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ABSTRACT

The micro-sprinkler irrigation mulched (MSM) has been suggested as a novel water-saving approach in con-
trolled environment agriculture. However, the effects of microbial community structure and enzyme activity in
the rhizosphere soil on crop growth under MSM remain unclear. This study conducted a randomized experimen-
tal design using greenhouse tomatoes to investigate changes in bacterial community structure and enzyme activity
in rhizosphere soil under different irrigation frequencies (F) and amounts (I) of MSM. The findings revealed that
with the increase of F or I, The total count of soil bacteria in tomatoes first rose and then fell in terms of Opera-
tional Taxonomic Units (OTUs) classification. Compared to other F, the most abundance of nitrogen and phos-
phorus metabolism genes and enzyme activities were observed with a 5-day F. Moreover, the diversity of soil
bacterial community structure initially rose before eventually declining with the increase of the I. Applying
1.00 Epan (cumulative evaporation of a 20 cm standard pan) under MSM helped boost the abundance of nitrogen
and phosphorus metabolism functional genes in soil bacteria, ensuring higher enzyme activities related to nitro-
gen, carbon, and phosphorus metabolism in the rhizosphere soil of tomatoes. Tomatoes’ yield initially rose before
eventually declining with the increase in F or I, whereas I had a more significant effect on yield. A 1.00% increase
in I yielded a minimum of 39.24% increase in tomato yield. The study showed a positive correlation between soil
bacterial community, soil enzyme activity, and greenhouse tomato yield under MSM. Considering the results
comprehensively, the combined irrigation mode of F of 5 d and I of 1.00 Epan was recommended for greenhouse
tomatoes under MSM. This conclusion provides theoretical support for water-saving practices and yield improve-
ment in facility agriculture, especially tomato cultivation.
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Nomenclature
F Irrigation frequency
I Irrigation amount
A Plot area
Epan Evaporation rate
Kcp Crop-pan coefficient
K05306 KEGG orthology number of a gene
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PhnX Gene name
ACE ACE index of soil bacteria
CHAO CHAO index of soil bacteria
SOBS SOBS index of soil bacteria
OTUs Operational Taxonomic Units
PCoA Principal Coordinate Analysis
BG β-Glucosidase activity
LAP Leucine aminopeptidase activity
NAG N-acetyldglucosaminidasealk
AP Aline phosphatase activity
U/g Unit of enzyme activity
Y Yield
NMGA Soil bacterial nitrogen metabolism function gene abundance
PMGA Phosphorus metabolism function gene abundance
* p ≤ 0.05
** p ≤ 0.01
ns p > 0.05

1 Introduction

The rapid growth of crops and heavy use of soil water and fertilizer in facility agriculture have sparked a
significant debate on optimizing the efficient use of these resources [1,2]. Soil microorganisms, a crucial
component of the agroecosystem, play a significant role in energy and matter circulation [3]. Soil
bacteria, with their high diversity, abundance, and functional completeness, are key in regulating soil
microbial communities and nutrient cycles [4,5]. Previous research has indicated that soil bacterial
diversity and heterogeneity are valuable indicators of soil fertility and environmental risks [6,7]. These
factors are strongly influenced by soil physical and chemical properties, root development, litter content,
and other factors [8,9]. In the Huang-Huai-Hai Plain, environmental variables explain nearly a quarter of
the spatial variation in soil bacterial communities [10]. Therefore, studying the soil microbial community
structure in facility agriculture is essential for sustainable agricultural development.

The main nutrients essential for crop growth are soil carbon, nitrogen, and phosphorus, with their
cycling largely dependent on soil enzymes [11,12]. Soil enzyme activity is intricately linked to various
factors such as crop root development, soil microbial activity, and nutrient levels [13,14]. Soil-
glucosidase (BCG) plays a crucial role in soil carbon transformation, while Soil leucine aminopeptidase
(LAP) and Soil N-acetyl glucosaminidase (NAG) are key players in the soil nitrogen cycle. Soil alkaline
phosphatase (AP) is pivotal in the conversion of soil organic phosphorus. Consequently, numerous
studies have been conducted on soil enzymes like BCG, LAP, NAG, and AP [15]. Hence, research on
soil enzyme activity holds significant importance in enhancing soil nutrient cycling and promoting the
uptake and utilization of nutrients in precision agriculture.

Proper irrigation management practices play a significant role in changing the distribution of soil water
and heat, which directly affects the soil bacterial community and soil enzyme activity. Researchers have
suggested different techniques to improve the resilience of the soil bacterial community structure and
enzyme activity, including microbial inoculation and the use of growth regulators [16]. However,
implementing these methods faces challenges such as high costs, environmental issues, and low
awareness [17,18]. Some researchers have proposed optimizing soil microbial community structure and
enzyme activity through regulated irrigation management. The way farmland is managed greatly affects
the variety and numbers of soil microbial communities [19,20]. Studies have demonstrated that alterations
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in irrigation frequency and techniques can directly impact soil moisture levels. Furthermore, fluctuations in
soil water content significantly influence soil bacterial communities and enzyme activity [21–23]. A stable
soil bacterial community structure and high enzyme activity can enhance nutrient cycling, root development,
and the accumulation of carbon and nitrogen in crop rhizospheres [24]. The positive relationships between
crop roots, soil microorganisms, and enzyme activities are crucial for achieving stable crop yields [25–27].
Hence, it is crucial to study the impact of different irrigation management techniques on soil nutrient
utilization, microbial community structure, and enzyme activity in order to comprehend agricultural water
conservation and increase crop yields by optimizing soil nutrient utilization.

Micro-sprinkler irrigation mulched (MSM) is an innovative water-saving technology in controlled
agriculture that it has demonstrated successful outcomes with greenhouse-grown cucumbers, celery, and
watermelon [28–30]. Previous research has primarily concentrated on drip irrigation when examining
how irrigation management practices impact soil bacterial community structure and enzyme activity.
However, there are few studies on how MSM with unique soil wetlands affects these aspects. The effects
of bacterial community structure and enzyme activity in the rhizosphere soil of crop growth under MSM
remain unclear.Moreover, there is an absence of both qualitative and quantitative analysis regarding the
connections between soil bacterial community structure, soil enzyme activity, and tomato yield in the
presence of MSM. The objective of this study was to examine how different irrigation frequency and
amount on bacterial communities, soil enzyme activity, and yield of greenhouse tomatoes under MSM
conditions. By conducting experiments and mathematical analysis, theoretical support for water-saving
practices and yield enhancement methods in facility agriculture were provided, particularly in tomato
cultivation.

2 Materials and Methods

2.1 Experimental Site and Management
The research was carried out in a greenhouse situated at the Modern Agricultural Science and

Technology Exhibition Center in Xi’an, Shaanxi Province, China (108°52′E, 34°03′N). The experimental
greenhouse had a ridge planting structure and measured 85 m in length and 15 m in width [19]. The
planting schedule for both spring and autumn tomatoes can be found in Table 1.

2.2 Experimental Design
In this study, greenhouse tomatoes were irrigated by Micro-sprinkler irrigation under mulched (MSM)

[31]. MSM is a micro-irrigation technology that combines micro-sprinkler irrigation with plastic film
technology and uses multiple sets of micro-hole outflows under plastic film for irrigation.

Two factors of irrigation frequency and irrigation amount were set in the experiment.

Irrigation frequency (F) was set to 3 levels: 3 d (F1), 5 d (F2) and 7 d (F3).

The irrigation amount (I) was calculated according to the cumulative evaporation from a 20 cm Class A
pan(DY.AM3) (Weifang Dayu Hydrology Technology Co., Ltd. in Shandong, China). I was controlled by
Epan. Different I were applied by controlling crop-pan coefficient Kcp. Kcp was set to 3 levels: 0.70
(I1),1.00 (I2), and 1.20 (I3).

Table 1: Major agricultural operation for spring and autumn tomatoes

Planting Start irrigation Stop irrigation Harvesting

Spring 2019/3/27 2019/4/04 2019/7/15 2019/7/25

Autumn 2019/8/23 2019/8/30 2020/1/17 2020/1/30
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In this experiment, there were 9 treatments (Table 2).

At 08:00 AM, the evaporation rate (Epan) was recorded for each F before initiating irrigation. Eq. (1)
was utilized to calculate the required I [24]. The irrigation details for tomatoes can be observed in Fig. 1.

W ¼ A �Epan � kcp (1)

In Eq. (1), W denotes the I, while A denotes the plot area.

2.3 Methods of Measurement and Computation

2.3.1 Soil Sampling
Samples of soil were gathered from the rhizosphere surrounding of tomato plants 72 days after planting.

The soil shaking method was used to extract the soil by excavating a cylindrical section of soil around the
tomato roots within a 20 cm radius and at a depth of 5–25 cm, then shaking off any loose soil attached to the
roots. The soil tightly bound to the roots was delicately brushed off with a sterilized soft brush, representing
the rhizosphere soil of greenhouse tomatoes. Three rhizosphere soil samples were randomly chosen from
each experimental plot and taken to the laboratory immediately. Any fresh plant residues found in the
samples were eliminated. Composite soil samples were created for sequencing within the experimental
area by thoroughly mixing and homogenizing three soil samples from each plot. The soil samples were
frozen quickly using liquid nitrogen upon collection. Subsequently, the frozen samples were stored in a
−80°C freezer and sent to Shanghai Meiji Biomedical Technology Co., Ltd. (Shanghai, China) for the
analysis of soil bacterial communities. The assessment of soil-related parameters was finalized within a
span of 10 days.

Table 2: Experimental design

Treatment F1I1 F1I2 F1I3 F2I1 F2I2 F2I3 F3I1 F3I2 F3I3

Irrigation frequency
(F) days

3 3 3 5 5 5 7 7 7

Irrigation amount (I)
mm

Spring 247.12 353.03 423.64 247.12 353.03 423.64 247.12 353.03 423.64

Autumn 152.73 218.19 261.83 152.73 218.19 261.83 152.73 218.19 261.83
Note: F represents irrigation frequency; I represents irrigation amount.
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Figure 1: Irrigation amount and dates for greenhouse tomatoes
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2.3.2 Analysis of Soil Bacterial Community
The assessment of the soil bacterial community was carried out in four stages:

A. DNA extraction and PCR amplification

DNAwas extracted from the rhizosphere soil of tomatoes using the E.Z.N.A. soil kit from Omega Bio-
tek, located in Norcross, GA, USA. This kit is highly effective in extracting high-quality genomic DNA from
various soil samples, with the ability to process up to 1 g of soil in 60 min. After confirming DNA extraction
quality through 1% agarose gel electrophoresis, the PCR was used to amplify the V3-V4 variable region
using 338 F and 806 R primers. The PCR amplification process involved an initial pre-denaturation step
at 95°C for 3 min, followed by 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s,
extension at 72°C for 30 s, and a final extension step at 72°C for 10 min using the ABI GeneAmp
9700 PCR instrument.

B. Sequencing using Illumina MiSeq

The amplification primers used for targeting the bacterial 16S rDNA V3-V4 region were 338 F (5′-
ACTCCTACGGGGAGGCAGCAG-3′) and 806 R (5′-GGACTACNNGGGTATCTAAT-3′). Following
amplification, the PCR products were retrieved from a 2% agarose gel, purified, and eluted for further
analysis. The PCR reaction mixture (with a total volume of 25 μL) comprised 12.5 μL of KAPA 2G
Robust Hot Start Ready Mix, 1 μL of Forward Primer (5 mol/L), 1 μL of Reverse Primer (5 mol/L), 5 μL
of DNA (30 ng total), and 5.5 μL of ddH2O. The reaction conditions involved an initial denaturation at
95°C for 5 min, followed by 28 cycles consisting of denaturation at 95°C for 45 s, annealing at 55°C for
50 s, and extension at 72°C for 45 s. A final extension step was carried out at 72°C for 10 min.

C. Processing data for sequencing

The original FASTQ files were separated by sample using a custom perl script, then filtered for quality
using fastp version 0.19.6, and finally combined using FLASH version 1.2.7 based on specific criteria.

(i) Reads with an average quality score of <20 over a 50 bp sliding window were truncated at any site,
and those shorter than 50 bp were excluded, as well as reads containing ambiguous characters.
(ii) Overlapping sequences longer than 10 bp were exclusively assembled based on their overlap with a
maximum mismatch ratio of 0.2 in the overlap region. Any unassembleable reads were removed.
(iii) Samples were distinguished by barcodes and primers, adjusting sequence direction with exact
barcode matching and allowing a 2-nucleotide mismatch in primer matching. Subsequently, the optimized
sequences were binned into operational taxonomic units (OTUs) at a 97% sequence similarity level using
UPARSE 7.1. The most prevalent sequence in each OTU was designated as a representative. To mitigate
the impact of sequencing depth on alpha and beta diversity analysis, the number of 16S rRNA gene
sequences per sample was rarefied to 20,000, ensuring an average coverage of 99.09%.

The taxonomic classification of each Operational Taxonomic Unit (OTU) representative sequence was
assessed using RDP Classifier version 2.2 against the 16S rRNA gene database (e.g., Silva v138) with a
confidence threshold of 0.7. Metagenomic functions were predicted through PICRUSt2 (Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States) based on these OTU
representative sequences. PICRUSt2 is a software that includes several tools: HMMER was utilized to
align OTU representative sequences with reference sequences, EPANG and Gappa placed OTU
representative sequences on a reference tree, Castor normalized the 16S gene copies, and Min-Path
predicted gene family profiles and identified gene pathways. The entire analytical procedure adhered to
the guidelines established by PICRUSt2.
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D. Analyzing statistics through sequencing.

The soil microbiota was analyzed using the Majorbio Cloud platform in Shanghai, China (https://login.
majorbio.com/login, accessed on 01/04/2024). OTUs information, rarefaction curves, and alpha diversity
indices (including observed OTUs, ACE index, CHAO index, and SOBS index) of soil bacteria were
calculated with Mothur v1.30.1. Venn diagrams were utilized to identify common and unique species
OTUs across different groups or samples. Samples with a 97% similarity at the OTU taxonomic level
were chosen for analysis. The species composition histogram at the genus level for various treated soil
samples was generated using the R language (version 3.3.1) tool and data from the tax_summary_folder
of the Meiji Bio-cloud platform. Dominant species at the genus level and their relative abundances in
each sample were determined from the histogram. Principal coordinate analysis (PCoA) based on Bray-
Curtis dissimilarity using the Vegan v2.5-3 package was employed to assess the similarity among
microbial communities in different samples.

The analysis made use of the Kyoto Encyclopedia of Genes and Genomes along with pertinent
references [32] to identify functional genes in soil bacteria. By emphasizing their functional roles, it
becomes possible to efficiently pinpoint the key genes specific to each function and trace the pathways
leading to these particular genes. Statistical methods were then used to analyze the abundance of these
selected functional genes. The study focused on determining the functional genes related to nitrogen
metabolism in soil bacteria by combining those associated with nitrogen fixation, nitrification, and
denitrification. Table 3 displays the functional genes connected with soil bacteria.

Table 3: Soil bacteria possess functional genes that are associated with the metabolism of nitrogen and
phosphorus

Nitrogen metabolism Phosphorus metabolism

Nitrogen fixation Nitrification Denitrification

Related
genes

K02586 nifD;
K02591 nifK;
K02588 nifH;
K00531 anfG

K10944 pmoA-amoA;
K00370 narG, narZ,
nxrA;
K10945 pmoB-amoB;
K00371 narH, narY,
nxrB
K10946 pmoC-amoC;
K10535 hao

K00370 narG,
narZ, nxrA;
K00368 nirK;
K00371 narH,
narY, nxrB;
K04561 norB;
K00374 narI,
narV;
K02305 norC;
K02567 napA;
K02568 napB;
K00376 nosZ

K03430 phnW; K00325 pntB;
K06080 RcsF; K04750 phnB;
K00937 ppk; K07637 phoQ;
K05946 phoU; K06019 ppaX;
K00655 plsC; K07660 phoP;
K03306 Pit; K01514 ppX1;
K02221 yggT; K07657 phoB;
K07221 oprO_P; K06189 corC;
K05781 phnK;
K09459 EC4.1.1.82;
K06193 phnA; K02043 phnF;
K06162 phnM; K02036 pstB;
K06163 phnJ; K06217 phoH;
K06164 phnI; K02037 pstC;
K03820 Lnt;K02038 pstA;
K01507 ppa; K06165 phnH;
K05306 phnX; K01077 phoA;
K07042 ybeY; K09994 phnO;
K07636 phoR

Note: K05306 phnX, K05306 represents the gene name phnX corresponds to the KEGG orthology number K05306.
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2.3.3 Determination of Soil Enzyme Activity
Soil β-glucosidase enzyme activity (BG), soil leucine aminopeptidase activity (LAP), and soil N-

acetylglucosaminidase (NAG) were assessed through fluorescence analysis using a 96-well microplate
reader (RT-6100, Shanghai Precision Instrument Co., Ltd., Shanghai, China). Fluorescence readings were
obtained using a multifunctional microplate reader at wavelengths of 365 and 460 nm [33,34]. The soil
samples were thawed from −20°C to 4°C for revival. A total of 2.75 g of fresh soil sample was mixed
with 91 mL of Tris-Buffer (pH 8, mimicking the soil pH) and placed on a 200 r/min rotary shaker
(at 25°C) for 2 h. Following homogenization, 200 μL of the soil suspension was transferred to a 96-well
microplate, and 50 μL of 10 mmol/L substrate was added. This procedure included sample controls
(50 μL Tris-Buffer + 200 μL soil suspension), substrate controls (50 μL substrate + 200 μL Tris-Buffer),
and fluorescence standard solutions (50 μL fluorescence standard solution + 200 μL Tris-Buffer). Each
sample was then incubated in darkness at 25°C for 4 h before being analyzed with the multifunctional
microplate reader.

The alkaline phosphatase activity (AP) in the soil suspension was measured by extracting it and using
disodium phenyl phosphate colorimetry. To determine the enzyme activity, a standard curve was created
using the absorbance of the gradient of pnitrophenol concentrations. Expressed in units of mg/g/d, the
enzyme activity indicated the quantity of phenol that was extracted from 1 g of soil over a 24-h
period [35].

2.3.4 Determination of Root-Related Indexes
Seventy-six and seventy-eight days after planting spring and autumn tomatoes, Three plants with a depth

of about 0.4 m and a diameter of 0.2 m were randomly excavated from each plot. The soil samples were
sieved and then scanned with an Epson Perfection V700 scanner to produce TIF images. The TIF images
were analyzed using Win RHIZO Pro software to determine the total root length, total number of root
tips, and number of bifurcations of tomatoes in the greenhouse. The root activity was evaluated using the
triphenyl tetrazolium chloride method [36]. The procedure involved drying the root sample, extracting it
with 95% ethanol to dissolve the red substance, removing impurities through centrifugation and ethanol
washing, fixing the volume to 10 ml, measuring the optical density with a spectrophotometer at a
wavelength of 485 nm after centrifugation, and calculating the reduction amount of tetrazole based on a
standard curve.

2.3.5 Yield
In each experimental plot, 4 tomatoes were randomly selected and the weight of mature tomatoes with

4 ears was measured for each one. The yield of ripe fruit was assessed using a precise 0.01 g electronic
balance. The total weight of the four mature tomato fruits was recorded as the plant’s yield, and the yield
per hectare was calculated through conversion.

2.4 Data Analysis
The Cobb-Douglas model was utilized to both qualitatively and quantitatively depict the impact of F and

I on tomato yield. The relationship between soil bacterial community structure, soil enzyme activity, and
tomato yield was quantitatively explained through Pearson correlation and regression analyses.
Significance testing was conducted using the F test in SPSS 22.0 (IBM Crop., Armonk, New York, NY,
USA) with a significance level set at p < 0.05. Pearson’s two-tailed test was performed using SPSS 22.0
(IBM Crop., Armonk, New York, NY, USA). Graphs were generated by OriginPro 2019 (Origin Lab
Corporation, Northampton, MA, USA), while Excel 2016 was employed for regression analysis, which
was Microsoft Excel 2016 (Microsoft, Washington DC, USA).
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3 Results

3.1 Effects of Different Treatments on Soil Bacterial Community Structure Diversity and Species
Composition of Greenhouse Tomatoes

3.1.1 Bacterial Community Structure Diversity
Irrigation frequency (F) had significant effects on soil bacterial community structure diversity ACE

index, CHAO index and SOBS index of spring tomatoes and autumn tomatoes (Fig. 2). One-way
analysis of variance showed that the ACE index of soil bacteria in F2I2 treatment of spring tomato and
autumn tomato was higher than that of F1I1, F1I2, F1I3, F2I1, F3I1 and F3I2 by about 30.73% and
17.36%, 14.69% and 2.95%, 20.97% and 7.78%, 20.90% and 1.62%, 44.49% and 45.25%, 5.22%
and 14.14%, respectively. The irrigation frequency (F) and amount (I) had a significant impact on the
diversity of soil bacterial community structure in spring and autumn tomatoes (Fig. 2). Results from one-
way analysis of variance revealed that the ACE index for soil bacteria under the F2I2 treatment was
higher in spring and autumn tomatoes F1I1, F1I2, F1I3, F2I1, F3I1, and F3I2 by approximately 30.73%
and 17.36%, 14.69% and 2.95%, 20.97% and 7.78%, 20.90% and 1.62%, 44.49% and 45.25%, 5.22%
and 14.14%, respectively. The soil bacterial CHAO index of F2I2 treatment was higher than that of F1I1,
F1I2, F1I3, F2I1, F3I1, F3I2 and F3I3 by about 30.45% and 17.38%, 14.01% and 2.45%, 20.32% and
7.94%, 17.59% and 1.68%, 44.05% and 46.74%, 5.10% and 12.75%, 5.38% and 10.07%, respectively.
The SOBS index of soil bacteria in F2I2 treatment was higher than that of F1I1, F1I2, F1I3, F2I1, F3I1,
F3I2 and F3I3 by about 35.00% and 22.34%, 18.69% and 3.01%, 25.17% and 6.21%, 19.72% and
5.27%, 50.40% and 57.25%, 4.03% and 16.35%, 6.10% and 11.91%, respectively.
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Figure 2: Effects of Irrigation schemes on the diversity of soil bacterial community structure diversity. F
represents irrigation frequency; I represents irrigation amount; The data in the figure are displayed as the
mean and standard deviation. If different letters are present in the same color column, it indicates a
significant difference at the 0.05 level; the same below. The ACE, CHAO, and SOBS represent the ACE
index, CHAO index, and SOBS index of soil bacteria, respectively
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When keeping I constant, as F decreases, the diversity of soil bacterial community structure shown by
ACE index, CHAO index, and SOBS index in spring and autumn tomatoes under MSM initially increases
and then decreases. Likewise, when maintaining the F constant, as I increases, the ACE index, CHAO index,
and SOBS index of soil bacterial community structure diversity in spring and autumn tomatoes under MSM
also exhibit an initial increase followed by a decrease.

3.1.2 Bacterial Community Structure Species Composition
Within the soil bacteria community of tomatoes treated with 9 treatments, there were 1287 and

1787 OTUs in common, representing 24.48% and 26.56% of the total OTUs, respectively (see Fig. 3).
The interaction analysis revealed that treatment F2I2 had the most soil bacteria communities, with
3548 OTUs in spring tomatoes and 4710 OTUs in autumn tomatoes.

When the I was held constant, the overall soil bacterial communities in tomatoes initially increased and
then decreased as the F decreased at the OTUs classification level. Likewise, when F was held constant, the
total soil bacterial communities in both spring and autumn tomatoes initially increased and then decreased as
the I was increased at the OTUs classification level.

Fig. 4 illustrates that the predominant bacterial populations in the spring tomato soil at the genus level
were mainly Bacillus (9.22%–25.11%) and Streptomyces (1.58%–3.39%). In contrast, the dominant bacterial
populations in the autumn tomato soil were mainly Sphingomonas (5.46%–10.98%) and Bacillus (2.50%–

5.88%). Bacillus is a common presence in tomato soil. As the F decreased, the abundance of bacterial
Bacillus initially increased and then decreased in tomato soil. Specifically, the abundance of bacterial
Bacillus in F2 of spring and autumn tomatoes was significantly higher than that of F3 by approximately
1.35% and 26.15%, respectively. With the increase of I, the bacterial Bacillus abundance in tomato soil
decreased. Among them, the soil bacterial Bacillus abundance of I2 was 7.71% and 5.14% higher than
that of I1.

Fig. 5 demonstrates that the combined contribution rate of PC1 and PC2 surpassed 52.00%. Within the
positive range of PC1 and PC2, the F2I2 treatment emerged as the most effective population density of soil
bacteria in tomatoes at the genetic level.

Figure 3: Effect of irrigation scheme on soil bacterial community at OTUs classification level. F represents
irrigation frequency; I represents irrigation amount
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Figure 4: Effects of irrigation scheme on the genus level of soil bacteria community. The “others” category
included species that were merged due to having a species abundance of less than 1.00%. The vertical axis
depicted different treatments, while the horizontal axis represented the proportion of soil bacterial
populations at the genus level
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3.2 Analysis of Functional Genes Related to Nitrogen and Phosphorus Metabolism in Soil Bacteria
As shown in Fig. 6, the combination of F and I had a significant influence on the abundance of nitrogen

metabolism function genes (NFGA), and phosphorus metabolism function genes (PMGA) in tomato soil.
Comparing tomatoes treated with F2I2 with other treatments, the NFGA, NGA, DFGA, NMGA, and
PMGA were not significantly lower than F2I3, but were higher than F1I1, F1I2, F1I3, F2I1, F3I1, F3I2,
and F3I3 in both spring and autumn tomato soil. As F decreased under constant I, the levels of NFGA,
NGA, DFGA, NMGA, and PMGA in the soil of tomatoes initially increased and then fell, the bacterial
community structure diversity and the abundance of functional genes linked to bacterial nitrogen and
phosphorus metabolism were highest in the rhizosphere soil of both spring and autumn tomatoes when
using F2 irrigation frequency. Conversely, under the condition of the same F, the NFGA, NGA, DFGA,
NMGA, and PMGA of soil bacteria increased with higher levels of I, the bacterial community structure
diversity and the abundance of functional genes linked to bacterial nitrogen and phosphorus metabolism
were highest in the rhizosphere soil of both spring and autumn tomatoes when using I2 irrigation amount.
The results showed that F2I2 treatment could improve the metabolism of nitrogen and phosphorus in soil
bacteria.

Figure 5: Effects of irrigation scheme on the soil bacteria community at the genus level by Principal
Coordinate Analysis (PCoA). F represents irrigation frequency; I represents irrigation amount
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Figure 6: (Continued)
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3.3 Effects of Different Treatments on Soil Enzyme Activities of Greenhouse Tomatoes
Both F and I had significant effects on the BG, LAD, NAG, and AP in tomato soils (p ≤ 0.05) (Table 4).

As the F decreased, the soil BG of tomatoes initially rose before eventually declining. This indicates that the
soil BG of F2 was approximately 13.73% and 11.81% higher than that of F1, 31.72%, and 26.73% higher
than that of F3. As the F decreased, the soil LAD of tomatoes initially rose before eventually declining. The
soil LAD of spring tomatoes and autumn tomatoes F2 was higher than that of F1, and F3 by about 20.60%
and 15.11%, 42.83%, and 29.89%, respectively. As the F decreased, the soil NAG of tomatoes initially rose
before eventually declining. The soil NAG of F2 of spring tomatoes and autumn tomatoes was higher than
that of F1, and F3, by 20.92% and 30.06%, respectively. The soil AP levels for tomatoes initially rose before
eventually declining as the F decreased. This indicates that the soil AP for tomatoes under F2 was higher than
F1 and F3.
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Figure 6: Comparative analysis of the abundance of functional genes related to N and P metabolism bacteria
under the regulation of irrigation regimes. F represents irrigation frequency; I represents irrigation amount.
The data are shown as average ± standard deviation in the figure, different letters in the same color column
meant significant difference at 0.05 level, the same as below

Table 4: Effects of different treatments on soil enzyme activities of greenhouse tomatoes

Treatment BG U/g LAP U/g NAG U/g AP U/g

Spring F1I1 3.31 ± 0.27c 15.27 ± 1.82c 12.17 ± 0.47de 3.23 ± 0.41de

F1I2 3.96 ± 0.5b 18.55 ± 1.57b 14.89 ± 1.48abc 3.63 ± 0.34bc

F1I3 3.90 ± 0.36b 18.94 ± 0.83b 14.33 ± 1.19bc 3.43 ± 0.26cd
(Continued)
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As the I increased, the soil BG of tomatoes initially rose before eventually declining. The soil BG of
spring tomatoes and autumn tomatoes I2 was higher than that of I1 and I3 by about 15.85% 13.64%,
1.83%, and 2.00%, respectively. As the I increased, the soil LAD of tomatoes initially rose before
eventually declining. The soil LAD of spring tomatoes and autumn tomatoes I2 was higher than that of
I1, and I3 by about 17.88% and 12.93%, −2.32%, and 2.43%, respectively. As the I increased, the soil
NAG of tomatoes initially rose before eventually declining. The soil NAG of spring tomatoes and autumn
tomatoes I2 was higher than that of I1, and I3 by about 17.28% and 19.57%, −0.48% and 1.93%,
respectively. With the increase of I, the soil AP of tomatoes initially rose before eventually declining. The
soil AP of tomatoes I2 was higher than that of I1, and I3.

Table 4 (continued)

Treatment BG U/g LAP U/g NAG U/g AP U/g

F2I1 3.94 ± 0.35b 19.08 ± 1.52b 13.87 ± 1.99bcd 3.62 ± 0.4bc

F2I2 4.42 ± 0.24a 21.94 ± 1.28a 15.65 ± 2.26ab 4.01 ± 0.24a

F2I3 4.34 ± 0.27a 22.6 ± 1.34a 16.34 ± 2.51a 3.91 ± 0.42ab

F3I1 3.02 ± 0.52c 13.79 ± 1.03c 10.99 ± 1.12e 2.96 ± 0.27e

F3I2 3.31 ± 0.49c 15.33 ± 1.9c 13.23 ± 1.99cd 3.1 ± 0.39de

F3I3 3.31 ± 0.44c 15.42 ± 2.63c 13.71 ± 1.82cd 3 ± 0.5e

F-value

F 44.928** (55.5) 53.767** (74.2) 15.418** (30.0) 33.656** (48.3)

I 12.038* (25.1) 26.091** (42.0) 16.186** (31.0) 4.789* (11.7)

F*I 0.563 (3.0) 1.245ns (6.5) 0.357ns (1.9) 0.455ns (2.5)

Autumn F1I1 3.23 ± 0.29c 16.79 ± 1.70c 12.34 ± 1.52d 3.03 ± 0.36bc

F1I2 3.68 ± 0.36b 18.83 ± 2.27b 15.24 ± 2.03bc 3.26 ± 0.38ab

F1I3 3.67 ± 0.34b 18.77 ± 1.63b 15.98 ± 2.17ab 3.30 ± 0.21ab

F2I1 3.66 ± 0.37b 19.16 ± 1.23b 15.00 ± 2.64bc 3.44 ± 0.41a

F2I2 4.16 ± 0.27a 21.77 ± 1.65a 17.45 ± 1.86a 3.56 ± 0.38a

F2I3 4.01 ± 0.36a 21.66 ± 1.69a 17.36 ± 1.75a 3.53 ± 0.32a

F3I1 2.81 ± 0.21d 14.54 ± 1.07d 10.40 ± 1.51e 2.84 ± 0.30c

F3I2 3.25 ± 0.40c 16.66 ± 2.33c 13.77 ± 1.99cd 3.05 ± 0.21bc

F3I3 3.27 ± 0.40c 16.99 ± 2.10c 14.12 ± 1.17bcd 3.08 ± 0.29bc

F-value

F 40.697** (5.31) 58.937** (57.6) 27.787** (43.6) 17.593** (32.8)

I 15.056** (29.5) 14.658** (28.9) 23.928** (39.9) 3.134* (8.0)

F*I 0.157ns (0.9) 0.111ns (0.6) 0.405ns (2.2) 0.188ns (1.0)
Note: F represents irrigation frequency; I represents irrigation amount. The data in the figure are displayed as the mean and standard deviation. If
different letters are present in the same color column, it indicates a significant difference at the 0.05 level. * represents p ≤ 0.05, ** represents
p ≤ 0.01, ns represents p > 0.05. The BG, LAP, NAG, and AP represent the β-glucosidase activity, leucine aminopeptidase activity,
N-acetylglucosaminidase, and alkaline phosphatase activity of the soil, respectively. The U/g represents the unit of enzyme activity.
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3.4 Effect of Different Treatments on Yield of Greenhouse Tomatoes
Table 5 displays the results of a one-way analysis of variance, indicating that the yields of tomatoes in

both spring and autumn under the F2I2 were notably greater than F1I1, F2I1, F3I1, F3I2, and F3I3 treatments
by approximately 33.44% and 31.00%, 31.88%, and 28.03%, 44.08% and 43.38%, 27.49% and 16.73%,
21.04% and 32.03%, respectively. the yield of tomatoes initially rose before eventually declining with the
decrease of F. The F2 of tomatoes in both spring and autumn yields were higher than F1, and F3 by
about 5.27% and 3.24%, 19.31%, and 11.30%. With the increase of I, the yield of tomatoes initially rose
before eventually declining. The yield of I2 tomatoes in both spring and autumn was higher than that of
I1 and I3. To further analyze this relationship quantitatively, the Cobb-Douglas model was utilized, with
F and I as independent variables and tomato yield as the dependent variable. The regression analysis
results are presented in Table 6.

The formula above shows that in the MSM system, changes in I had a greater impact on the yield
elasticity than changes in F. Specifically, a 1.00% increase in I resulted in a minimum 39.24% increase in
tomato yield, while a 1.00% increase in F led to a roughly 11.23% decrease in tomato yield. The Cobb-
Douglas model fitting results confirmed that the effects of F and I on tomato yield aligned with the
conventional variance test.

Table 5: Effect of different treatments on yield of greenhouse tomatoes

Treatment Spring Autumn

Yield kg/hm2 Yield kg/hm2

F1I1 89,898.31 ± 12,173.48cd 74,791.67 ± 10,196.15cd

F1I2 114,602.01 ± 19,370.81a 95,180.56 ± 17,617.6ab

F1I3 108,739.06 ± 24,907.83ab 92,625 ± 11,596.79ab

F2I1 90,964.34 ± 14,880.36cd 76,527.78 ± 13,027.18cd

F2I2 119,961.18 ± 15,863.47a 97,979.17 ± 12,550.56a

F2I3 118,823.08 ± 12,774.65a 96,597.22 ± 12,447.91a

F3I1 83,258.23 ± 12,514.06d 68,333.33 ± 12,007.99d

F3I2 94,097.43 ± 15,084.14cd 83,937.5 ± 10,271.14bc

F3I3 99,024.6 ± 17,708.7bc 79,638.89 ± 13,283.92cd

F-value

F 10.847** 10.501**

I 19.545** 23.832**

F*I 1.154ns 0.403ns
Note: F represents irrigation frequency; I represents irrigation amount; the data are shown as the mean and standard deviation in the table, different
lowercase letters meant significant difference at 0.05 level. * represents p ≤ 0.05, ** represents p ≤ 0.01, ns represents p > 0.05, the same below.

Table 6: Regression analysis of the Cobb-Douglas model

Equation R2

Spring Y ¼ e11:7346 � F�0:1171 � I0:4058 0.8357 (2)

Autumn Y ¼ e11:5591 � F�0:1123 � I0:3924 0.8087 (3)
Note: Y represents yield. F represents irrigation frequency; I represents irrigation amount.
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3.5 Interaction among Soil Bacteria Community, Soil Enzyme Activity, and Yield under the Control of
Irrigation Frequency and Irrigation Amount
Using Pearson’s two-tailed test, a positive relationship was noticed among soil bacterial community, soil

enzyme activity, and yield. The strongest correlations were observed between soil bacterial community and
soil enzyme activity, as well as between soil bacterial community structure diversity (CHAO index) and soil
BG (0.898 and 0.805, for spring and autumn tomatoes). Soil bacteria’s NMGA and PMGA showed the
highest correlations with LAP + NAG (0.923 and 0.797) and AP activity (0.948 and 0.770), respectively.
To delve deeper into the interaction between soil bacterial community and soil enzyme activity,
regression analysis was conducted, as shown in Fig. 7. In the correlation analysis between soil enzyme
activity and yield, significant positive correlations were found for soil BG, LAP + NAG, AP, and yield
(0.793 and 0.746, 0.847 and 0.843, 0.699 and 0.726). Multiple regression analysis was then utilized to
further explain the variability in yield by quantitatively describing the relationship between soil enzyme
activity and yield (Fig. 7).

A quadratic parabolic relationship between CHAO and BG was observed with determination
coefficients of R2 > 0.7265, R2 > 0.6122, and R2 > 0.8083 (see Fig. 7). The regression model showed a

Figure 7: Correlation between soil bacterial community and soil enzyme activity. Note: the NMGA, PMGA,
CHAO, BG, LAP, NAG, and AP represent the abundance of soil bacterial nitrogen metabolism functional
genes, the abundance of phosphorus metabolism functional genes, the CHAO index of soil bacteria, β-
glucosidase activity, leucine aminopeptidase activity, N-acetylglucosaminidase, and alkaline phosphatase
activity, respectively. The U/g represents the unit of enzyme activity
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strong fit, allowing for the evaluation of the interplay between soil bacterial community and soil enzyme
activity at this time. Additionally, the findings indicated a positive correlation between soil enzyme
activity and yield, as detailed in Table 7.

The regression model demonstrated a satisfactory fit between soil enzyme activity and the yield of spring
and autumn tomatoes (R2 > 0.8765) (Table 7). In other words, the combination of soil BG, LAP + NAG, and
AP can account for over 87.65% of the variability in yield. The regression analysis of soil enzyme activity
and yield can be used for the prediction of tomato yield and for assessing the production potential of the field.

4 Discussion

4.1 Effects of Different Treatments on Bacterial Community in Rhizosphere Soil of Greenhouse
Tomatoes
Variations in the frequency and intensity of wet-dry cycles caused different effects on soil microbial

communities. Past research has shown that these cycles can lead to a mortality rate of around 58% for
microorganisms, but those that survive benefit from the release of active organic matter during rapid
changes in water availability [37–39]. In this research, it was discovered that the diversity of bacterial
communities in the soil surrounding tomato roots showed an initial increase followed by a decrease as the
frequency of wetting cycles intensified. This observed trend is likely due to the formation of small
wetting zones and prolonged wet periods, causing excessive soil evaporation in consistently wet
conditions. Moreover, the reduced soil aeration linked to high irrigation frequencies can lead to
competition between small wetting zones and poorly aerated soil for resources like water, nutrients, and
oxygen, significantly impacting the microbial community structure [26,27]. The richness of microbial
communities in the root area is constrained by factors like insufficient moisture levels in the tillage layer
[40–42]. For instance, when the moisture level was insufficient (F3), the soil volumetric water content for
spring and autumn tomatoes was lowered by around 2.16% and 6.02% compared to the irrigation
frequency. This decrease in soil moisture serves as a primary constraint on the bacterial community
within the rhizosphere soil of tomatoes under MSM [40]. Additionally, When the irrigation frequency is
7 d, the water content of the soil is unevenly distributed in space and time, which promotes the root soil
of the crop to be dry or wet for a long time and reduces the number of dry-wet cycles of the soil, the
mineralization ability of the soil, and the substrate source required for microbial survival [43–45]. Past
studies have demonstrated that water plays a crucial role in influencing the diversity and quantity of soil
bacteria communities in times of soil drought. When the porosity of the soil, which is filled with water, is
too high, there can be a restriction in gas exchange between the soil and the external environment. This
makes it easier for soil-aerobic bacteria to survive and out-compete other organisms. Consequently, the
diversity and abundance of soil microbial communities decrease as a result of environmental filtering
processes [32,46]. This study observed that the NMGA in the F2 treatment with a more frequent MSM
was higher than those in the F1 and F3 treatments. High irrigation frequency F1 may cause the soil to
remain wet for a long time, which will increase the water-filled porosity of the soil. In this state, nitrogen-
fixing, nitrifying, and denitrifying bacteria (mainly aerobic bacteria) in the soil may face a decline in
abundance due to competition for survival [47]. On the other hand, when the irrigation frequency reaches

Table 7: Regression analysis of soil enzyme activity and yield

Equation R2

Spring Y = 2699.2302 * X1 + 2237.5717 * X2 + 6457.3586 * X3 0.8843 (4)

Autumn Y = 11345.3901 * X1 + 1056.8948 * X2 + 3971.0041 * X3 0.8765 (5)
Note: The soil BG is represented as the independent variable X1, while soil LAP + NAG is denoted as the independent variable X2, and soil AP is the
independent variable X3. Tomato yield is the dependent variable Y.
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F3, the crop root soil may undergo a long period of drying and wetting alternation, which will cause water
and hypoxia stress, thereby reducing the number of roots absorbed by the tillage layer and the number of root
exudates [48,49]. This not only reduces the survival substrates of bacteria but also may further reduce the
abundance of nitrogen metabolism-related functional bacteria because they are at a disadvantage in niche
competition [50,51]. With an increased frequency of MSM, the PMGA in the soil of tomato plants
initially increased and then decreased, indicating that the F2 treatment helped accelerate the soil
phosphorus cycle [52,53].

Prior research indicated that as irrigation intensity (I) increased, soil volumetric water content also
increased, while soil air permeability decreased [40]. The latest research noted a comparable pattern in
the diversity of bacterial community composition in the soil surrounding tomato roots at I levels. Initially,
the diversity increased but later decreased, possibly due to water stress resulting from insufficient
irrigation (I1). This stress could hinder the morphological development of crop roots, decreasing the input
of organic matter from root exudates and litter, subsequently limiting the availability of essential carbon
for soil bacteria survival. Conversely, excessive irrigation (I3) led to water-filling soil pores, significantly
impacting bacterial diversity [54,55]. Reduced soil oxygen levels due to limited air intake under
excessive irrigation can stress crop roots and lower soil pH, which affects soil microorganism diversity
positively correlated with pH [56]. Competition between crop roots and soil-aerobic bacteria under low
oxygen stress can decrease soil-aerobic bacterial species [57,58]. This finding aligns with Li’s [59]
conclusion that cucumber rhizosphere microbial community diversity initially increases and then
decreases with underground drip irrigation, showing similarities between the effects of managed soil
profile fertility (MSM) and drip irrigation on rhizosphere microbial community diversity.

The research determined that the tomato rhizosphere soil treated with irrigation amount I2 had the
highest abundance of nitrogen metabolism functional genes. This may be due to the increase of soil
volumetric heat capacity with the increase of irrigation amount, which helps to maintain soil temperature
and reduce the diurnal variation of soil temperature [60]. Stable soil temperature helps to reduce the
fluctuation of soil internal structure, thus providing a good environment for the stable growth of dominant
bacteria in soil [61,62]. Nevertheless, excessive soil moisture hindered proper soil aeration. Furthermore,
the study was carried out under film irrigation and mulching, restricting soil gas and air exchange.
Consequently, the proliferation of aerobic bacteria involved in nitrogen fixation, such as bacterial nitrogen
fixation and rhizobia, was constrained. Excessive soil moisture impeded soil ventilation, thereby limiting
the reproduction of aerobic bacteria. This limitation, including bacterial nitrogen fixation and rhizobia, led
to the lower NMGA found in the tomato rhizosphere soil treated with irrigation intensities of I1 and I3 in
this study [58,63]. These results align with Wang et al.’s [64] the conclusion that increasing winter wheat
irrigation can enhance NMGA and with Chen et al.’s [65] findings showing a positive correlation
between irrigation amount and soil denitrifying bacteria abundance. The collective studies indicate a
consistent relationship between irrigation levels and NMGA in crop rhizosphere soil.

4.2 Effects of Different Treatments on Rhizosphere Soil Enzyme Activities of Tomato in Greenhouse
Previous research indicated that the number of dry-wet cycles experienced by the soil in the root zone

varied under different irrigation cycles for crops. More frequent dry-wet cycles were found to break up soil
aggregates, increase the release of organic carbon, and enhance the available substrate for soil
microorganisms [66,67]. Soil treated with F2 of MSM showed higher activity levels of carbon, nitrogen,
and phosphorus metabolic enzymes compared to F1 and F3 treatments. This difference in enzyme
activities may be due to the soil moisture concentration in the shallow soil layer during more frequent
irrigation (F1). This led to an increase in water-filled porosity in the shallow soil, limiting gas exchange
between the deep soil layer and external air. The resulting hypoxic stress impeded the morphological
growth of tomato roots. Additionally, it was observed that the total root length and activity of tomatoes
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treated with F2 were greater than those treated with F1. The reduced root exudates and soil enzyme activity
associated with F1 were linked to impaired root morphological development [68–70].

Under the reduced irrigation frequency (F3), soil microorganisms struggle to adjust to changing
environmental conditions, leading to long-term dry or wet conditions in the soil due to decreased
moisture and oxygen levels. This prolonged dry or wet state diminishes the diversity of the soil bacterial
community, reduces population abundance, and hinders the activation of soil nutrients, hampering the
growth of tomato roots. Spring and autumn tomato plants subjected to F2 treatment exhibited greater total
root length and root activity compared to those under F3 conditions. There exists a positive relationship
between soil enzyme activity and root exudates [64,71,72]. Li’s research [59] revealed that setting the
irrigation frequency at 8 days resulted in a notable presence of soil microorganisms and high soil enzyme
activity. These disparities may stem from various factors like irrigation techniques, regional climate, and
soil composition. It is crucial to acknowledge that these factors can influence the structure of the soil
microbial community [73]. Nevertheless, additional research and analysis are necessary to fully grasp the
extent of these relationships and their implications.

As irrigation increased, the activities of soil enzymes (BG, LAD, NAG, and AP) initially rose and then
declined in the greenhouse tomato plants under limited water conditions. Soil moisture is important to be a
key factor constraining soil enzyme function at lower irrigation levels (I1) [74]. Once irrigation surpassed a
certain threshold, soil aeration became inadequate. For example, the soil water saturation level for I3 was
approximately 3.55% and 2.25% higher than that for I2, leading to a hypoxic microenvironment in the
soil that suppressed the growth of aerobic microorganisms like Bacillus. The reduced diversity and
abundance of the soil microbial community led to a decrease in the uptake and utilization of soil nutrients
by plant roots, as well as hindered the metabolic processes of the roots. Additionally, the decrease in root
metabolic compounds, including root exudates and soil microbial biomass, directly constrained the
improvement of soil enzyme activity [40]. This finding is consistent with the research on soil carbon and
nitrogen-related enzymes of Tuo [75] and the soil alkaline phosphatase activity of Zhou [76] with the
change of irrigation amount.

4.3 Exploring the Effects of Various Treatments on Tomato Production in a Greenhouse
The results indicated that the yield of tomatoes increased at first and then decreased with a higher F of

irrigation under the same I. This trend is believed to be attributed to the requirement for stable soil water
potential and a greater rate of soil oxygen diffusion to facilitate ideal crop growth [77–79]. Frequent and
small amounts of watering in treatment F1 resulted in water being retained in a smaller area of soil, and
soil moisture was mainly concentrated in shallow soil (0–10 cm). The average soil moisture content in
the top 20 cm of soil in treatment F2 was lower than that in treatment F1. This led to a decrease in the
depth at which water could penetrate the soil, causing a reduction in the roots. Additionally, the shallow
soil exhibited higher water saturation but poor permeability [80–82]. Under different levels of irrigation
intervals (7 days, F3), the distribution of soil moisture was found to be uneven both spatially and
temporally. When soil either remained too dry or excessively saturated for extended periods, it led to
water and hypoxia stress. Previous studies have shown that soil microorganisms were affected by these
conditions of soil moisture and hypoxia stress. In addition, the limited growth of root morphology
affected the composition of the soil bacterial community and the presence of functional genes [83]. For
example, when the irrigation frequency was set at 5 days, the soil samples from spring and autumn
tomato plants indicated a higher abundance of NMGA and PMGA compared to frequencies of 3 and
7 days. This difference in gene abundance led to a decrease in urease and alkaline phosphatase activities
in the soil, thereby limiting the turnover of nitrogen and phosphorus and resulting in a negative feedback
effect. Additionally, this unfavorable condition impeded the growth of crop roots’ morphology and
affected the accumulation of dry matter via leaf photosynthesis. In addition, the harvest of both spring
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and autumn tomatoes showed higher yields when irrigation was carried out every 5 days. JacobFara et al.’s
[84] research demonstrated that tomato yield were higher under film compared to 5-day irrigation,
contradicting the findings of the present study. This inconsistency may have been due to variations in the
physical and chemical properties of the saline-alkali test soil. In addition to traditional fertilization, it is
recommended to incorporate limestone and gypsum before transplanting tomatoes. The study confirmed a
positive relationship between irrigation frequency and volume, which aids in leaching soil salts and
mitigating salt alkali stress on tomato roots [85]. Furthermore, before transplanting tomatoes per
Sorotori’s method, the soil underwent 60 cm subsoiling tillage, resulting in improved soil aeration, water
retention, and decreased susceptibility to drought stress impacting tomato growth [86]. It is consistent
with the changing trend of tomato yield under drip irrigation with irrigation frequency in Zhang et al.
[87], indicating that the influence of the irrigation schedule in MSM on tomato production closely mirrors
that of drip irrigation.

The study showed a trend in which tomato yield first rose and then fell as irrigation levels were raised
from 0.70 to 1.20 Epan. This outcome was likely due to the insufficient soil volumetric water content in the
0.70 Epan treatment, leading to water stress caused by reduced I. It was crucial to uphold a suitable soil
volumetric water content to alleviate soil water stress and enhance crop yield optimization [88,89].
Nonetheless, the application of 1.20 Epan led to a notable increase in soil water saturation, consequently
decreasing the aeration within the tomato soil. This combination of water stress and limited oxygen levels
had a detrimental effect on the growth of the crop roots. Conversely, the use of 1.00 Epan created an
optimal soil moisture environment that encouraged superior root development. Specifically, the combined
total root length of tomatoes treated with 1.00 Epan exceeded those subjected to 0.70 and 1.20 Epan
treatments. Moreover, the root activity of tomatoes under the 1.00 Epan regimen outperformed those
under the 0.70 and 1.20 Epan protocols. The increased root growth positively impacted the composition
of the bacterial community. For example, the bacterial ACE index in the rhizosphere soil of tomatoes
treated with 1.00 Epan was higher than in those treated with 0.70 and 1.20 Epan. Additionally, the
presence of functional genes linked to nitrogen metabolism in tomatoes was more pronounced in the
1.00 Epan treatment compared to the 0.70 and 1.20 Epan approaches. The accelerated growth of root
structure and the enhanced metabolic activity of soil bacteria led to an increase in the release of soil
enzymes [77,90]. This elevated enzyme activity facilitated the uptake of soil nutrients by crop roots,
boosting the advancement of root morphology to a greater extent [91]. The favorable synergy among
roots, soil bacteria, and soil enzyme activity contributed to the increased yield of tomatoes treated with
1.00 Epan. It was consistent with Wang et al.’s [92] study that the yield of fragrant pear increased first
and then decreased with the increase of drip irrigation amount, which was consistent with Wang et al.’s
[93] research, it was observed that the yield of tomatoes initially rose and then declined as the I of drip
irrigation increased. This suggests that the impact of adjusting irrigation levels on tomato yield within the
MSM was similar to drip irrigation, which further indicated that the effect of I on crop yield did not
change due to the difference in crop types and irrigation methods.

4.4 Correlation among Soil Bacterial Community, Soil Enzyme Activity, and Yield
Previous studies have shown that there is a cascade effect in interactions among plants, soil, and

microbes. Root exudates are essential in controlling the interplay between plant root enzymes and
microbes, ultimately improving the absorption and utilization of nutrients by plants. Furthermore, the
presence of root exudates, root dispersion, and soil nutrients significantly impact the movement of
bacterial communities [94,95]. Root hairs can adjust to root features to support plant nutrition in dry
conditions. Soil moisture is more crucial than root exudates in influencing hydrolase activity during this
time. It is essential to recognize that both soil moisture and root exudates collaborate to affect the
hydrolase activity of carbon, nitrogen, and phosphorus in the soil surrounding the roots [94]. The
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diversity of soil bacteria and the activity of hydrolases were constrained by soil moisture, and a synergistic
phenomenon of change was present [96]. The optimal water and heat conditions in the soil were conducive to
the growth of tomato root structure, which enhanced the resilience of the soil’s bacterial community and
increased soil enzyme activity. Additionally, the suitable water and heat conditions in the soil played a
crucial role in ensuring a consistent tomato yield [97,98]. The findings indicated a direct relationship
between soil bacterial community, soil enzyme activity, and the yield of tomatoes. This may be because
soil moisture is an important factor limiting soil bacterial community structure, enzyme activity and yield
in this study.

It was discovered that excessive or insufficient soil moisture levels were not beneficial for enhancing
tomato root activity, total root length, and root surface area. Inadequate root morphology development
can lead to a decrease in root exudate production, which in turn diminishes the interaction between the
rhizosphere soil bacterial community, enzyme activity, and roots. This limitation can ultimately hinder the
absorption and utilization of soil nutrients, impacting the enhancement of tomato yield. Furthermore,
research indicates that drought conditions may elevate soil available phosphorus levels while
simultaneously diminishing soil microbial diversity and reducing underground biomass [99]. The study
findings revealed a mutually beneficial connection between the composition of the soil’s bacterial
community, the activity of soil enzymes, and the growth of tomatoes. This discovery was consistent with
Wang’s research [100], highlighting enzymes as indicators of soil function and endorsing the use of
functional gene abundance to support model prediction. Similarly, Xing et al.’s conclusion [101] noted a
positive connection between potato tuber yield, soil microbial population, and soil enzyme activity in drip
irrigation systems. The consistency across these findings indicated that both the MSM technique and drip
irrigation influenced the relationship between yield and microbial and enzyme activity in the soil in a
similar manner.

5 Conclusions

In this research, the impact of varying irrigation frequencies and irrigation amounts of MSM on the
bacterial community and enzyme activity in the rhizosphere soil of greenhouse tomatoes was examined.
The results showed that, in terms of OTU classification, the total number of soil bacterial communities in
tomatoes increased initially and then decreased as the levels of F or I increased. Notably, the bacterial
community structure diversity and the abundance of functional genes linked to bacterial nitrogen and
phosphorus metabolism were highest in the rhizosphere soil of tomatoes when using F2 irrigation
frequency. Similarly, soil enzyme activities including BG, LAP, NAG, and AP were notably higher in
both spring and autumn tomato soil with F2 compared to F1 and F3. Furthermore, the CHAO, NMGA,
and PMGA in the rhizosphere soil of tomatoes were higher with I2 compared to I1 and I3. As F or I
increased, there was an initial rise followed by a decrease in tomato yield, emphasizing that I had a more
significant impact on tomato yield. A minimum increase of 39.24% in tomato yield was observed for
every 1.00% increase in I. The Pearson double-tailed test demonstrated a positive correlation among soil
bacterial community, soil enzyme activity, and greenhouse tomato yield under MSM irrigation methods.
After a thorough analysis of the experimental data, it was recommended to implement the F2I2 combined
irrigation mode under MSM in Northwest China.
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