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Abstract

The rhizosphere microbial community of melon (Cucumis melo L.) plays an important role
in soil nutrient transformation and plant growth. The application of microbial inoculants
is an effective approach for regulating rhizosphere microecology and improving soil nu-
trient availability. In this study, Bacillus altitudinis and Rhodopseudomonas palustris were
applied to melon plants during the vine extension stage. Soil physicochemical analysis
and metagenomic sequencing of rhizosphere soil microorganisms using the DNBSEQ-T7
sequencing platform were conducted to investigate the effects of microbial inoculants on
soil nutrients, bacterial community diversity, and community structure. The results showed
that microbial inoculant application effectively altered soil physicochemical properties and
affected rhizosphere bacterial diversity and community structure, while not substantially
changing the overall composition of dominant bacterial phyla. Redundancy analysis indi-
cated that bacterial community structure was positively associated with AK and NO;™-N,
but negatively associated with C1~ following microbial inoculant application. Metagenomic
analysis revealed that the microbial inoculants used in this study did not substantially
alter the overall functional structure of the microbial community, but only showed the
potential to modulate specific functions. In summary, this study provides a theoretical basis
for improving the physicochemical properties of melon rhizosphere soil and regulating
rhizosphere microbial community structure through the application of microbial inoculants.

Keywords: microbial inoculants; melon; physicochemical properties; microbial community
structure; metagenomics

1. Introduction

Melon (Cucumis melo L.) is one of the important horticultural crops, with high nutri-
tional and commercial value [1]. The quality of melon is regulated by the genetic character-
istics of the cultivar and is also closely associated with soil environmental conditions and
rhizosphere microbial ecological processes [2]. The rhizosphere microorganisms of melon
are closely associated with different growth stages, and the rhizosphere microbial communi-
ties vary significantly among growth stages [3]. The seedling stage is an important period for
rapid root establishment and the development of nutrient absorption capacity. Rhizosphere
microorganisms promote root development and enhance soil nutrient availability, thereby
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providing a foundation for the subsequent rapid growth of melon [4]. During the flowering
and fruit-setting stage, rhizosphere microbial communities can promote flowering, fruit set,
fruit development, and yield formation [5]. As a vigorous growth stage of melon plants, the
vine extension stage is characterized by rapid development of the stems, leaves, and roots,
accompanied by an increased demand for soil nutrients. During this process, rhizosphere
soil microorganisms can participate in the transformation of nutrients such as N, P, and K
through multiple pathways, thereby enhancing soil nutrient availability and the capacity of
plants to acquire nutrients [6,7]. Studies have shown that the composition and diversity of
plant rhizosphere microbial communities can regulate nutrient cycling, promote the avail-
ability of mineral elements, and induce plant stress resistance, thereby exerting important
effects on crop growth and development [8,9]. Therefore, the rhizosphere soil microbial
community during the vine extension stage serves as an important biological link between
soil nutrient transformation and the vegetative growth of melon. Therefore, elucidating
the composition, structure, and functional characteristics of the rhizosphere soil microbial
community during the vine extension stage is of great significance for investigating the
relationship between rhizosphere microecology and melon growth.

For a long time, chemical fertilizers have been extensively applied in agriculture to
achieve the goal of increasing crop yields. However, numerous studies have shown that
excessive application of chemical fertilizers can lead to soil acidification, nutrient imbalance,
and a decline in soil organic matter, further resulting in reduced soil microbial diversity
and simplified community structure [10,11]. For example, continuous and intensive ap-
plication of nitrogen fertilizers can significantly alter the composition of soil bacterial and
fungal communities, weaken soil ecosystem stability, and reduce its nutrient cycling func-
tions [12]. These issues not only limit the sustainable production capacity of crops but also
pose potential threats to the safety of the agricultural ecological environment. Therefore,
exploring green fertilizers as alternatives to or partial substitutes for chemical fertilizers has
become an important direction in modern agricultural research. Organic fertilizers have
gradually become a research focus due to their significant advantages in improving soil
structure, enhancing soil fertility, and regulating microbial communities. Organic fertilizers
can provide soil microorganisms with abundant carbon sources and energy substrates,
promote microbial growth and reproduction, and optimize the proportion of soil nutrients
through slow nutrient release, thereby improving the efficiency of crop nutrient uptake
and utilization [13]. Studies have shown that the application of organic fertilizers can
significantly increase soil microbial biomass carbon and diversity indices and promote the
enrichment of beneficial functional groups [14].

In recent years, microbial inoculants, as an important branch of functional organic
fertilizers, have been extensively studied because they combine the dual functions of nutrient
supply and microbial regulation. Bacillus spp. can promote plant growth by producing
antimicrobial substances, solubilizing phosphate, and secreting plant growth hormones
such as IAA, thereby improving the rhizosphere microecological environment [15]. As a
typical plant growth-promoting bacterium, Bacillus altitudinis has been demonstrated to
enhance plant stress resistance and improve nutrient use efficiency [16]. On the other hand,
Rhodopseudomonas palustris is a typical photosynthetic bacterium with diverse metabolic
capabilities. It can participate in the degradation of various organic compounds and carbon
transformation, and promote plant growth through nitrogen fixation, nutrient activation,
and plant hormone regulation. It also has the potential to improve soil nutrient availability
and physicochemical conditions [17]. The combined application of different functional
microorganisms may further enhance their overall regulatory effects in soil ecosystems
through functional complementarity. However, the mechanisms underlying their effects on
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rhizosphere microbial communities during critical growth stages of specific crops remain
to be further elucidated.

The effects of microbial inoculants on regulating soil fertility, improving crop growth,
and alleviating continuous cropping obstacles have been extensively demonstrated [18].
Previous studies on greenhouse-grown melon have mainly focused on soil fertility, disease
control, and yield and quality [19], whereas research on the responses of rhizosphere
microbial community structure, diversity, and functional potential to different growth stages,
particularly the vine extension stage, remains limited. Therefore, this study selected the vine
extension stage of melon as the critical time point. Microbial inoculants containing Bacillus
altitudinis, Rhodopseudomonas palustris, or a combination of both were separately added
on the basis of conventional fertilization. Metagenomic sequencing combined with soil
physicochemical property analysis was used to investigate the effects of different microbial
inoculants on the structure and functional characteristics of rhizosphere soil microbial
communities of melon. This study provides a theoretical basis and data support the scientific
application of microbial fertilizers for greenhouse-grown melon.

2. Materials and Methods
2.1. Study Site Description

This study was conducted in Malianzhuang Town, Laixi City, Qingdao, Shandong
Province, China (37°00'-37°09" N, 120°21'-120°33" E). The region has a warm temperate,
semi-humid monsoon climate, with precipitation concentrated from June to September.
The soils in this area are mainly sandy loam.

2.2. Experimental Design

This study used melon plants of the “Japanese Sweet Treasure” cultivar grown in a plas-
tic greenhouse, with a plant spacing of 45 cm and a row spacing of 90 cm. Rhodoseudomonas
palustris and Bacillus altitudinis were prepared in the laboratory. Based on previous studies,
three microbial inoculant treatments (VT1, VT2, and VT3) were established [20]. VT1,
VT2, and VT3, were established. In the VT1 group, 10 mL of Bacillus altitudinis suspension
was applied to each plant, with a viable cell count exceeding 9 x 108 CFU/mL. This strain
was previously isolated and screened in our laboratory for potassium-solubilizing activity.
In the VT2 group, 10 mL of Rhodopseudomonas palustris suspension was applied to each
plant, with a viable cell count exceeding 3 x 10° CFU/mL. In the VT3 group, 10 mL of a
mixed bacterial suspension was applied to each plant. The mixed bacterial suspension
was prepared by mixing the two bacterial suspensions at a 1:1 (v/v) ratio, concentrating
the cells by centrifugation, and resuspending them in an equal volume of sterile water to
ensure that the viable cell count of each strain in VI3 matched that of the corresponding
strain in VI1 or VI2. All treatments received a single application of microbial inoculants by
root-zone irrigation at the early vine extension stage of melon growth on 21 March 2026.
Specifically, approximately 5 cm of surface soil around the melon rhizosphere was removed,
and 10 mL of the microbial suspension was slowly injected into the root-zone soil using a
sterile syringe. The removed soil was then returned to its original position. The Vck group
was used as the control and received 10 mL of sterile water without microbial inoculants.

A plot-based comparative experiment was conducted, with three plots for each treat-
ment and approximately 3 m? per plot, resulting in 12 plots in total. Rhizosphere soil was
collected from each plot using an S-shaped random sampling method, and the collected soil
was mixed and treated as one biological replicate. The basal fertilizer was a sulfur-based
compound fertilizer (N:P,05:K,0 = 17:17:17), applied once at 300 kg/ha during soil prepa-
ration and ridge formation before melon transplanting. After application, the fertilizer was
incorporated into the ridges by tillage. The same compound fertilizer was subsequently
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applied by root application at the early fruit enlargement stage at a rate of 150 kg/ha. Before
flowering, a low-nitrogen, high-phosphorus water-soluble fertilizer was applied by root
application at a rate of 30 kg/ha.

2.3. Soil Sampling and Determination of Soil Physicochemical Properties

On 16 April 2026, at the late vine extension stage, 5 melon plants were randomly
selected from each experimental plot using an S-shaped sampling method. Soil samples
were collected from the root-distribution zone while minimizing root damage. Specifically,
surface loose soil was first removed to minimize contamination by extraneous materials,
and soil surrounding the roots was collected from a depth of 5-10 cm, taking care to avoid
the main roots and minimize root damage to allow the plants to continue growing normally.
The soil samples collected from the five plants within each plot were placed in sealed sample
bags, thoroughly mixed, and transported to the laboratory under refrigerated conditions for
analysis. Each soil sample was divided into two portions. One portion was stored at —80 °C
for subsequent metagenomic analysis. The other portion was naturally air-dried at room
temperature and then passed through a 0.25 mm sieve. The soil physicochemical properties
were subsequently determined based on the established methods of our laboratory. In brief,
soil pH was determined using a pH meter. Soil available K (AK) was determined using
a flame photometer [21]. Soil available P (AP) was determined using the molybdenum
blue colorimetric method [22]. Soil chloride ions (Cl~) were determined using the silver
nitrate titration method in accordance with the Chinese agricultural industry standard
NY/T 1378-2007. Soil ammonium nitrogen (NH,*-N), soil organic matter (OM), and soil
nitrate nitrogen (NO;™-N) were determined using the KCl extraction-indophenol blue
colorimetric method, the potassium dichromate volumetric method with external heating,
and the phenol-2,4-disulfonic acid colorimetric method, respectively, as reported in previous
studies [20]. Each physicochemical parameter of the samples from each group (n = 3) was
measured in triplicate. The homogeneity of variances was assessed using Levene’s test, and
the normality of the data was evaluated using the Shapiro-Wilk test. One-way ANOVA was
used to compare differences among treatments, with statistical significance set at p < 0.05.

2.4. Genomic DNA Extraction and Metagenomic Sequencing

Genomic DNA was extracted from the samples using the Mag-Bind® Soil DNA Kit
(Omega Bio-tek, Norcross, GA, USA). DNA integrity was assessed by 1% agarose gel
electrophoresis. The DNA was then fragmented using a Covaris M220 (Gene Company,
Hong Kong, China), and fragments of approximately 400 bp were selected. PE libraries
were constructed using the NEXTFLEX Rapid DNA-Seq kit (Bioo Scientific, Austin, TX,
USA). Sequencing was performed on the DNBSEQ-T7 platform using the DNBSEQ-T7RS
Reagent Kit (FCL PE150) version 3.0.

2.5. Metagenomic Sequencing Analysis

Reads were quality-trimmed at the 3" and 5’ ends to remove adapter sequences using
fastp v0.23.0. Reads shorter than 50 bp after trimming and reads with an average base
quality score below 20 were removed. High-quality paired-end and single-end reads
were retained. The optimized sequences were assembled using MEGAHIT v1.1.2 based
on the succinct de Bruijn graph algorithm. ORFs were predicted from the assembled
contigs using Prodigal/MetaGene. Genes with nucleic acid sequences > 100 bp were
selected and translated into amino acid sequences using Emboss v6.6.0. A non-redundant
gene set was constructed using CD-HIT v4.6.1, and gene abundance was calculated using
SOAPaligner v2.21.
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2.6. Species Annotation and Functional Annotation

Species annotation, COG functional annotation, and KEGG functional annotation
were performed using Diamond v0.8.35. The amino acid sequences of the non-redundant
gene set were compared against the NR, COG, and KEGG databases to obtain species
annotations, COG functions, and KEGG functions, respectively. The abundance of each
species was calculated as the sum of the gene abundances corresponding to that species. The
abundance of each COG was calculated as the sum of the gene abundances corresponding
to that COG. The abundance of each functional category was calculated as the sum of the
gene abundances corresponding to the respective KEGG Orthology (KO). The amino acid
sequences of the non-redundant gene set were compared against the CAZy database using
hmmscan, and the abundance of carbohydrate-active enzymes was subsequently calculated.

2.7. Data Analysis

Analysis of variance was performed using SPSS (IBM SPSS Statistics (Version 26.0)) to
analyze soil environmental factors and bacterial x-diversity indices, and differences among
treatments were compared. Differences were considered significant at p < 0.05. Different
lowercase letters in the figures and tables indicate significant differences among treatments,
whereas the same letters indicate no significant differences. Soil microbial community-
related data were analyzed using the Majorbio Cloud Platform, and detailed experimental
parameters are provided in the Supplementary Materials.

3. Results
3.1. Effects of Microbial Inoculants on Rhizosphere Soil Physicochemical Properties

The effects of different microbial inoculant treatments on soil physicochemical prop-
erties are shown in Table 1. Compared with Vck, the effects of all treatments on soil pH
were relatively small, and no significant differences were observed among the four treat-
ments (p > 0.05). Different microbial treatments exhibited distinct regulatory effects on
soil nutrient availability. Soil available K (AK) content was significantly higher in all mi-
crobial inoculant treatments than in Vck (p < 0.05). The AK content in the VT1 treatment
reached 179.91 + 2.85 mg kg™, representing a 30.65% increase compared with Vck and
the highest value among all treatment groups. The VT3 treatment (179.14 £ 2.63 mg kg™!)
did not differ significantly from VT1, whereas the VT2 treatment (162.20 + 1.75 mg kg~1),
although significantly higher than Vck, was lower than those of VT1 and VT3. In contrast,
soil available P (AP) showed different responses to the microbial inoculant treatments.
Only the VT2 and VT3 treatments were significantly higher than Vck and VT1 (p < 0.05),
reaching 1.60 * 0.05 and 1.63 + 0.22 mg kg~!, respectively, whereas no significant difference
was observed between Vck and VT1. The soil organic matter (OM) content remained
relatively stable among all treatments, with no significant differences observed (p > 0.05).
In terms of inorganic nitrogen components, the VT1 treatment significantly increased the
soil NH,*-N content to 15.28 + 0.41 mg kg~!, representing a 14.97% increase compared
with Vck. In contrast, all three microbial treatments significantly increased soil NO;~-N
content (p < 0.05). The VT2 treatment reached 91.35 + 5.80 mg kg, the highest among
all treatments, representing a 43.88% increase compared with Vck. The VT3 and VT1
treatments increased NO;~-N content by 43.06% and 27.82%, respectively, compared with
Vck. In addition, the application of microbial inoculants significantly reduced soil C1~
content (p < 0.05). The Cl~ contents in the VT1, VT2, and VT3 treatments decreased to
25.96 + 4.10, 30.65 + 4.16, and 30.62 + 4.06 mg kg~!, respectively, representing decreases
of 35.41%, 23.74%, and 23.81%, respectively, compared with Vck. Among them, the VT1
treatment showed the greatest reduction.
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Table 1. Physicochemical Properties of Soil in Different Groups.
Vck VT1 VT2 VT3

pH 6.25+0.02a 6.37 £ 0.09 a 6.54 + 0.27 a 6.29 £ 0.03a
AK, mg kg~! 137.70 £ 598 c 17991 £ 2.85a 16220 £ 1.75b 179.14 £ 2.63 a

AP, mg kg! 1.13+0.22b 112+ 0.19b 1.60 = 0.05a 1.63+022a

OM, % 4.56 + 0.55 a 412+ 0.32a 4.56 + 0.68 a 453 £ 0.58 a
NH,*-N, mg kg~! 13.29 £ 0.57b 1528 £ 041a 1410+ 047 Db 13.87 £ 093 b
NO;~-N, mg kg~! 63.49 £5.78Db 81.15+6.04a 91.35+5.80a 90.83 £222a
Cl-, mgkg! 4019+ 423 a 2596 +4.10b 30.65 +4.16b 30.62 +4.06 b

Different lowercase letters indicate significant differences among different groups (p < 0.05). pH: pH
in soil, AK: Available K, AP: Available P, OM: Organic matter, NO;~-N: Nitrate nitrogen, NH,*-N:
Soil Ammonium nitrogen, C1~: Chloride ions.

3.2. Effects of Microbial Inoculants on Rhizosphere Soil Microbial Community Composition
3.2.1. Analysis of Soil Bacterial Community Composition

During the vine extension stage, rapid root growth and changes in root exudation
may alter the rhizosphere environment [6,7]. Meanwhile, the application of microbial
inoculants introduces specific microorganisms that may further influence the rhizosphere
environment and bacterial community composition. These factors make the vine extension
stage an important period for investigating the effects of microbial inoculants on microbial
community structure. Accordingly, characterizing the bacterial community under differ-
ent inoculant treatments can help assess treatment-associated differences in community
composition and structure. The results of the soil metagenomic sequencing are shown
in Table S1. After quality control of the raw sequences, adapter removal, and filtering of
low-quality sequences, a total of 842 million high-quality Clean Reads were obtained from
all samples. The number of clean reads per sample ranged from 66.2 to 73.6 million. A total
of 6,693,385 contigs were obtained after assembly, with the number of contigs per sample
ranging from 507,535 to 605,147. The N50 values ranged from 965.67 to 991.00 bp across the
four treatment groups. These metrics describe the sequencing data volume and assembly
characteristics of the samples and provide a basis for subsequent analyses of soil microbial
community composition and predicted functional potential.

Soil bacterial x-diversity showed different responses to the different microbial inoculant
treatments (Table 2). The Sobs, ACE, and Chao indices were used to characterize bacterial
community richness. The Sobs index (6386.50 + 16.26) and ACE index (6580.89 + 19.30)
were significantly higher in the VT2 treatment than in the VT1 treatment (p < 0.05), whereas
no significant differences were observed between VT2 and either Vck or VI3. The Chao
index did not differ significantly among treatments (p > 0.05), suggesting that the effects
of microbial inoculant treatments on bacterial community richness were not consistent
across the richness-related indices [23]. The Shannon and Simpson indices were used to
characterize bacterial community diversity. The Shannon index was significantly higher
in all three inoculant treatments (VT1, VI2, and VT3) than in Vck (p < 0.05). The VT2
treatment had the highest mean value (6.34 £ 0.01), followed by VT1 and VT3, with values
of 6.33 £ 0.01 and 6.31 £ 0.04, respectively. In contrast, the Simpson index ranged from
0.005 to 0.006 across treatments, with no significant differences among treatments (p > 0.05).
Opverall, the application of microbial inoculants had relatively limited effects on soil bacterial
community richness but effectively increased community diversity, with the VT2 showing
the most pronounced promoting effect. This indicates that the application of microbial
inoculants can alter soil bacterial community diversity to some extent and exert a certain
regulatory effect on soil microbial community structure.
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Table 2. x-diversity index of bacteria of the among sample groups.

Vck

VT1

VT2

VT3

sobs
ace
chao
shannon
simpson
shannoneven
simpsoneven
coverage
Pielou_e

6362.00 £+ 14.42 ab
6559.72 £ 12.07 ab
6598.47 + 16.40 a

6339.00 £ 26.29 b
6574.89 + 30.46 b
6574.89 + 30.46 a

6386.50 + 16.26 a
6580.89 £ 19.30 a
6626.97 +7.49 a

6358.50 £+ 13.44 ab
6548.53 £ 25.52 ab
6599.61 + 44.11 a

6.24 £ 0.02b 6.33+0.01a 6.34 £ 0.01a 6.31+0.04a
0.006 + 0.00 a 0.005 + 0.00 a 0.005 + 0.00 a 0.006 £ 0.00 a
0.712 £ 0.00 b 0.722 £ 0.00 a 0.723 £ 0.00 a 0.720 £ 0.00 a
0.025 £ 0.00 b 0.029 £ 0.00 a 0.030 £ 0.00 a 0.026 £ 0.00b
1.00 £ 0.00 a 1.00 = 0.00 a 1.00 = 0.00 a 1.00 = 0.00 a
0.712 £0.00 b 0.723 £ 0.00 a 0.724 £ 0.00 a 0.720 £ 0.00 a

Different lowercase letters indicate significant differences among different groups (p < 0.05).

To determine the effects of microbial inoculants on soil microorganisms, we investigated
the microbial composition of the soil. Venn diagram analysis at the genus level revealed
similarities and differences in soil bacterial community composition among the microbial
inoculant treatments (Figure 1a). The Vck, VT1, VT2, and VT3 treatments contained 6730,
6679, 6702, and 6658 bacterial genera, respectively. A total of 6364 genera were shared among
all four treatments, accounting for 91.29% of the total detected genera. This high proportion
of shared genera indicated substantial overlap in bacterial community composition among
the treatments. Meanwhile, each treatment contained a number of unique genera. The
Vck, VT1, VT2, and VT3 treatments contained 71, 25, 34, and 40 unique genera, respectively,
accounting for 1.02%, 0.36%, 0.49%, and 0.57% of the total detected genera, respectively.
Overall, the Venn diagram showed that the four treatments shared most of the detected
bacterial genera, although a small number of treatment-specific genera were also observed.
These results suggest that the microbial inoculant treatments were associated with some
differences in bacterial community composition, while a large proportion of genera re-
mained shared across treatments. Phylum-level community composition analysis showed
that the overall composition of soil bacterial communities remained relatively stable under
different microbial inoculant treatments (Figure 1b). The dominant bacterial phyla in the
soil mainly included Pseudomonadota, Actinomycetota, Bacteroidota, Gemmatimonadota,
Chloroflexota, Acidobacteriota, Myxococcota, Planctomycetota, Verrucomicrobiota, and
Bacillota, collectively accounting for approximately 85% of the total soil bacterial abundance.
Among them, Pseudomonadota consistently represented the dominant phylum, accounting
for 36-40% of the total abundance. Actinomycetota was the second most dominant bacterial
group, accounting for approximately 18-20% of the relative abundance. The remaining
phyla, such as Bacteroidota, Gemmatimonadota, Chloroflexota, and Acidobacteriota, main-
tained relatively low but stable abundances and together constituted major components
of the soil bacterial community. The different microbial inoculant treatments had certain
effects on the relative abundance of dominant bacterial phyla, but the overall magnitude of
variation was relatively small.

Principal coordinate analysis (PCoA) at the genus level was performed to evaluate the
effects of different microbial inoculant treatments on soil bacterial community structure
(Figure 2). PCoA results showed significant differences in soil bacterial communities
following the application of microbial inoculants (R = 0.722, p = 0.001). After the application
of microbial inoculants, the soil bacterial community structure showed a certain degree of
separation. The samples from the Vck treatment were mainly distributed in the positive
direction of PC2, whereas those from the VT1 and VT2 treatments were mainly clustered
in the negative direction of PC2, indicating that the application of functional microbial
inoculants exerted a certain shaping effect on soil bacterial community structure.
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Figure 2. PCoA analysis at the genus level.

3.2.2. Interactions Between Environmental Factors and Microbial Communities

To elucidate the relationship between soil physicochemical factors and bacterial com-
munity structure, redundancy analysis (RDA) was first performed (Figure 3a and Table 52).
The results showed that RDA1 and RDA2 explained 27.91% and 14.02% of the total varia-
tion in bacterial community structure, respectively. Among the environmental factors, AK
(R? = 0.5539, p = 0.027), NO;~-N (R? = 0.8430, p = 0.001), and C1~ (R? = 0.6055, p = 0.015)
were significantly associated with bacterial community structure. The RDA ordination
showed that samples from the Vck group were positively associated with C1~, whereas
samples in the VT1, VT2, and VT3 groups were negatively associated with C1~ and positively
associated with AK and NO;™-N. Considering the differences in the relative abundances of
different bacterial genera, correlation analysis was further conducted between the 50 most
abundant genera at the genus level and soil physicochemical properties (Figure 3b). The
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results showed that some dominant bacterial genera were significantly correlated with soil
AK and NO;~-N contents. Luteitalea, Candidatus_Udaeobacter, Nitrospira, Candidatus_Defluvi-
ilinea, and Candidatus_Villigracilis were significantly positively correlated with AK (p < 0.01),
which may reflect the responses of these genera to changes in rhizosphere AK and the overall
nutrient environment [24]. Conversely, Haliangium, Ramlibacter, and Chryseosolibacter were
significantly negatively correlated with AK (p < 0.01), which may be related to resource
competition or their responses to changes in the rhizosphere nutrient environment [25].
Nitrososphaera showed a significant positive correlation with NO;~-N (p < 0.05), which may
reflect an association between this taxon and nitrate availability in the rhizosphere soil [26].
Candidatus_Gaiellasilicea showed a significant negative correlation with NO;~-N (p < 0.05),
which may reflect an association between the abundance of this taxon and nitrate availability
in the rhizosphere soil [27]. Overall, these correlations indicate a close ecological coupling
between the microbial community and soil nutrient status.
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Figure 3. RDA at the genus level (a) and correlation heatmap (b). * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.3. Functional Annotation Analysis of Soil Microorganisms Based on Metagenomic Sequencing
3.3.1. COG Functional Annotation

Based on the statistical analysis of COG functional categories, as shown in Figure 4a, the
read abundance associated with amino acid transport and metabolism (E) was the highest
overall, reaching 411,196, which is highly consistent with the fundamental requirements
of organisms for maintaining basic genetic information flow and protein synthesis. The
read abundance associated with energy production and conversion (C) reached 331,101,
indicating that the microbial community harbored the richest read abundance reservoirs for
amino acid and energy metabolism., with vigorous metabolic and energy metabolism activ-
ities [28]. The read abundance associated with carbohydrate transport and metabolism (G),
cell wall/membrane/envelope biogenesis (M), signal transduction mechanisms (T), and
inorganic ion transport and metabolism (P) were substantial, indicating that the microbial
community possessed well-developed systems for ion homeostasis regulation and envi-
ronmental stress sensing, with the capacity to respond to external environmental stresses
such as heavy metals and organic pollutants and to adapt to varying inorganic salt condi-
tions [29]. A total summed read abundance of 125,231 was assigned to categories of general
function prediction only or function unknown, indicating the limitations of the current
functional annotation and suggesting that the community genomes contain a substantial
amount of genetic information that remains poorly characterized. In terms of the relative
abundance of community-level functions, the COG functional composition patterns of the
four groups (Vck, VT1, VT2, and VT3) were highly similar overall (Figure 4b). No obvious
fluctuations in the abundance of individual functional categories were observed among
the groups, indicating that the experimental treatments did not cause significant perturba-
tions to the overall functional structure of the microbial community. In terms of relative
abundance, amino acid transport and metabolism (E), general function prediction only
(R), and carbohydrate transport and metabolism (G) were among the most abundant COG
functional categories across the microbial community, followed by energy production and
conversion (C), signal transduction mechanisms (T), translation (J), and cell wall/mem-
brane/envelope biogenesis (M). Overall, amino acid, carbohydrate, and energy-related
functions represented major components of the predicted functional profile based on gene
number and relative abundance at the community level. The overall distribution of COG
functional categories was broadly similar among the experimental treatments, with no
obvious differences in the major functional categories.

3.3.2. KEGG Functional Analysis

Based on functional annotation of the microbial communities in the four groups (Vck,
VT1, VT2, and VT3) at KEGG Level 2, the relative abundance composition of functional
genes in each group is shown in Figure 5a. Overall, carbohydrate metabolism and amino
acid metabolism accounted for the highest relative abundances and represented the core
functions of the microbial community in this environment. Through comparisons among
groups, differences in gene abundance were observed across multiple metabolic pathways
between the Vck and the VT1 and VT3 treatment groups. In the VI3 treatment group,
the abundances of genes involved in carbohydrate metabolism, amino acid metabolism,
and energy metabolism were all higher than those in Vck. Meanwhile, the abundances
of genes associated with xenobiotics biodegradation and metabolism and terpenoid and
polyketide metabolism also showed an increasing trend. Previous studies have shown that
carbohydrate, amino acid, and energy metabolism in rhizosphere microbial communities
are important functional foundations for maintaining microbial growth, material trans-
formation, and nutrient cycling [30,31]. Given the lack of statistical significance for these
gene-abundance changes, we can only infer from this observed trend that the application of
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combined microbial inoculants may modulate basic-metabolism- and substrate-utilization-
related profiles of the rhizosphere microbial community, and could alter the community’s
genetic potential for degradation and transformation of complex organic compounds. LEfSe
analysis was performed to identify candidate functional features distinguishing the Vck,
VT1, VT2, and VT3 groups, and the corresponding LDA scores are shown in Figure 5b. A
total of 11 candidate KOs with LDA scores > 2.0 were identified, showing distinct distri-
bution patterns among the four groups. In the VT1 group, K12132, K21449, and K02482
were identified as candidate features, with K12132 (prkC) exhibiting the highest LDA score.
K12132 encodes PrkC, a Hanks-type serine/threonine protein kinase involved in cellular
physiological processes and environmental signal responses through protein phosphory-
lation [32]. This annotation suggests a potential association with signal transduction and
physiological regulation in the rhizosphere microbial community. In the VT2 group, candi-
date features included KOs associated with transposases and TRAP-type transport proteins.
Transposases mediate the movement of genetic elements and may contribute to genome
rearrangement and genetic exchange, whereas TRAP-type transport systems facilitate the
uptake of various substrates, including organic acids [33,34]. In the VT3 group, K01992 and
K07114 were identified as candidate features. According to functional annotation from the
KEGG database, K01992 putatively encodes an ABC-2-type transporter permease predicted
to facilitate transmembrane substrate transport [35], and K07114 is annotated as a Ca*-
activated chloride channel homolog with putative roles in ion transport [36]. Overall, the
LEfSe analysis identified treatment-associated differences in predicted functional potential,
with candidate KOs related to signal transduction and physiological regulation in VT1,
genetic mobility and substrate transport in VI2, and transmembrane transport and ion
regulation in VT3.

3.3.3. CAZy Carbohydrate Analysis

Carbohydrate-active enzymes (CAZymes) are involved in the synthesis, degradation,
and modification of carbohydrates. Rhizosphere microorganisms play an important role
in the utilization and decomposition of plant-derived carbon through CAZymes, thereby
indirectly affecting melon growth [37]. Based on annotation against the CAZy database,
six major CAZyme families were identified in this study: glycoside hydrolases (GH),
glycosyltransferases (GT), carbohydrate esterases (CE), carbohydrate-binding modules
(CBM), polysaccharide lyases (PL), and auxiliary activities (AA). As shown in Figure 6a, a
total of 220,007 genes were identified in the CAZy functional categories across the different
microbial inoculant treatments, with GH being the most abundant, followed by GT. As
shown in Figure 6b, among the GHs, the Vck group had the highest relative abundance at
36.05%, followed by 35.49%, 35.72%, and 35.76% in the VT1, VT2, and VT3 treatment groups,
respectively. In the GT group, the VT3 treatment had the highest relative abundance at
35.92%, while Vck, VT1, and VT2 accounted for 34.86%, 35.43%, and 35.07%, respectively.
GHs mainly participate in polysaccharide degradation by hydrolyzing glycosidic bonds,
whereas GTs are involved in glycosidic bond formation and the synthesis of carbohydrates
and glycoconjugates [38,39]. Overall, GHs and GTs remained the predominant CAZy
categories across all treatments, and only modest differences were observed in their relative
abundances among groups. These results indicate that microbial inoculant treatments
were associated with slight variations in the predicted CAZy functional composition of the
rhizosphere microbial community.
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4. Discussion

As an active stage of vegetative growth and root development in melon, the vine exten-
sion stage requires an adequate supply of mineral nutrients to support plant growth [40].
Root-microbe interactions are also important during this stage. Therefore, microbial inocu-
lants were applied to melon plants at the early vine extension stage, and root-zone soil was
subsequently collected and analyzed. In this study, Bacillus altitudinis and Rhodopseudomonas
palustris were applied individually and in combination. The results showed that soil pH did
not change significantly following microbial inoculant application, consistent with the find-
ings of Martinez et al. [41], and remained within the suitable range for melon growth [42].
Instead, the effects may have been primarily manifested in the regulation of soil nutrient
availability and microbial community composition. As a potassium-loving crop, melon has
a high demand for potassium. Soil AK is an important indicator of soil potassium availabil-
ity and nutrient status. Therefore, changes in AK content can help characterize the effects
of microbial inoculants on rhizosphere soil nutrient availability [43]. The VT1, VI2, and
VT3 treatments all significantly increased soil AK content, with the VT1 treatment showing
the highest AK content. This may be attributed to the potassium-solubilizing ability of
Bacillus altitudinis, which can promote the release of insoluble potassium in soil and thereby
increase soil available potassium content [44]. Meanwhile, the VI2 and VT3 treatments
significantly increased soil AP content. This may be attributed to the potential mechanisms
by which Rhodopseudomonas palustris promotes phosphorus transformation, including the
production of organic acids and siderophores, which may facilitate the conversion of in-
soluble phosphorus into plant-available forms in soil [45]. All three microbial inoculant
treatments significantly increased NO;~-N content, with the VT2 treatment showing the
highest level. However, the two microbial inoculants differed in their effects on NH,"-N
content. Under the VT1 treatment, both NH,*-N and NO;~-N may be linked to nitrogen
metabolism and ammonification by Bacillus altitudinis [46]. Meanwhile, the increase in
NO;™-N content under the VT2 treatment may be related to the nitrogen-fixing capacity of
Rhodopseudomonas palustris [47].

We further analyzed the effects of microbial inoculants on soil microbial community
structure. The x-diversity analysis showed that microbial inoculant application did not
substantially increase the number of bacterial species in rhizosphere soil but altered the
relative abundance distribution among different taxa, resulting in a more balanced micro-
bial community structure. From the perspective of community composition, no significant
changes were observed in the dominant bacterial groups. This suggests that the applica-
tion of microbial inoculants did not disrupt the stability of the pre-existing rhizosphere
bacterial community structure, consistent with the findings of Quiroga et al. [48]. Venn
analysis showed that the species shared among the four treatments accounted for 91.29% of
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all detected species, further indicating the high stability of the rhizosphere soil bacterial
community. Meanwhile, PCoA analysis revealed clear separation in bacterial community
structure among the different treatments, with significant differences observed between the
microbial inoculant treatments and Vck. These results indicate that although the addition
of exogenous functional microorganisms did not result in the replacement of dominant
bacterial phyla, it could nevertheless alter the overall structure of the rhizosphere bacterial
community, which is consistent with previous studies [49,50]. RDA revealed that AK,
NO;~-N, and NH,;*-N were strongly associated with bacterial community structure, sug-
gesting that shifts in rhizosphere nutrient availability after inoculation may correlate with
changes in the rhizosphere bacterial community [51].

Metagenomic functional analysis revealed changes in the functional potential of the rhi-
zosphere microbial community following microbial inoculant application. COG annotation
indicated that the rhizosphere microbial community of sweet melon possessed substantial
potential for material transformation and energy acquisition [52]. KEGG analysis showed
that carbohydrate metabolism and amino acid metabolism were the predominant func-
tional categories in the rhizosphere microbial community. Furthermore, the functional
genes enriched in the mixed inoculant treatment were not completely consistent with those
enriched in the individual inoculant treatments. This suggests that different microbial
inoculants and their combinations may influence the rhizosphere microbial community in
different ways, potentially shaping its functional composition through differential functional
selection [53,54]. The CAZy analysis showed that microbial inoculant application resulted
in slight changes in the relative abundances of GH- and GT-related genes. However, the
differences were relatively small, suggesting that the microbial inoculants caused only minor
changes in CAZy functional composition without inducing a clear shift in carbohydrate
utilization strategies. Overall, microbial inoculant application was associated with changes
in the predicted functional potential of the rhizosphere microbial community. However,
the overall functional composition, including the major COG, KEGG, and CAZy categories,
remained relatively stable across treatments. It is worth noting that these analyses only
reflect the genetic composition and predicted functional potential of the microbial commu-
nity [55]. In future studies, further investigations could combine transcriptomic, proteomic,
or gene expression analyses with complementary functional assays to better elucidate the
biological significance of the observed changes.

In summary, this study investigated the physicochemical properties, microbial commu-
nity structure, and predicted functional potential of rhizosphere soil during the melon vine
extension stage following the application of individual and combined microbial inoculants
based on Bacillus altitudinis and Rhodopseudomonas palustris. The findings provide a reference
for the selection of functional microbial strains and the application of combined inoculants,
while also indicating the potential of Bacillus altitudinis and Rhodopseudomonas palustris as
microbial inoculants for improving soil nutrient availability and modulating rhizosphere
bacterial community structure. Future studies should consider multiple plant growth stages
and a greater number of biological replicates to obtain a more comprehensive assessment
of inoculant effects. Measuring soil physicochemical properties before inoculation and
including inactivated-cell or culture-medium controls would help account for initial soil
variability and distinguish the effects of viable microorganisms from those of other inoculant
components. In addition, assessing strain survival and functional activity would help clarify
the biological significance of the observed changes. Metagenomic analysis provides insights
into the functional potential of microbial communities, but further studies should combine
it with complementary approaches to better assess the relationship between microbial
inoculant application and actual microbial activity. These approaches may provide further
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insight into the potential mechanisms by which microbial inoculants influence rhizosphere
soil properties and microbial community structure.

5. Conclusions

This study demonstrated that different microbial inoculant treatments had differential
effects on rhizosphere soil nutrient status, bacterial community structure, and functional
potential during the melon vine extension stage. Microbial inoculants not only regulated
the levels of available nutrients in rhizosphere soil but also altered bacterial community
diversity and composition. Further metagenomic analysis revealed distinct treatment-
specific patterns in the functional responses of microbial communities to different inoculants.
These results elucidate the effects of microbial inoculants on rhizosphere soil nutrient status,
bacterial community structure, and predicted functional potential during the melon vine
extension stage, and may inform the functional screening and rational formulation of
microbial inoculants for melon production. Future studies could include inactivated-strain
or uninoculated culture-medium controls to distinguish the effects of the inoculated strains
from those of other inoculant components. In addition, strain viability and functional
activity assays could be combined with gene expression analysis and other complementary
functional assays to further investigate actual soil microbial activity and function.
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