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Abstract: Arbuscular mycorrhizal fungi (AMF) are essential components of the soil microbiome
that can facilitate plant growth and enhance abiotic and biotic stress resistance. However, the
mechanisms via which AMF inoculation influences Cucurbita pepo L. plant growth and fruit yield
remain unclear. Here, we conducted pot experiments to investigate bacterial and fungal community
structure in the rhizosphere of C. pepo plants inoculated with Funneliformis mosseae (Nicoll. & Gerd.)
Gerd. & Trappe based on 16S ribosomal RNA and internal transcribed spacer gene sequencing.
The α-diversity of bacteria increased significantly following F. mosseae inoculation, whereas the
α-diversity of fungi exhibited an opposite trend (p < 0.01). The relative abundances of major bacterial
phyla, Actinobacteria, Acidobacteria, and Chloroflexi, together with the fungal phylum Ascomycota,
were all higher in inoculated samples than in uninoculated controls. F. mosseae inoculation led to
remarkable enrichment of potentially beneficial taxa (e.g., Streptomyces, Sphingomonas, Lysobacter,
and Trichoderma), in stark contrast to depletion of fungal pathogens (e.g., Botryotrichum, Acremonium,
Fusarium, and Plectosphaerella). Pathways related to amino acid metabolism and antibiotic biosynthesis
were upregulated by F. mosseae inoculation, whereas pathways involved in infectious diseases were
downregulated. The results suggest that F. mosseae inoculation reshapes the rhizosphere microbiome,
thereby augmenting C. pepo plant growth and fruit yield.

Keywords: arbuscular mycorrhizal fungi; rhizosphere microbiome; bacterial community; fungal
community

1. Introduction

Cucurbita pepo L. is an annual herb in the family Cucurbitaceae, and it can be cultivated
in diverse ecological regions because of its high adaptability. The edible fruit of C. pepo is
consumed widely given its richness in nutrients such as vitamin C, carbohydrates, and cal-
cium [1]. Additionally, oil from C. pepo seeds has antidiabetic, antihypertensive, antioxidant,
antibacterial, and antitumor properties [2], with clinical applications in benign prostatic
hyperplasia treatment [3]. Consequently, it is essential to investigate potential strategies
that can promote C. pepo plant growth and fruit yield during agricultural production.

The soil microbiome is a key factor influencing soil health [4]. Soils that harbor greater
microbial diversity can perform more ecological functions, exhibit higher environmental
stress resistance, and achieve greater crop productivity [5]. The rhizosphere acts as the
interface between plants and soil. Numerous beneficial microbial taxa organisms in the
rhizosphere modulate the mechanisms underpinning plant growth, health, defense, and
nutrient acquisition [6,7]. Furthermore, many antagonistic microorganisms are enriched in the
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rhizosphere relative to in bulk soil, and outcompete soil-borne pathogens, providing a healthy
microenvironment for plant development [8]. Consequently, manipulation of the rhizosphere
microbiome is one of the strategies for plant health and productivity management.

Arbuscular mycorrhizal fungi (AMF) are key components of the soil microbial system,
and are the most widely distributed mycorrhizal fungi globally. AMF can establish mutualis-
tic associations with 80% of terrestrial plants [9], thereby facilitating plant uptake of mineral
nutrients such as nitrogen (N) and phosphorus (P) [10,11]. Moreover, AMF can augment
plant physiological functions under disease and stress conditions [12], accelerate plant
growth and development [13], and enhance plant yield [14]. For instance, Glomus versiforme
inoculation into the plant rhizosphere modifies microbial community structure and enhances
microbial activity [15]. Furthermore, inoculation with G. macrocarpum or G. fasciculatum
leads to the enrichment of potentially beneficial microbial taxa (e.g., Trichoderma) and plant
growth-promoting rhizobacteria (PGPRs) in the rhizosphere of Sorghum vulgare Pers [16].
The resulting increase in the diversity and abundance of potentially beneficial microbial
taxa in the rhizosphere can minimize the risk of plant infection by pathogens, in addition to
benefiting plant growth [17]. However, the effects of AMF inoculation on microbial com-
munity structure in the rhizosphere of C. pepo has not been investigated, and the potential
importance of altered rhizosphere microbiota in plant growth and fruit yield remain unclear.

Funneliformis mosseae (Nicoll. & Gerd.) Gerd. & Trappe is a member of AMF in
the family Glomeraceae, and it plays a vital role in the rhizosphere to improve plant
biomass [18,19]. For example, F. mosseae is able to recruit N-fixing bacteria (e.g., Azospirillum
and Bacillus) in the rhizosphere, which can promote plant uptake of N and thereby enhance
the growth performance of host plants [20]. Both Azospirillum and Bacillus also secrete auxin,
and thereby increase the biomass of host plants [18]. Moreover, F. mosseae exhibits beneficial
effects on soil structure and aggregate stability through secretion of glomalin-related soil
protein, and the modified rhizosphere environment is conducive to plant growth [21].
Additionally, F. mosseae inoculation enhances photosynthesis and induces the accumulation
of phenolic compounds and flavonoids in plants, leading to better plant growth and lower
susceptibility to diseases [18,22,23].

In the present study, we investigated (1) the effects of F. mosseae inoculation on C. pepo
growth and yield and (2) shifts in rhizosphere microbial community structure and potential
functions following F. mosseae inoculation. We hypothesized that F. mosseae inoculation
could reshape rhizosphere microbial community structure, and thereby enhance C. pepo
growth and yield.

2. Materials and Methods
2.1. Biological Materials and Growth Conditions

Pot experiments with Cucurbita pepo L. cv. ‘Dongyu’ were conducted at Yunnan
Research Academy of Eco-environmental Science, Kunming, China. Funneliformis mosseae
(BGC ID: NM02A 1511C0001BGCAM0045) was provided by the Bank of Glomeromycota
in China (BGC), Plant Nutrition and Resources Institute of Beijing Academy of Agriculture
and Forestry Sciences, China. The F. mosseae inoculum contained 40 spores per gram.

The experimental soil was collected from the upper layer (ca. 0–20 cm depth) of
cultivated land in Kunming (N 25◦42′, E 102◦46′), China [24]. The soil was air-dried
and passed through a sieve (<5 mm) to remove stones and debris [25]. Soil solution was
prepared by shaking 200 g of dry soil in 1 L of deionized water for 30 min and filtering
through qualitative filter paper with 10 µm pore size [26]. The dry soil was sterilized by
γ-irradiation (10 kGy, 10 MeV γ ray) to eliminate indigenous AMF [27]. The soil had a pH
in solution (1 g:2.5 mL) of 6.8 and contained 22.8 g of organic matter kg−1, 25.3 mg of
N-alkali kg−1, and 7.1 mg of available P kg−1.

Each 10-L pot was sterilized by γ-irradiation (10 kGy, 10 MeV γ ray) [27] and then filled
with a mixture of soil (10 kg) and F. mosseae inoculum (200 g) [25]. Uninoculated controls
were prepared by adding 10 kg of soil and 200 g of irradiation-sterilized (10 kGy, 10 MeV
γ ray) inoculum. Furthermore, a 100-mL soil solution containing indigenous microbiota
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was added to each pot of the inoculated and uninoculated control treatments [26]. Each
treatment had 20 replicates, yielding a total of 40 pots. All procedures were completed on
a clean bench.

C. pepo seeds were disinfected by soaking with 10% (v/v) hydrogen peroxide for 10 min
and pre-germinated on wet filter paper at 22 ◦C in the dark for 5 days [25], with three seeds
sown in each pot. Pots were randomized into blocks and placed in a greenhouse. Soil was
watered to 60% field capacity and watered daily on demand to replace evapotranspiration
loss [28]. After emergence, the seedlings were thinned to one per pot and grown at
25 ◦C/20 ◦C (day/night), under a light intensity of 800 µmol m−2 s−1 and a relative
humidity of ~60%.

2.2. Plant Growth, Root Morphology, and Root Colonization Analysis

After 113 days of growth, the stem diameter and plant height of C. pepo in each pot
were measured using a vernier caliper and a measuring tape, respectively. The leaf area per
plant was measured using a LI-3000A leaf area meter (LI-COR Bio-sciences, Lincoln, NE,
USA) using the default parameters in its built-in software [29]. Subsequently, whole plants
were harvested to determine fresh plant weight and fruit weight per plant.

Rhizosphere soil (5 g each, sieved <0.85 mm) was collected by gently shaking the roots
and kept in a freezer at −80 ◦C until use for DNA extraction. Afterward, the whole plants
were washed three times with deionized water and divided into two parts (shoots and
roots). The roots were scanned with an Expression 11000xl root scanning system (Epson,
Suwa, Japan). The obtained images were analyzed using the WinRHIZO 2007 software
(Epson, Suwa, Japan) to measure root morphological parameters (surface area, length,
volume, and diameter). Additionally, the shoots and roots were oven-dried at 70 ◦C for 48
h, and their dry weights were determined [25]. The relative water content of plant samples
was obtained following the method of Zafari et al. [30].

Root colonization by F. mosseae was assessed using the method described by Phillips
and Hayman [31]. Briefly, 30 subsamples of root segments (1 cm each) from each treatment
were stained with trypan blue (0.05%) in lactophenol. The stained samples were observed
under a light microscope (WUMO Optical Instrument Co., Ltd., Shanghai, China) at 40×
magnification and the roots with AMF structures were considered as infected. Colonization
rate was estimated as the proportion of infected root segments out of the total number of
root segments examined.

2.3. Microbial Community Analysis

The community composition and potential functions of rhizosphere microbiota were
compared between soils with and without F. mosseae inoculation based on high-throughput
sequencing of the bacterial 16S ribosomal RNA (rRNA) gene and fungal internal transcribed
spacer (ITS) region [32]. Twenty replicates of rhizosphere soil samples in each treatment
were mixed and then equally divide into three parts as three repetitions of each treatment
for microbial community analysis. The samples (0.5 g each) were extracted for genomic
DNA using an E.Z.N.A.® Soil DNA Kit (Omega Biotek, USA) according to the manufac-
turer’s protocol. The resulting DNA samples were used as template for PCR amplification
in triplicate.

The V4–V5 region of the bacterial 16S rRNA gene was amplified with the oligonu-
cleotide primer pair F515 (5′ GTGCCAGCMGCCGCGGTAA 3′) and R806 (5′ GGAC-
TACHVGGGTWTCTAAT 3′) [33]. The first ITS region of the fungal rRNA gene was
amplified using the primer pair F1 (5′ CTTGGTCATTTAGAGGAAGTAA 3′) and R2 (5′

GCTGCGTTCTTCATCGATGC 3′) [33]. The PCR mixture (30 µL) comprised 15 µL Phu-
sion High-Fidelity PCR Master Mix (2×; New England Biolabs, Ipswich, MA, USA), 3 µL
each of forward and reverse primers (0.2 µM), 10 µL template DNA (1 ng µL−1), and
2 µL double-deionized H2O [34]. PCR amplification was conducted using a Bio-Rad T100
thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA). The amplification program was
as follows: initial denaturation at 98 ◦C for 1 min, followed by 30 cycles of denaturation
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at 98 ◦C for 10 s, annealing at 50 ◦C for 30 s, and elongation at 72 ◦C for 30 s, with a final
elongation at 72 ◦C for 5 min [34]. The amplicons were pooled in equimolar quantities
and paired-end sequenced (2 × 300 bp) on an Illumina MiSeq platform (Majorbio Co., Ltd.,
Shanghai, China).

The raw sequences were processed with the open-source software pipeline QIIME
v1.17 (http://qiime.org/ (accessed on 12 July 2020)) [35]. After quality filtering, high-
quality sequences were clustered into operational taxonomic units (OTUs) with a 97%
similarity cutoff using UPARSE v7.1 (http://drive5.com/uparse/ (accessed on 15 July
2020)). Venn diagrams of common and unique QTUs between the inoculated and uninocu-
lated control treatments was drawn for bacterial and fungal communities (http://www.in
formationisbeautiful.net/2012/7-way-venn (accessed on 19 July 2020)). The rarefaction
analysis was conducted using Mothur v.1.21.1 to reveal α-diversity of microbial commu-
nities based on Chao1, Shannon index, Simpson index, and observed OTUs (Sobs) [36].
Student’s t-test was performed to determine the differences in microbial α-diversity indices
and taxa abundance between the two treatments. Principal co-ordinates analysis (PCoA)
based on unweighted UniFrac distance was used to analyze the differences in microbial
β-diversity at the OTU level [37]. Differentially abundant taxa (genera) between treatments
were identified using the linear discriminant analysis effect size (LEfSe) that combines
the nonparametric Kruskal–Wallis and Wilcoxon rank-sum tests with the effect size of the
linear discriminant analysis [38].

To investigate the potential functions of microbial communities, Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis of OTUs was carried out using Phylo-
genetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt
v2.1.4) [39]. Root colonization, plant growth, and fruit yield parameters that had signifi-
cant positive or negative correlations with microbial taxa were selected and incorporated
into a co-expression network. Cytoscape v3.7.1 [40] was used to visualize the Pearson
correlation network.

2.4. Statistical Analysis

Statistical data analyses were carried out in R v4.1.0 program (http://www.r-projec
t.org/ (accessed on 15 July 2020)). The Student’s t-test was used to determine significant
differences between two treatments for root colonization, plant growth and yield, and root
morphological parameters (p < 0.05 or 0.01).

3. Results
3.1. Effects of F. mosseae Inoculation on C. pepo Growth and Yield

After 113 days of plant growth, the root colonization by F. mosseae was not observed
in the uninoculated controls. The colonization rate in the inoculated plants was 23.4%,
indicating that F. mosseae established a symbiotic association with C. pepo. F. mosseae
inoculation significantly promoted plant growth and increased fruit yield. Plant height, leaf
area, fresh weight, dry weight, relative water content, and fruit yield were 8.1%, 8.3%, 18.6,
10.5%, 7.1, and 7.2% higher, respectively, in the inoculated plants than in the uninoculated
controls (p < 0.01); however, no significant difference was observed in stem diameter
between the two treatments (Table 1). Furthermore, F. mosseae inoculation modified the
root morphology of C. pepo plants (Table 2). Compared with the uninoculated controls, the
inoculated plants showed significantly increased root length, root volume, root surface
area, and root diameter, by 30.8%, 24.2%, 23.9%, and 25.0%, respectively (p < 0.01).

http://qiime.org/
http://drive5.com/uparse/
http://www.informationisbeautiful.net/2012/7-way-venn
http://www.informationisbeautiful.net/2012/7-way-venn
http://www.r-project.org/
http://www.r-project.org/
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Table 1. Effect of inoculation with Funneliformis mosseae on Cucurbita pepo growth and yield. Asterisks
(**) indicate significant difference between the two treatments, at the level of p < 0.01 (Student’s t-test;
n = 20).

Treatment
Root

Colonization Rate
(%)

Plant
Height

(cm)

Stem
Diameter

(cm)

Leaf
Area
(cm2)

Plant Fresh
Weight

(g plant−1)

Plant Dry
Weight

(g plant−1)

Relative
Water

Content (%)

Fruit Yield
(kg plant−1)

Uninoculated control – 60.2 2.06 577 327 80.7 75.2 4.31
Inoculation 23.4 65.1 ** 2.01 625 ** 388 ** 89.2 ** 82.3 ** 4.62 **

Coefficient of variation (%) 10.4 16.2 2.6 20.4 15.5 14.4 9.2 12.8

Table 2. Effect of inoculation with Funneliformis mosseae on Cucurbita pepo root morphology. Asterisks
(**) indicate significant difference between the two treatments, at the level of p < 0.01 (Student’s t-test;
n = 20).

Treatment Root Length
(m)

Root Volume
(cm3)

Root Surface Area
(cm2)

Root Diameter
(mm)

Uninoculated control 9.4 6.2 26.8 0.8
Inoculation 12.3 ** 7.7 ** 33.2 ** 1.0 **

Coefficient of variation (%) 14.2 13.9 20.1 12.9

3.2. F. mosseae-Induced Changes in Rhizosphere Microbial Community Diversity

The changes in rhizosphere microbial community diversity following F. mosseae inocula-
tion were analyzed using 16S rRNA and ITS sequencing. A total of 2934 bacterial OTUs were
obtained, with 231 unique to the uninoculated controls, 906 unique to the inoculated samples,
and 1797 common between the two treatments (Figure 1a). Additionally, 332 fungal OTUs
were obtained, with 109 unique to the uninoculated controls, 72 unique to the inoculated
samples, and 151 common between the two treatments (Figure 1b).
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Figure 1. Venn diagrams showing the unique and common operational taxonomic units (OTUs) of
rhizosphere bacterial (a) and fungal (b) communities between rhizosphere soil samples inoculated
with Funneliformis mosseae (T) and without inoculation (C).

Inoculation with F. mosseae increased the α-diversity of rhizosphere bacterial com-
munity associated with C. pepo considerably (Figure 2). Compared with those in the
uninoculated controls, both the Chao1 and Shannon indices of bacteria in the inoculated
samples were significantly higher, indicating that F. mosseae inoculation increased bacterial
diversity. The Simpson and Sobs indices of bacteria were also significantly higher in the
inoculated samples than the uninoculated controls, suggesting that F. mosseae inoculation
enhanced bacterial richness. Despite no significant difference in fungal diversity indices
between treatments, F. mosseae inoculation diminished fungal richness, in the forms of
lower Simpson and Sobs indices (Figure 3). According to the results of PCoA analysis, there
was distinct variation in the β-diversity of bacterial (Figure 4a) and fungal (Figure 4b) com-
munities between the two treatments. The results suggest that F. mosseae inoculation altered
bacterial and fungal community composition prominently in the rhizosphere of C. pepo.
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Figure 2. α-Diversity of rhizosphere bacterial community associated with Cucurbita pepo plants
grown in Funneliformis mosseae-inoculated soil (T) and uninoculated control soil (C). (a), (b), (c), and
(d) represent the Chao1, Shannon, Simpson, and Sobs indices, respectively. In boxplots, the middle
line represents median, the upper and bottom horizontal lines represent the third and first quartiles,
respectively, and the upper and lower whiskers represent the inter-quartile range. Asterisks (**)
indicate significant difference between the two treatments, at the level of p < 0.01 (n = 3).
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Figure 3. α-Diversity of rhizosphere fungal community associated with Cucurbita pepo plants grown
in Funneliformis mosseae-inoculated soil (T) and uninoculated control soil (C). (a), (b), (c), and (d) rep-
resent the Chao1, Shannon, Simpson, and Sobs indices, respectively. In boxplots, the middle line
represents the median, the upper and bottom horizontal lines represent the third and first quartiles,
respectively, and the upper and lower whiskers represent the inter-quartile range. Asterisks (**)
indicate significant difference between the two treatments, at the level of p < 0.01 (n = 3). Ns indicates
no significant difference between the two treatments.
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Figure 4. Principal coordinate analysis (PCoA) of bacterial (a) and fungal (b) β-diversity based on
unweighted UniFrac distance between all rhizosphere soil samples inoculated with Funneliformis
mosseae (T) and without inoculation (C) (n = 3).

3.3. F. mosseae-Mediated Regulation of Microbial Community Structure in the Rhizosphere

At the phylum level, the total bacterial community in the rhizosphere of C. pepo
mainly consisted of Proteobacteria, Bacteroidetes, Actinobacteria, Acidobacteria, Chlo-
roflexi, Gemmatimonadetes, Firmicutes, Cyanobacteria, Nitrospirae, and Planctomycetes
(Figure 5a). Compared with the uninoculated controls, the relative abundances of Pro-
teobacteria and Bacteroidetes in the inoculated samples decreased by 21.70% and 9.40%,
respectively, whereas those of Actinobacteria, Acidobacteria, Chloroflexi, Gemmatimon-
adetes, Firmicutes, Cyanobacteria, and Nitrospirae increased by 8.23%, 7.07%, 2.50%, 2.94%,
1.20%, and 1.20%, respectively. The total fungal community mainly comprised Ascomycota,
Basidiomycota, and Mortierellomycota. Compared with the uninoculated controls, the
relative abundance of Ascomycota in the inoculated samples increased by 14.09%, whereas
the relative abundances of Basidiomycota and Mortierellomycota decreased by 0.09% and
0.06%, respectively (Figure 5b).
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Figure 5. The relative abundances of major bacterial (a) and fungal (b) phyla, and the graphical
summary of the top 11 bacterial (c) and fungal (d) biomarkers identified by LEfSe, in the rhizosphere
of Cucurbita pepo plants inoculated with Funneliformis mosseae (T) and without inoculation (C) (n = 3).

LEfSe analysis was carried out to identify microbial taxa with significant differences
in their relative abundance following F. mosseae inoculation (Figure 5c,d). At total of 11 dif-
ferentially abundant taxa were identified in the inoculated samples, including five bacterial
genera (i.e., Streptomyces, Sphingomonas, Phenylobacterium, Lysobacter, and Gemmatimonas)
and six fungal genera (i.e., Trichosphaeriaceae, Iodophanus, Ceratobasidium, Trichoderma, Pulvin-
ula, and Nigrospora). In the uninoculated controls, 11 differentially abundant taxa were iden-
tified, including six bacterial genera (i.e., Arenimonas, Sphingobacterium, Stenotrophomonas,
Chryseobacterium, Pseudomonas, and Comamonas) and five fungal genera (i.e., Botryotrichum,
Acremonium, Chordomyces, Fusarium, and Plectosphaerella).

3.4. Microbial Function Prediction

To explore the effect of F. mosseae inoculation on microbial functional pathways in the
rhizosphere, the functional categories of rhizosphere microbial communities in the sam-
ples were predicted based on the KEGG database. A total of 10 metabolic pathways with
significant changes in their relative abundance were identified in the inoculated samples
(Figure 6). Carbohydrate metabolism accounted for the largest proportion of all the 10 path-
ways, followed by valine, leucine, and isoleucine biosynthesis; biosynthesis of vancomycin
group antibiotics; glutamine and glutamate metabolism; and streptomycin biosynthesis.
Among them, eight metabolic pathways were significantly upregulated, namely, arginine
and ornithine metabolism; glutamine and glutamate metabolism; valine, leucine, and
isoleucine biosynthesis; biosynthesis of vancomycin group antibiotics; streptomycin biosyn-
thesis; oxidative phosphorylation; carbohydrate metabolism; and biosynthesis of secondary
metabolites (p < 0.05). Among them, the upregulation of arginine and ornithine metabolism
was the most prominent. In contrast, two metabolic pathways, namely, infectious diseases:
bacterial and infectious diseases: parasitic, were significantly downregulated (p < 0.05).
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based on PICRUSt between all rhizosphere soil samples inoculated with Funneliformis mosseae (T) and
without inoculation (C), at the level of p < 0.01 (n = 3).

4. Discussion

The present study showed that inoculation with F. mosseae effectively enhanced C. pepo
plant growth and fruit yield under greenhouse conditions (Table 1). Specifically, plant
height, leaf area, total biomass, and relative water content all increased substantially
following F. mosseae inoculation, consistent with the results of previous studies. For example,
Wu et al. [41] found that Zea mays plant height was increased following F. mosseae inoculation
in a greenhouse study. In addition, F. mosseae inoculation reportedly increased Lycopersicon
esculentum leaf area [42] and enhanced Glycyrrhiza uralensis plant biomass [43] under
greenhouse conditions. Because leaves are a major organ of plant photosynthesis, increasing
leaf area could provoke dry matter accumulation and yield formation in crops [44,45].
Furthermore, C. pepo root morphology was modified following F. mosseae inoculation,
which could contribute to plant growth and fruit yield by enhancing nutrient and water
uptake [19,25,44].

We hypothesized that the growth promotion and yield increase of C. pepo by F. mosseae
are associated with F. mosseae-induced reshaping of rhizosphere microbial community
structure. Based on LEfSe results, we found that F. mosseae induced a recruitment of plant
growth-promoting microorganisms in the rhizosphere. For example, the relative abun-
dances of Streptomyces, Sphingomonas, Lysobacter, and Trichoderma were all increased in the
inoculated samples (Figure 5c,d), and positively correlated with plant growth and fruit
yield parameters (Figure 7). Streptomyces can facilitate plant growth in T. aestivum [46] and
Z. mays [47]. In addition, Sphingomonas and Lysobacter exhibit plant growth-promoting
effects on Oryza sativa and Citrus sinensis, respectively [48,49], whereas Trichoderma en-
hances tomato plant growth and biomass [50]. Such beneficial effects of plant growth-
promoting microorganisms are attributable to their intrinsic functions. For instance, both
Streptomyces and Sphingomonas exhibit an excellent capacity to dissolve P [51,52]. Addi-
tionally, Streptomyces [53] and Sphingomonas can secrete indoleacetic acid to facilitate plant
growth [52,54]. Furthermore, Trichoderma not only promotes plant growth by produc-
ing indoleacetic acid [55], but also enhances crop yield by altering rhizosphere microbial
community composition [56].
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As a major part of the rhizosphere microbial community, AMF play a vital role in
the maintenance of rhizosphere microecological health. AMF inoculation can modify mi-
crobial community structure in the rhizosphere [57], thereby contributing to soil health
maintenance [58]. In the present study, some microbial taxa potentially beneficial to plants,
including the bacterial genera Streptomyces, Sphingomonas, and Lysobacter, and the fungal
genus Trichoderma, were enriched in the rhizosphere of F. mosseae-inoculated plants. Among
them, Streptomyces can produce numerous antibiotics to enhance plant disease and stress
resistance [54]. In addition, Lysobacter exhibits broad-spectrum antimicrobial activity [59]
and secretes antibiotics [60], both of which inhibit pathogen growth. Furthermore, Tricho-
derma, an important group of green biocontrol fungi, can constrain the growth of numerous
fungal pathogens; following the colonization of the rhizosphere, Trichoderma can enhance
plant stress and disease resistance [60]. In contrast, some fungal pathogens, such as Botry-
otrichum, Acremonium, Fusarium, and Plectosphaerella, were depleted in the rhizosphere
of F. mosseae-inoculated plants. The relative abundances of these fungal pathogens were
negatively correlated with C. pepo growth and yield parameters (Figure 7), possibly due to
the antagonistic activity of Streptomyces, Aminomonas, Lysobacter, and Trichoderma [54,59–61].
Such antagonistic effects led to pronounced depletion of fungal pathogens, whereas many
potentially beneficial microbial taxa were enriched in the rhizosphere of C. pepo. Conse-
quently, a healthy micro-ecological environment of the rhizosphere was established for the
plants, leading to considerable enhancement of C. pepo growth and yield.

Based on functional predictions using PICRUSt, we observed that pathways related to
antibiotic biosynthesis (e.g., vancomycin group and streptomycin) were enriched following
F. mosseae inoculation (Figure 6). As a protective barrier to disease infection, antibiotics
play essential roles in plant health. We also observed that pathways associated with
infectious diseases (infectious diseases: bacterial and infectious diseases: parasitic) were
depleted following F. mosseae inoculation (Figure 6), which might be associated with the
upregulation of antibiotic biosynthesis. The enrichment of antibiotic biosynthesis-related
pathways can lead to the depletion of disease-related pathways [62]. In the present study,
both Streptomyces and Lysobacter were enriched in the rhizosphere of C. pepo following
F. mosseae inoculation, which could facilitate the production of numerous antibiotics [54,60]
to enhance plant defense capacity against infectious diseases. Additionally, amino-acid
metabolic pathways were enriched in the rhizosphere microbial communities after F. mosseae
inoculation (Figure 6), which might be related to the enrichment of microbial taxa associated
with N metabolism, such as Nitrospirae (increased by 1.20%; Figure 5). As the core
microorganisms of soil N metabolism [63], Nitrospirae species can convert ammonia
into nitrate, and then synthesize ammonia-like N through ammoniation, and further
produce amino acids. In summary, the findings indicate that F. mosseae inoculation can
enhance C. pepo plant growth and yield by regulating specific metabolic pathways of
rhizosphere microbial communities, such as enriching the pathways associated with amino
acid metabolism and antibiotic biosynthesis, while depleting the pathways associated with
infectious diseases.

5. Conclusions

In the present study, pots with C. pepo seedlings were inoculated with F. mosseae, which
promoted plant growth and increased fruit yield considerably. Additionally, the diversity
and composition of rhizosphere microbiota were altered following F. mosseae inoculation. In
particular, bacterial diversity and richness in the inoculated samples were distinctly enhanced.
Furthermore, some potentially beneficial microbial taxa, such as Streptomyces, Sphingomonas,
Lysobacter, and Trichoderma, were prominently enriched in the inoculated samples, whereas
fungal pathogens, such as Botryotrichum, Acremonium, Fusarium, and Plectosphaerella, were
depleted remarkably. F. mosseae inoculation also regulated the potential functions of rhizo-
sphere microbiota, establishing more favorable conditions for plant growth and development.
Overall, F. mosseae inoculation established a healthy micro-ecological environment in the
rhizosphere of C. pepo, in turn enhancing plant growth and fruit yield.
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