in plant nutrient acquisition and stress tolerance [45]. The unique metabolic profile
of the FG system was strongly correlated with the presence of Bacillus and Klebsiella,
microorganisms recognized for their plant growth-promoting effects and roles in nitrogen
fixation and phosphate solubilization [38]. In the GG system, the differential metabolites
exhibited a close relationship with Proteobacteria, particularly Pseudochrobactrum and
Rhodoplanes, which are known for their metabolic versatility and roles in organic matter
decomposition and nutrient cycling [36]. However, functional redundancy among microbial
taxa should also be considered because some microorganisms may share similar traits or
occupy similar niches [74].

Functional analyses revealed compartment-specific metabolic pathway associations
between different microorganisms and metabolites in giant lily, with bacterial communities
exhibiting a closer functional link to plant metabolism than fungal communities [7]. Both
compartments exhibited common pathways involved in fundamental metabolic processes,
suggesting a functional overlap and complementarity between rhizosphere and endo-
sphere bacteria [75]. Endophytic bacteria display unique chemotaxis and PTS pathways,
reflecting their adaptation to the endospheric microenvironment [46]. Significant associa-
tions between bacterial communities and pathways related to central carbon metabolism,
amino acid biosynthesis, and secondary metabolite production suggest that they play
important roles in modulating primary and specialized plant metabolism [46]. The lack of
significant pathway associations in fungal communities may reflect a more generalist or
complementary role for fungi in medicinal plant microbiomes [76].

5. Conclusions

This study revealed the significant influence of intercropping systems on the metabolic
and microbial profiles of giant lily in an agroforestry context. The metabolomic analysis
identified 62 differentially abundant metabolites shared among the four intercropping
systems. The BG system notably increased the accumulation of bioactive compounds such
as terpenoids, alkaloids, and steroids. The MG system induced a complex stress response
characterized by the accumulation of stress-related metabolites and the upregulation of
carbohydrate metabolism. The FG system enhanced nitrogen metabolism, as evidenced
by the increased accumulation of compounds such as putrescine and the enrichment of
alanine, aspartate, and glutamate metabolic pathways. The GG system contained the
highest levels of lipid-related compounds and octanol. These metabolic changes were
accompanied by compartment-specific shifts in bacterial and fungal communities. In the
rhizosphere, bacterial diversity peaked in the GG system, whereas fungal diversity peaked
in the MG system. The BG system enriched beneficial bacteria, whereas the FG system
promoted symbiotic fungal growth in the endosphere. Network analysis revealed strong
correlations between specific microbial taxa and key metabolites, suggesting their potential
roles in shaping the metabolic profiles of giant lily. Furthermore, our results suggest that
intercropping with bamboo could be a promising strategy for enhancing the production
of medicinally important compounds, such as terpenoids, alkaloids, and steroids, in giant
lily. Our findings highlight the need for future research to elucidate the functional roles of
the key microbial taxa identified in this study through isolation, culture, and inoculation
experiments. This will be crucial for developing effective microbial inoculant formulations
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that can be used to modulate the giant lily microbiome and enhance bioactive compound
production in agricultural settings.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f15122201/s1, Table S1: Differentially abundant metabolites
identified in pairwise comparisons among the four intercropping systems (BG, FG, MG, and GG).
Table S2: Differentially abundant microbial genera in the rhizosphere and endosphere of giant lily
under different intercropping systems. Table S3: Microbial taxa selected for redundancy analysis
(RDA) based on their contributions to the overall metabolite profile differences among intercropping
systems. Table S4: Significantly enriched metabolic pathways shared between differentially abundant
microorganisms and metabolites in the rhizosphere and endosphere of giant lily. Figure S1: Map
indicating the location of the study site. Figure S2: Correlation analysis of rhizosphere differential bac-
terial genera with differential metabolites. Figure S3: Correlation analysis of rhizosphere differential
fungal genera with differential metabolites. Figure S4: Correlation analysis of endophytic differ-
ential bacteria genera with differential metabolites. Figure S5: Correlation analysis of endophytic
differential fungal genera with differential metabolites.
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