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Abstract

Root restriction is an agronomic technique that influences plant morphology, physiology, and
productivity. This study investigates the effects of root restriction on tomato growth, fruit quality,
yield and rhizosphere microbial communities using three distinct substrates: sand, soil, and peanut
shell substrate (PSS), within a Simplified Automatic Soilless Culture System (SAS). The results
showed that root restriction increased soluble sugar, protein, and lycopene content in tomato fruits,
but reduced fruit yield. Evaluation using TOPSIS (Technique for Order Preference by Similarity to
Ideal Solution) revealed optimal root-restriction levels for different substrates: 8cm peanut shell
substrate >24 cm soil >8cm sand. Correlation analysis revealed significant relationships between root
restriction height and substrate water holding capacity, total water storage and yield. Microbial
amplicon sequencing revealed higher rhizosphere microbial diversity in tomatoes grown in soil and
peanut shell substrate compared to sand. These three types of growing media (soil, sand, and peanut
shell substrate) establish the rhizosphere of bacterial and fungal communities by selecting specific
microbial taxa. Changes in container height drive the reduction-oxidation functional divergence of
bacterial communities, affecting the connectivity and complexity of microbial networks.

Keywords: root restriction; soilless culture; peanut shell substrate; soil; sand; TOPSIS; rhizosphere
microorganisms

1. Introduction

The term “soilless culture” generally refers to any method of growing plants without using soil
as a rooting medium (Lal, 2017; Savvas, 2003). Presently, the soilless culture systems (SCS) have
emerged as a pivotal technological component in modern greenhouse operations, primarily due to
their distinct advantages. A defining strength of SCS lies in its ability to liberate crops from
dependence on soil—a natural medium characterized by heterogeneity, pathogen harboring,
tendency to deteriorate under monoculture practices, and potential infertility, salinity, or sodicity.
The independence from the soil as a rooting medium in SCS enables optimization of both physical
and chemical characteristics in the root environment and a more efficient control of pathogens
without the need to apply soil fumigation (Savvas & Gruda, 2018). This achieves high yields at
reasonable costs, with low pesticide use and premium quality.
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Containerized plant production poses two primary challenges to healthy root development.
First, unlike natural soil profiles, the shallow growing medium layer in containers rapidly saturates
during irrigation. Second, the limited volume of small containers restricts water-holding capacity
between irrigation events (Bunt, 2012). Fundamentally, an effective growing medium must possess a
physical structure capable of maintaining an optimal air-water balance during and between irrigation
events, preventing root asphyxia and drought stress (Caron & Nkongolo, 1999; Fonteno, 1993). Soil’s
failure to sustain this balance within such constrained volumes has been a key catalyst for the
development of soilless substrates. Indeed, these substrates represent a breakthrough innovation,
enabling growers to precisely regulate water, air, and nutrient delivery to plant roots while excluding
soil-borne pathogens (Raviv et al., 2002).

Potting media are composed of components that supply air, water, and nutrients to support
plant growth (Mariyappillai & Arumugam, 2021). The distribution of air, water, and solids within a
container medium is influenced by multiple factors, including pore space, bulk density, substrate
particle size distribution, container height, and media settling characteristics. Both inorganic and
organic substrates are used as growing media: inorganic options include expanded clay, glass wool,
gravel, perlite, pumice, rock wool, sand, sepiolite, vermiculite, volcanic tuff, zeolite, as well as
synthetic materials like foam mats, hydrogels, and plastic foams; organic materials encompass bark,
coconut coir, coco soil, fleece, marc, peat, raffia bark, rice husk, sawdust, and wood chips. To meet
plant growth requirements, growing media must satisfy diverse criteria related to physical, chemical,
hydrological, and biological properties (Nelson, 2011). Nonetheless, no single substrate or mixture
can universally satisfy the needs of all plant species under all conditions (Di Lorenzo et al., 2013;
Gruda, 2011).

In substrate-based cultivation systems, the particle size distribution of the growing medium
(GM) and container dimensions must be carefully selected to balance water accessibility and aeration
within the root zone (Savvas & Gruda, 2018). Notably, the substrate layer height must be sufficiently
large to facilitate adequate drainage and aeration, determined by the substrate’s hydraulic properties
(Heller et al., 2015). Generally, fine-particle-dominated GM performs optimally when contained in
tall, narrow vessels, whereas coarser substrates are better suited to shallow bags or troughs to ensure
adequate water supply (Savvas, 2007).

In traditional soil cultivation, plant root systems have unrestricted volume, whereas in soilless
cultivation, root growth is constrained by container size, leading to varying degrees of root system
limitation. Root restriction, as a form of abiotic stress, exerts both direct and indirect influences on
plant morphology and physiology (Gao et al, 2023). By adjusting container dimensions
appropriately, this technique can enhance plant quality and container utilization efficiency.
Currently, root restriction has been effectively applied to diverse crops, including wolfberry (He et
al., 2022), chili peppers (Zakaria et al., 2020), and grapes (Xu et al., 2021). Empirical studies have
demonstrated that in root-restricted tomato plants, primary roots primarily proliferate toward the
container base, producing numerous shorter lateral roots (LRs) that densely fill the entire volume to
form a root mat (Peterson et al.,, 1991). This configuration enhances gas exchange efficiency by
mitigating adverse effects of oxygen deficiency while improving nutrient uptake capacity (Balliu et
al., 2021). Although larger container sizes typically correlate with higher yields (Balliu et al., 2021),
emerging evidence highlights that root restriction elevates levels of primary metabolites, such as
soluble sugars, amino acids, and lipids (Leng et al., 2021), and secondary biomolecules including
carotenoids, flavonoids, phenolic acids, and alkaloids in fruits (Gao et al., 2023). These metabolic
enhancements are conducive to improving fruit quality and bioactive compound content (Leng et al.,
2022).

Studies have shown that soilless organic growing media have distinct ecological niches for
diverse bacterial communities, which exhibit temporal functional stability (Grunert et al., 2016).
Newly prepared or sterilized growing media often lack a diverse and competitive microbiome
(Grunert et al., 2016; Postma, 2010; Raviv et al., 2019), whereas natural soil typically harbors up to
107-10° bacterial colony-forming units (CFU) and 10*-10¢ culturable fungal propagules per gram of
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soil (Alexander, 1978). It has been hypothesized that organic peat-based growing media used in
tomato cultivation systems are primarily colonized by fungi, Actinomycetes, and Trichoderma species
(Koohakan et al., 2004; Sammar Khalil & Alsanius, 2001), while mineral-based growing media are
dominated by bacterial communities (Grunert et al., 2020; Vallance et al., 2011). In the rhizosphere,
bacteria emerge as one of the most abundant and diverse microbial groups. They play pivotal roles
in nutrient cycling processes including nitrogen fixation, phosphorus solubilization, and potassium
activation, while also contributing to disease suppression and plant growth promotion through the
synthesis of various hormones and enzymes (Chepsergon & Moleleki, 2023; Kong & Liu, 2022). Fungi
are integral to this ecosystem: symbiotic mycorrhizal fungi form mutually beneficial associations with
plant roots to enhance water and nutrient uptake, whereas free-living fungi facilitate the
decomposition of organic matter, further driving nutrient cycling (Grondin et al., 2024; Thepbandit
& Athinuwat, 2024).

Although bacterial and fungal microbiota have been extensively investigated across diverse
environments and plant species, the impacts of a stress-inducing technique, specifically root-zone
restriction on tomatoes, remain largely uncharacterized. Here, we hypothesize that root-zone
restriction modulates the assembly of plant-associated rhizosphere bacterial and fungal communities.
This technique enhances root development and consequently promotes the enrichment of key
bacterial and fungal taxa that correlate with both the depth of root restriction and the substrate type.
Elucidating these microbial dynamics will advance our understanding of the “microbial terroir” of
tomatoes under root-zone-restricted cultivation. Our central objective was to investigate how root-
zone restriction shapes bacterial and fungal community structures across different substrates, as well
as its association with fruit quality and yield.

The experiment utilized peanut shell fermentation substrate, sand and soil in combination with
a simplified soilless automated cultivation system (SAS) to impose different levels of root restriction
on tomato plants. The study aims to investigate the effects of varying root restriction levels on tomato
growth, fruit quality, and rhizosphere microbial communities.

Spare et S chematic Diagram of Simplified Automatic Soilless Cultivation System
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Figure 1. Schematic diagram of simplified automatic soilless cultivation system.
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2. Materials and Methods
2.1. Plant Materials and Cultivation Facilities

The tested plant variety is the cherry tomato “Marinka”. The cultivation facility used is
Simplified Automatic Soilless Cultivation System (SAS). The cultivation substrates include fermented
peanut shell substrate, sand, and soil. The soil sample was collected from the Agricultural Experiment
Station of Zijingang Campus, Zhejiang University in Hangzhou, Zhejiang Province, China
(coordinates: 120°4'54.1164"E, 30°18'10.494"N). The nutrient solution used is Hoagland nutrient
solution. The cultivation troughs are made of aluminum sheets (dimensions: length x width =280 cm
x 17 cm). Within each cultivation trough, 8 cm, 16 cm, and 24 cm of fermented peanut hull substrate,
sand, and soil were filled respectively (with volumes of approximately 38.08 dm?; 76.16 dm?; and
114.24 dm?3). The system is equipped with solenoid valves for timed daily irrigation. Each cultivation
trough is installed with a water level controller and drip irrigation tape, which automatically stops
drip irrigation when the water level at the bottom of the trough exceeds 2 cm.

2.2. Experimental Design and Sample Collection

The experiment was conducted in the Greenhouse A of the Agricultural Experiment Station on
Zhejiang University’s Zijingang Campus in Hangzhou, Zhejiang Province, from January 14, 2024, to
June 14, 2024. Each cultivation trough was planted with 12 tomato plants at three different heights: 8
cm, 16 cm, and 24 cm. Each height level was filled with peanut shell substrate, sand, or soil,
respectively. An orthogonal experimental design was adopted, with 3 replications for each treatment.
Irrigation was adjusted based on weather conditions and the water requirements of tomato plants at
different growth stages, with consistent water and fertilizer application across all treatments. From
the seedling stage to the initial fruiting stage, drip irrigation was applied once daily; from the initial
fruiting stage to the full fruiting stage, it was applied three times daily. The water level at the bottom
of each cultivation trough was regulated using a water level controller.

During the peak fruiting stage of tomatoes (79 to 80 days after transplanting), physiological
indicators such as plant height, stem diameter, and chlorophyll content were measured. For each
treatment, 12 plants were measured, and their average values were calculated. Five fruit clusters were
retained per treatment, and yield was recorded after fruit ripening. During the peak fruiting stage,
tomatoes of consistent maturity from the same cluster were randomly selected to determine soluble
sugar content, soluble protein content, and lycopene content. After the vines were uprooted, root
activity of the underground plant parts in each treatment was measured. Following tomato harvest,
roots were excavated, rhizosphere growing media samples were collected and stored at -80°C, DNA
was extracted for amplicon sequencing, and the sequencing data were used for microbial community
analysis.

2.3. Measurement of Plant and Soil Parameters
2.3.1. Growth Parameters Measurement

Tomato plant height was measured using a ruler, with 12 plants measured and the average value
calculated. Stem diameter was measured using a vernier caliper at three points per plant (1 cm below
each inflorescence), with 12 plants sampled and averaged. At the harvesting period, three uniformly
growing tomato plants were selected. After excavating the entire root system, the residual substrate
was rinsed off with water and blotted dry with gauze. Root activity is determined by the triphenyl
tetrazolium chloride (TTC) method (J. Liu et al., 2014). Chlorophyll content in leaves was determined
by acetone and anhydrous ethanol extraction followed by spectrophotometric analysis (Palta, 1990).
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2.3.2. Determination of Fruit Quality and Yield

After fruit ripening, statistically record the yield data for all treatments. The lycopene content
was determined by UV spectrophotometry (Rao et al., 1998). Soluble protein content was measured
using the Coomassie Brilliant Blue G-250 staining method (Snyder & Desborough, 1978). Soluble
sugar content was analyzed via the anthrone colorimetric method (Y. Zhang et al., 2023). Each tomato
plant was allowed to retain 5 fruit clusters, and the yield per plant was weighed using a balance. For
each treatment, 12 plants were evaluated.

2.3.3. Determination of Bulk Density, Water Holding Capacity, and Total Water Storage Capacity

Substrate bulk density, water holding capacity, and total water storage capacity were
determined by the ring knife method (Erbach, 1987). After selecting appropriate sampling points, the
cutting ring was vertically driven into the soil surface until fully embedded. The surrounding soil
was carefully excavated with a shovel to remove the cutting ring assembly. The upper cutting ring
holder was detached, and both ends of the soil column were trimmed with a soil knife to ensure a
fixed volume (five replicates for surface soil samples). The entire soil sample from the cutting ring
was then transferred to a pre-weighed aluminum box. The combined weight of the box and fresh soil
sample was recorded. Subsequently, the sample was oven-dried at 105°C until reaching constant
weight, after which the weight of the dried soil and aluminum box was measured.

2.3.4. Determination of Bacterial and Fungal Communities in Tomato Rhizosphere

After tomato harvest, the root system was excavated, and rhizosphere soil was collected and
stored at -80°C for microbial community analysis. Total genomic DNA was extracted from soil
samples using the conventional cetyltrimethylammonium bromide (CTAB) method. The integrity
and purity of DNA were evaluated via 1% agarose gel electrophoresis, while DNA concentration and
purity were assessed using NanoDrop One. The primers used for amplification were: Bacterial V5V7-
1 region (forward primer sequence: AACMGGATTAGATACCCKG, reverse primer sequence:
ACGTCATCCCCACCTTCC);  Fungal ITS2-1  region  (forward  primer  sequence:
GCATCGATGAAGAACGCAGC, reverse primer sequence: TCCTCCGCITATTGATATGC). For
PCR amplification and product analysis, genomic DNA was used as the template. Based on the target
sequencing regions, primers with barcodes and Premix Taq (TaKaRa) were employed. PCR products
were quantified using GeneTools Analysis Software (Version 4.03.05.0, SynGene) and pooled in
equimolar ratios. The pooled products were purified using the E.Z.N.A.® Gel Extraction Kit to recover
target DNA fragments. Subsequent library preparation followed the NEBNext® Ultra™ DNA Library
Prep Kit for Illumina® protocol. The prepared libraries were sequenced on the Illumina HiSeq
platform. Raw image data from sequencing were processed via base calling to generate raw
sequencing reads (FASTQ files), which included sequence information and corresponding quality
scores for each read.

2.4. Composite Tomato Indicator Using TOPSIS
2.4.1. Establishment of Factors and Subfactors

(1) The tomato indicators were growth condition, fruit quality, yield.
Up = {ug, up, us}

where ul, u2, u3, and u4 are growth condition, fruit quality, and yield., respectively.

(2) Each factor was composed of subfactors. The growth condition indicators (u1) were plant
height (cm), stem diameter (cm), total chlorophyll content (mg/g), and root activity [mg/ (g-h) ]. The
fruit quality indicators (uz) were soluble sugar (mg/g), soluble protein (mg/g), and lycopene (ug/g)
content. The yield indicators (us) was single plant yield (kg/plant).

uy = {ugg, ugp, U3, Usg}

Uy = {Uyg, Upo, Ups}

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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u; = {uz}
where ui1 is plant height, ui2 is stem diameter, uis is total chlorophyll content, w4 is root activity;

u2 is soluble sugar content, uz is soluble protein content, us is the lycopene content, us: is single
plant yield.

( Composite indicator system for tomato crop ] Objective

T (o) (o] e
Vv v L1 '
) ) () s

Figure 2. Composite indicator system for tomato crops in which u, uz, us are respectively growth condition, fruit

[\S)

quality, and yield. The subfactors are the following: un is plant height, uiz is stem diameter, uis is total
chlorophyll content, ui4 is root activity, uzi is soluble sugar content, uz is soluble protein content, uzs is lycopene

content, us1 is single plant yield.

2.4.2. Determination of Factor Weights

To eliminate the influence of different dimensions of factors, the measurement values of all
tomato indicators were normalized. The weights of the factors were determined through the Analytic
Hierarchy Process (AHP).

2.4.3. Composite Indicators of Tomato Based on TOPSIS

Tomato composite indicators were evaluated by TOPSIS, optimal substrate type and root
restriction level combination for growth, fruit quality, and yield were obtained.

Constructing the decision matrix X.
X117 X1im
X= (xij)nxm =\ - :
Xn1 " Xnm
where x;; (i = 1,2,..,n) represents the ith treatment, and (j = 1,2,...,m) represents the jth
subfactor.
The standardized matrix is denoted as Z, and each element in Z is defined as
zij = X/ |l %, i =12,,m; j=12,,m

where z jis the normalized x;;.
Z;1 Zlml

Z=(zj),,,, = I :

Zn1 " Znm

Determining the positive ideal solutions (Z;") and the negative ideal solutions (Z;"):
Z]ﬂ- = (Z1+' Z2+' T Z;l) = (max{zlln 2210 an}' max{ZIZ: 222, ZnZ}' " max{zlm: Zamo "t an})

Zj_ = (Zj_; Zz_; Tty Zr;L) = (min{zll' 221" an}' min{le' 222" an}, T min{zlmr Zomr """ an})

Calculating the distance (D;") between z;; and Z;":

m
D = Z},_l w; (Z]" = z;)°

Calculating the distance (D;") between z;; and Z;:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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m
by = Z Wi (& =2y
]:

where w; is the weight obtained by analytic hierarchy process.
Calculating the composite indicators (C;) of all treatments.
¢ =D/ (DF +Dp)

where 0 < (; < 1. Tomato has an optimal composite indicator for growth, fruit quality, and
yield when (; is close to 1. Ranks are obtained based on C;.

Data Analysis

Statistical analysis of tomato physiological indicators and substrate properties was performed
using SPSS 26.0 (IBM Corp., Armonk, NY, USA) and Microsoft Excel 2019. One-way ANOVA was
used for testing, and multiple comparisons were conducted using Duncan’s method (p < 0.05).
Plotting was performed using GraphPad Prism 10. The correlation network heatmap was generated
using R 4.5.0. The TOPSIS comprehensive score was calculated using MATLAB 2024 (MathWorks,
USA). Microbial community analysis was performed using EasyAmplicon (Liu et al., 2023) for batch
processing of sequencing data, with bacterial functional annotation via FAPROTAX (Louca et al.,
2016)and fungal functional annotation using FUNGuild (Nguyen et al., 2016). LEfSe analysis was
conducted through the ImageGP 2 online platform (Chen et al., 2024), network analysis utilizes
ggClusterNet (Wen et al., 2022).

3. Results
3.1. Substrate Physical Properties

In the peanut shell substrate (PSS), both bulk density and water holding capacity decreased with
increasing substrate height. In contrast, soil and sand exhibited no significant reduction in these
properties as height increased (Figure 3a,c). Across all three substrates, total water storage capacity
significantly increased with greater substrate height (Figure 3b). The total water storage of 8cm PSS
was approximately 51.6% of that of 24cm PSS. At the 8 cm height, bulk density measurements were
1.78 g/em? (soil), 1.73 g/cm?® (sand), and 0.78 g/cm? (PSS). While soil and sand showed similar bulk
densities, PSS was significantly lower than both. Notably, PSS demonstrated substantially higher
water holding capacity than soil and sand: at 8 cm height, values reached 0.34 g/g (soil), 0.17 g/g
(sand), and 3.41 g/g (PSS). These results indicate that PSS is markedly lighter than soil or sand in
containers of equivalent volume yet possesses far superior water absorption capacity. Even at shallow
root-restricting heights or in limited container volumes, PSS can retain 200%—-300% of its own weight
in water.
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Figure 3. Substrate physical properties under different substrates and heights. a: bulk density; b: total water

storage; c: water holding capacity.
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3.2. Tomato Phenotype

To evaluate the effect of root restriction on tomato growth status, we constructed three
cultivation troughs of different heights filled with soil, sand, and peanut shell substrate (PSS), with
average volumes per plant of 3.17 dm?, 6.34 dm?, and 9.51 dm?, respectively.

3.2.1. Growth Status

When soil or sand was used as the substrate, tomato plant height, stem diameter, and root
activity increased significantly with rising substrate height. In contrast, cultivation in peanut shell
substrate (PSS) resulted in no significant changes in these vegetative growth parameters across
varying substrate heights (Figure 4a—c). Total chlorophyll content in leaves remained stable with
increasing substrate height in soil-based cultivation (Figure 4d). At the 8 cm root-restriction height,
tomatoes grown in soil and sand exhibited markedly lower plant height, stem diameter, and root
activity compared to those in PSS. However, these differences progressively diminished as substrate
height increased. Specifically, at 8 cm height, average stem diameters were 0.75 cm (soil), 0.88 cm
(sand), and 1.05 cm (PSS). These results indicate that root restriction suppresses vegetative growth in
soil and sand substrates, with more pronounced inhibition in soil than sand at minimal heights.
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Figure 4. Tomato growth status under different substrates and heights. a: plant height; b: stem diameter; c: root
activity; d: total chlorophyll content.

3.2.2. Fuit Quality and Yield

In tomato cultivation using soil, sand, or peanut shell substrate (PSS), the contents of soluble
sugar, soluble protein, and lycopene in the fruits decreased as substrate height increased (Figure 5a—
c). In contrast, single-plant yield increased with greater substrate height (Figure 5d). 8 cm root-
restriction height increased soluble sugar (+69.01%, 53.84%, 37.67%), protein (+77.23%, 48.14%,
66.51%) and lycopene (+100.03%, 62.33%, 74.59 %) than that of 24cm height in sand, soil and PSS,
respectively but reduced single-plant yield by 28.30% (sand), 64.28% (soil), 22.06% (PSS). At the 8 cm
root-restriction height, soil-cultivated tomatoes exhibited significantly higher levels of soluble
protein and lycopene compared to those grown in PSS or sand. Regarding yield, tomatoes in PSS at
8 cm height produced 28.30% and 61.90% higher single-plant yield than those in sand and soil. These
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results indicate that the choice of cultivation substrate significantly influences tomato fruit quality
and yield. Root restriction imposed by reducing trough height enhanced fruit quality but reduced
yield, an effect particularly pronounced in soil and sand.
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Figure 5. Tomato quality and yield under different substrates and heights. a: soluble sugar content; b: soluble

protein content; c: lycopene content; d: single plant yield.

3.3. Multivariate Correlation Analysis of Root-Restriction Height Effects

When soil or sand served as substrates, tomato growth parameters (plant height, stem diameter),
fruit quality, yield, and substrate properties were significantly affected by changes in substrate height
(Figure 6a,b). In contrast, cultivation in peanut shell substrate (PSS) resulted in no significant
response of tomato plant height, stem diameter, total chlorophyll content, or root activity to varying
substrate heights. However, substrate height still markedly influenced PSS fruit quality, yield, and
physical properties (Figure 6c). Specifically, tomato growth in soil and sand exhibited a significant
positive correlation with substrate height. Across all substrates, substrate height was negatively
correlated with fruit quality but positively correlated with yield. Additionally, water storage capacity
showed a positive correlation with yield. Critically, variations in PSS height had no significant impact
on tomato growth, indicating that PSS can sustain normal growth even at minimal root-restricting
heights. Conversely, soil and sand imposed growth inhibition under reduced substrate heights. These
results demonstrate that PSS, as an effective green compost, maintains favorable physical structure
in the SAS system due to its low bulk density and high water-holding capacity, thereby balancing
aeration and water retention during irrigation cycles and mitigating risks of root asphyxiation and
drought stress.
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Figure 6. Correlation analysis of root-restricted height with tomato phenotype and substrate physical properties.
a: soil; b: sand; c: peanut shell substrate (PSS).

3.4. Comprehensive Evaluation of Tomato Quality and Yield Improvement Based on TOPSIS Method

TOPSIS scores indicate that tomatoes cultivated in soil at a height of 24 cm, sand at a height of 8
cm, and peanut shell substrate (PSS) at 8 cm achieved the highest comprehensive scores within their
respective substrates, with ranking orders of 2, 7, and 1 respectively. When used as SAS cultivation
substrates, the comprehensive scores under different root-restricting heights followed the order: PSS
> soil > sand (Table 1).

Table 1. TOPSIS scores and rankings for different substrates and root restriction heights treatment

combinations.
Substrate Type Root restriction height/cm C; Rank
8 0.546505178 4
Soil 16 0.48164078 6
24 0.558187026 2
8 0.362008551 7
Sand 16 0.330355118 9
24 0.358958413 8
8 0.631022083 1
Peanut shell substrate

16 0.552148447 3

(PSS)
24 0.520564663 5

3.5. Rhizosphere Microorganisms
3.5.1. Microbial Diversity and Relative Abundance Under Different Substrates

Changes in cultivation substrates significantly altered the a- and p-diversity of bacterial and
fungal communities in the tomato rhizosphere. The Shannon index of both bacterial and fungal
communities was significantly higher in soil and peanut shell substrate (PSS) than in sand (Figure
7a,b). Principal coordinate analysis (PCoA) revealed distinct compositional differences in rhizosphere
microbial communities across substrates (Figure 7c,d). At the phylum level, bacterial communities in
all three substrates were dominated by Proteobacteria, Actinobacteria, Bacteroidetes,
Candidatus_Saccharibacteria, Chloroflexi, Acidobacteria, and Gemmatimonadetes (Figure 7e). For fungi,
Ascomycota predominated in soil (86.34%) and sand (97.22%), whereas PSS comprised Ascomycota
(39.69%) and Basidiomycota (51.93%). Notably, the relative abundances of Basidiomycota and
Mortierellomycota in PSS significantly exceeded those in soil and sand (Figure 7f). These results
demonstrate that soil and PSS supported similar a-diversity levels in rhizosphere bacterial and fungal
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communities, both significantly higher than sand, while fungal community composition varied
substantially among substrates.
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level for rhizosphere bacteria and fungi under different substrate types.

3.5.2. LEfSe (Linear Discriminate Analysis Effect Size) Analysis

Among the three substrates, compositional variations in the rhizosphere microbiome were
primarily driven by significant shifts in the relative abundances of 9 specific bacterial phyla and 5
fungal phyla (Linear discriminate analysis effect size “LEfSe”, LDA score >2, Kruskal-Wallis test,
P <0.05). At the genus level, we identified 14 specific markers in rhizosphere bacteria from soil, 8 in
sand, and 17 in peanut shell substrate (PSS). For rhizosphere fungi at the genus level, 24 specific
markers were identified in soil, 2 in sand, and 16 in peanut shell substrate (PSS). We noted that
Sphingomonas (3.2%), Saccharibacteria_genera_incertae_sedis (2.2%), Nocardioides (1%), and Fusarium
(2.4%) were indicator genera in soil; Methylotenera (1.4%), Penicillium (3.1%), and Plectosphaerella
(5.2%) were indicator genera in sand; and Aspergillus (5.5%), Microascus (1.4%), and Mortierella (1.8%)
were indicator genera in PSS. Notably, among the 16 marker genera detected in PSS rhizosphere
fungi, they accounted for 12.5% of the relative abundance, with Aspergillus having the highest
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abundance at 5.5%. In sand rhizosphere fungi, the 2 detected marker genera accounted for 8.3% of
the relative abundance, with Penicillium contributing 3.1% and Plectosphaerella contributing 5.2%. In
summary, these results indicate that substrate properties shaped the bacterial and fungal
communities inhabiting the root zone by selecting specific microbial taxa.

a b

Figure 8. Indicator rhizosphere microorganisms of tomato under different substrates. a: bacteria, b: fungi.

3.5.3. Microbial Functional Annotation

The relative abundances of functional bacteria involved in carbon, nitrogen, and sulfur cycling
were higher in soil and sand, whereas those involved in element cycling were lower in peanut shell
substrate (PSS). Specifically, the tomato rhizosphere in soil tended to enrich bacteria associated with
denitrification, nitrite respiration, anaerobic photoautotrophic sulfur oxidation, sulfur respiration,
and hydrocarbon degradation. In contrast, sand preferentially enriched bacteria involved in
nitrification, aerobic nitrite oxidation, nitrogen fixation, urea decomposition, nitrate reduction, nitrate
respiration, nitrogen respiration, aerobic sulfide oxidation, and methylotrophic bacteria. By
comparison, PSS showed higher relative abundances of bacteria engaged in sulfur compound
respiration and sulfate respiration (Figure 9a). These results indicate that soil, with poorer aeration,
harbors more anaerobic bacteria, whereas sand, with better aeration, supports bacterial communities
inclined toward aerobic lifestyles. With increasing soil height, the relative abundances of functional
bacteria related to dark hydrogen oxidation, denitrification, anaerobic photoautotrophic sulfur
oxidation, sulfur respiration, and hydrocarbon degradation decreased. Conversely, as sand height
increased, the abundances of nitrification, aerobic nitrite oxidation, aerobic sulfide oxidation, and
methylotrophic bacteria rose. Additionally, higher heights in PSS correlated with increased
abundances of phototrophic and aerobic ammonia-oxidizing bacteria. These findings suggest that
elevating substrate height shifted the functional traits of rhizosphere bacteria toward phototrophic
and aerobic metabolism.

Saprophytic, symbiotic, parasitic, and epiphytic fungi were all widely present in soil. Fungal
lifestyles in sand tended to be saprophytic and parasitic, while those in peanut shell substrate (PSS)
tended to be saprophytic, symbiotic, and epiphytic (Figure 9b). These results indicate that PSS were
rich in organic matter, thus favoring saprophytic and symbiotic fungal lifestyles; in contrast, sand
lacked organic substances, leading fungi to adopt lifestyles such as parasitism and predation. In soil,
due to its higher fungal diversity, fungal lifestyles were more diverse than those in sand and peanut
shell substrate. With increasing height, the abundances of some saprophytic, symbiotic, and parasitic
fungi decreased in soil. In sand, the abundances of saprophytic and parasitic fungi increased with
height, while in PSS, the relative abundances of epiphytic, saprophytic, and symbiotic fungi increased
with height
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Figure 9. Functional annotation of rhizosphere microbial communities at varying heights in PSS, sand, and soil.
a: bacteria; b: fungi.

3.5.4. Microbial Network Analysis Under Different Substrates

At the phylum level, we observed that the dominant bacteria involved in interactions across the
three substrates were Proteobacteria (Figure 10a—c), and the dominant fungi were Ascomycota (Figure
10d—f). The rhizosphere microbial networks in sand and peanut shell substrate (PSS) exhibited
significantly higher numbers of edges, density, and average node degrees compared to soil, with
relatively higher modularity. Specifically, the number of edges in soil was 893, versus 8473 in sand
and 4637 in PSS; the average node degree was 2.80 in soil, 18.07 in sand, and 10.78 in PSS. For
rhizosphere fungi, the number of edges was 929 in soil, 2978 in sand, and 1369 in PSS; the average
node degree was 3.53 in soil, 10.29 in sand, and 5.24 in PSS. These results indicate that rhizosphere
microbiomes in PSS and sand—particularly those in sand —exhibit strongly clustered network
topologies with high connectivity among microbial taxa. This may be attributed to the coarse-
textured soil environment, which, when saturated with water, has a larger pore volume and higher
connectivity (Ebrahimi & Or, 2014; Holden, 2011; Stewart & Hartge, 1995; Vos et al.,, 2013). Such
properties evidently promote material movement and exchange between microsites, thereby leading
to elevated microbial co-occurrence patterns.
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Figure 10. Microbial networks in tomato rhizosphere under different substrates. a: bacteria in sand; b: bacteria
in soil; c: bacteria in peanut shell substrate (PSS); d: fungi in sand; b: fungi in soil; c: fungi in peanut shell substrate
(PSS).

3.5.5. Analysis of Microbial Networks Under Different Container Heights

In soil and peanut shell substrate (PSS), when container height increased, the number of edges
(L), number of vertices (1), connectance (edge density), average degree (Average K), and relative
modularity (RM) of tomato rhizosphere bacterial networks all decreased, whereas in sand, these
indices increased. The mean clustering coefficient (Average.CC) increased with increasing container
height in all three substrates (Figure 11a—i). At the fungal level, connectance (edge density) in sand
decreased with increasing container height, while mean clustering coefficient (Average.CC) in PSS
increased, and both decreased in soil. Overall, the structure of rhizosphere fungal interaction
networks showed no significant response to changes in substrate height (Figure 12a-i). These results
indicate that in soil and PSS with greater container heights, the overall rhizosphere bacterial
connectivity decreased, and bacterial interactions became less frequent. In soil and PSS at lower
container heights, bacterial communities exhibited higher connectivity. The structural changes in
bacterial networks of sand were opposite to those of PSS and soil; increasing container height led to
more intense interactions in the rhizosphere bacterial network of sand.
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Figure 11. a-c: Rhizosphere bacterial network graphs under different substrate heights. Large modules with >5
nodes are displayed in distinct colors, while smaller modules are shown in grey. a-c: Rhizosphere bacterial
network graphs at varying heights; a: rhizosphere bacteria in sand, b: rhizosphere bacteria in soil, c: rhizosphere
bacteria in PSS; d-i: Variations in topological properties of rhizosphere bacterial networks with height for sand,
soil, and peanut shell substrate, including: L (d), n (e), Con (f), Average K (g), Average CC (h), RM (i). Slopes (b)
and adjusted r? and P values from linear regressions are shown. *0.01 <P <0.05; **0.001 <P <0.01; ***P <0.001.
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Figure 12. a-c: Rhizosphere fungal network graphs under different substrate heights. Large modules with >5
nodes are displayed in distinct colors, while smaller modules are shown in grey. a-c: Rhizosphere fungal network
graphs at varying heights; a: rhizosphere fungi in sand, b: rhizosphere fungi in soil, c: rhizosphere fungi in PSS;
d-i: Variations in topological properties of rhizosphere fungal networks with height for sand, soil, and peanut
shell substrate, including: L (d), n (e), Con (f), Average K (g), Average CC (h), RM (i). Slopes (b) and adjusted r2

and P values from linear regressions are shown. *0.01 <P <0.05; **0.001 <P <0.01; **P <0.001.
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4. Discussion
4.1. Effect of Root-Restriction Height on Substrate Physical Properties and Tomato Phenotype

Sand, as an inorganic substrate, has natural particle sizes ranging from 0.05 to 2.0 mm. It is
relatively inexpensive, has good drainage capacity, but low nutrient and water retention capabilities,
high bulk density (1400-1600 kg/m?), and total pore space of 40%-50% by volume. Green compost, as
an organic substrate, is derived from plant residues after composting treatment. It is a good source
of potassium and trace nutrients, suppresses diseases, has good water retention capacity, and reduces
urban waste. Its composition varies, with a bulk density of 600 - 950 kg/m?, and may contain excessive
salt levels, requiring time for composting treatment, and is prone to waterlogging (Gianquinto et al.,
2006; Lal, 2017). Soil physical properties varying with depth or soil layer include bulk density,
moisture content, texture (clay/silt/loam ratio), and porosity (Igbal et al., 2005). Increasing the height
of containerized substrates can significantly enhance air availability but reduce water availability.
However, the substrate type (particularly particle size) ultimately determined whether air or water
availability will critically limit crop growth (Savvas, 2009). Our results indicate that increasing the
height of the three substrates led to decreases in bulk density and water holding capacity, while total
water storage capacity increased. Among these, the bulk density and water holding capacity of the
PSS responded more noticeably to changes in container height compared to soil and sand.

In soilless cultivation systems, the height of the cultivation trough and substrate particle size
were considered key factors affecting root zone water availability and aeration (Savvas & Gruda,
2018). The height of the substrate layer should be maintained at a sufficiently large scale to ensure
optimal drainage and aeration (Heller et al., 2015), whereas substrates with a higher proportion of
fine particles demonstrate better suitability for tall and narrow containers, while coarser substrates
are more appropriately utilized in shallow bags or troughs (Savvas, 2007). Altering the root-
restriction height in substrate can affect tomato growth, yield, and quality. Studies have shown that
root-restricted cultivation of tomatoes reduces the soluble sugar content in their fruits (Gao et al.,
2023; D. Liu et al., 2023), while other studies demonstrated that root-restricted cultivation reduces
tomato yield (Bar-Tal & Pressman, 1996). Although reducing the root-restriction volume can improve
quality, it reduces yield by approximately 20-30%. Current research lacks a comprehensive trade-off
analysis between “quality gains” and “yield losses”.

In this study, we evaluated the contributions of three representative cultivation substrates to
tomato growth, fruit yield, and quality. We used the TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) method to evaluate optimal root-restriction levels for different substrates,
considering the three factors above. The results showed that the optimal trough heights were 8 cm
for peanut shell substrate (PSS), 24 cm for soil, and 8 cm for sand, respectively. These align with
Savvas (2007) regarding particle-trough matching but extend prior work by demonstrating PSS’s
unique water-holding capacity defies conventional coarse-substrate height requirements. Sand, with
its coarser particles, was suitable for lower troughs; soil, with finer particles, was better suited for
higher troughs—findings consistent with previous research (Savvas, 2007). Although PSS had a
larger particle size, its superior water absorption capacity enabled it to maintain a water-air balance
in shallow troughs.

Our research results indicate that as the root-restriction height decreased, the soluble sugar
content and lycopene content of tomatoes increased, whereas the single-plant yield declined. This
aligns with the research findings on the regulation of tomato fruit quality and yield by root-restricted
cultivation technology. Additionally, we found that changes in the root-restriction height of sand and
soil have a significant impact on tomato growth. Specifically, the higher height of sand and soil, the
better vegetative growth status of tomatoes. However, the vegetative growth of tomatoes cultivated
in PSS was insensitive to changes in substrate height. The results support the universal pattern that
root-restricted cultivation improves quality while reducing yield through stress effects, but they also
reveal for the first time that PSS (peanut shell substrate), owing to its high water-holding capacity,
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can overcome the conventional limitations imposed by root-restriction height, offering a new
pathway for synergistically optimizing both fruit quality and resource efficiency.

4.2. Rhizosphere Microorganisms in Different Substrates

Investigations by Anzalone et al. revealed that the dominant bacterial phyla in the tomato
rhizosphere are Proteobacteria, Bacteroidetes, and Actinobacteria, while the fungal communities are
primarily dominated by Ascomycota, Basidiomycota, Olpidiomycota, and Morteriellomycota. Although
bacterial and fungal microbiota have been extensively characterized across diverse plant species and
environments, significant knowledge gaps persist regarding the impact of agricultural practices—
particularly root-zone restriction (RZR)—on tomato rhizosphere microbiota and its functional
implications (Anzalone et al., 2022). Our results demonstrate that RZR significantly reshapes tomato
rhizosphere microbiota with substrate-dependent patterns: the bacterial community in the tomato
rhizosphere was  primarily composed of Proteobacteria,  Actinobacteria, — Bacteroidetes,
Candidatus_Saccharibacteria, Chloroflexi, Acidobacteria, and Gemmatimonadetes. Among the rhizosphere
fungi, soil and sand were mainly dominated by Ascomycota, whereas the peanut shell substrate (PSS)
was primarily composed of Ascomycota and Basidiomycota. Additionally, we observed that the relative
abundances of Basidiomycota and Mortierellomycota in the PSS were higher than those in soil and sand.

LEfSe identified indicator genera in tomato rhizospheres under different substrates, revealing
substrate-driven functional specialization. In soil, Sphingomonas (Asaf et al., 2020; White et al., 1996),
Saccharibacteria_genera_incertae_sedis (X. Zhang et al., 2024), and Nocardioides (Ma et al., 2023) have all
been reported to participate in the degradation of organic pollutants such as heavy metals, petroleum,
and aromatic compounds in soil, which aligns with the functional annotation results showing
increased abundance of aromatic compound-degrading bacteria in soil (Figure 10a). Fusarium, on the
other hand, has been reported as a genus of plant-pathogenic fungi (Gordon, 2017; Han et al., 2012;
Leplat et al., 2013). These results demonstrate that natural soils were contaminated with organic
pollutants and harbor various plant pathogens. In sand, members of Methylotenera were typical
methylotrophic bacteria (Li et al.,, 2025). Penicillium enhances plant growth by interacting
synergistically with roots, providing nutrients (e.g., soluble phosphorus) and phytohormones (e.g.,
IAA, GA). Some species suppress pathogens via antibiotic production, while others boost resistance
through systemic resistance induction and defense signaling activation. Certain Penicillium strains
are also applied in bioremediation to remediate heavy metal-polluted soils, and they further
contribute to organic matter decomposition and nutrient cycling (Srinivasan et al., 2020). Most
Plectosphaerella species have been reported to cause disease symptoms in tomatoes and peppers
(Raimondo & Carlucci, 2018). Functional studies on the microbial genera indicator in sand indicate
that sand lacks plant-available carbon sources and similarly has plant pathogens. In peanut shell
substrate (PSS), the indicator genus Aspergillus played a critical role in the cycling of major nutrients
such as carbon, nitrogen, phosphorus, and sulfur. It exhibited antibacterial activity against other
pathogenic fungi; some common or rare species within this fungal group can also produce important
plant growth hormones, including auxins, gibberellins, cytokinins, and indole-3-acetic acid (IAA)
(Nayak et al., 2020). Mortierella utilizes carbon from polymers (e.g., cellulose, hemicellulose, chitin),
enhances bioavailable phosphorus and iron in soil, synthesizes phytohormones and 1-
aminocyclopropane-1-carboxylate (ACC) deaminase, and protects crops from pathogens (Ozimek &
Hanaka, 2021). Some strains of this genus belonged to plant growth-promoting fungi (PGPF) (Xiong
etal., 2017). Previous analyses overlooked how physicochemical properties (such as the high porosity
of PSS and low water retention capacity of sand) drive microbial functional divergence. Our results
indicate that substrate properties drive functional divergence of rhizosphere microbial communities
through dual pathways: resource availability (e.g., cellulose-derived carbon sources in PSS) and
stress selection pressure (e.g., soil pollutants). Soil legacy pollutants (e.g., heavy metals, petroleum
hydrocarbons) selectively enrich pollutant-degrading bacteria (e.g., Sphingomonas, Nocardioides) but
concurrently elevate risks of pathogen proliferation. In sandy substrates, carbon scarcity drives the
enrichment of methylotrophic bacteria (e.g., Methylotenera), which utilize C1 compounds as energy
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sources. However, limited carbon availability constrains energy-intensive antagonistic traits,
resulting in compromised pathogen suppression capacity. Peanut shell substrate (PSS) leverages its
lignocellulosic resources and high water-holding capacity to directly recruit synergistic fungal
consortia specialized in carbon transformation (e.g., Aspergillus decomposing lignin) and plant
growth promotion (e.g., Mortierella synthesizing IAA/ACC deaminase). This substrate-induced
microbiome engineering offers novel strategies for optimizing root-zone restriction (RZR) systems by
balancing physical confinement stress with beneficial microbial functions.

Riiger et al. demonstrated that fine-textured soils host small, isolated microbial subcommunities,
whereas the rhizosphere microbiome in coarse-textured (high-sand) soils forms a strongly clustered
network topology characterized by high microbial connectivity (Riiger et al., 2023). Soil texture
defines important habitat properties for soil microbiota, but it also feeds back on root elongation rate
and root system architecture. Decreased axial root length in coarse-grained texture levels was
compensated for by enhanced lateral root growth. Previous studies have disproportionately focused
on bacterial communities, overlooking the contribution of the modular structure of fungal networks
to ecosystem stability. Additionally, existing conclusions fail to distinguish the fundamental
differences in microbial network formation between artificial substrates and natural soils.Our results
indicate that the number of edges, density, and average node degree of rhizosphere microorganisms
in sand and PSS were significantly higher than those in soil, and their relative modularity is greater.
The network topology of PSS lay between that of soil and sand. In terms of rhizosphere bacterial
network topology, it was more inclined toward the structure of sand, showing a strongly clustered
pattern, whereas the network topology of rhizosphere fungi was like that of soil, with networks
leaning more toward modular structures.

4.3. Effect of Container Height on Microbial Functions and Network Structure

Savvas et al. reported that in soilless cultivation systems, the higher the container height, the
lower the water content of the growing medium inside the container and the higher the gas content
(Savvas, 2009). Heller et al., using lettuce as a model, investigated the water content of the growing
medium in containers of varying heights and found that the water content in tall, narrow containers
was lower than that in short, wide containers (Heller et al., 2015). Zhang et al. revealed that diverse
metabolic pathways (encompassing aerobic/anaerobic transformations of C, N, S, Fe, and Mn) in soil
columns exhibited responsiveness to water table fluctuations (Z. Zhang et al., 2024). Additionally,
the vertical stratification of microbial communities was linked to dynamic hydrological conditions,
specifically, frequent pulse recharge under infiltration regimes and recurrent groundwater variations
under fluctuating regimes. Our annotation results of tomato rhizosphere bacterial communities
under different heights reveal that the metabolic pathways of rhizosphere bacteria (aerobic or
anaerobic pathways for C, N, and S) responded to changes in container height, and the differentiation
of microbial redox functions was related to the hydrological conditions within the container.

This study referenced the methodology of Yuan et al. for analyzing microbial network
complexity and examined the variations in network parameters (Yuan et al., 2021)- including the
number of edges (L), number of vertices (n), connectance (edge density), average degree (Average
K), relative modularity (RM) and mean clustering coefficient (Average.CC) - with root restriction
height. The network analysis reveals that increasing container height enhanced bacterial community
complexity in sandy rhizosphere while reducing it in PSS and soil rhizospheres, with minimal impact
on fungal community complexity across all three substrates (Figure 11).

Upton et al. found more complex and highly connected networks of fungal and bacterial
communities in shallower soil layers of grasslands (Upton et al., 2020). Zhao et al. reported that a
decline in groundwater levels in grasslands reduced the complexity of microbial co-occurrence
networks (Zhao et al., 2023). Banerjee et al. reported that the complexity of bacterial, fungal, and
archaeal networks declined with increasing soil depth, alongside reductions in key network
parameters such as node count, edge number, and maximum degree (Banerjee et al., 2021). In our
study, we simulated groundwater levels using a water level controller and adjusted the depth of the
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water level at the bottom of containers by varying container height. The results showed that even in
an artificially simulated cultivation system, changes in the structure of microbial co-occurrence
networks in PSS and soils were consistent with previous findings: soils and PSS in taller containers
had lower water content, lower groundwater levels, reduced overall connectivity of rhizosphere
bacteria, and fewer bacterial interactions. Conversely, soils and PSS in shorter containers exhibited
higher connectivity in their bacterial communities.

The structural changes in the bacterial network of sand differed from those in PSS and soil.
Increasing the height of the cultivation container resulted in more intense interactions in the
rhizosphere bacterial network of sand. Characterized by large pores and low water and nutrient
retention capacity (Gianquinto et al., 2006; Lal, 2017), sand in taller containers formed a thicker sand
layer. Differences in water infiltration and evaporation rates led to a vertical water gradient (Zhang
et al., 2024) (with the surface layer drier and the deeper layer wetter). The surface sand layer, with
more direct contact with air, has higher oxygen content (an aerobic environment), whereas the deep
sand layer, restricted by oxygen diffusion, may develop anaerobic or micro-aerophilic
microenvironments. This oxygen gradient drove redox functional differentiation in the microbial
community (e.g., coexistence of aerobic nitrifying bacteria and anaerobic denitrifying bacteria) (Z.
Zhang et al., 2024), enhancing functional interactions within the network.

Container height also influenced the intensity of the “edge effect” within the sand layer. In
shorter containers, the surface sand layer experienced more frequent contact with the external
environment, making it susceptible to disturbances such as temperature fluctuations, drying, or
invasion by exotic microorganisms. This reduced the stability of the microbial community, but
resident microbes harbored physiological tolerance mechanisms enabling adaptation to fluctuating
redox potential conditions (DeAngelis et al., 2010; Pett-Ridge et al., 2006; Pett-Ridge & Firestone,
2005). In contrast, taller containers provided a larger internal space within the sand layer, weakening
the edge effect and stabilizing the internal microenvironment (e.g., smaller temperature and
humidity fluctuations). This stability offered long-term colonization opportunities for diverse
microorganisms. Such stability allowed more “rare microorganisms” (which might be outcompeted
by dominant species in shorter containers) to persist and participate in interactions, thereby
increasing the connectivity and complexity of the network.

5. Conclusion

In this study, we employed the Simplified Automatic Soilless Culture System (SAS) to conduct
root-restricted tomato cultivation at different levels. The objective was to identify the optimal
coupling pattern of substrate type and container height in the SAS system that promotes tomato
growth, enhances fruit yield and quality, and to investigate the changes in rhizosphere
microorganisms under different substrate types and container heights. The main conclusions are as
follows:

Increasing the height of the cultivation trough can enhance the total water storage capacity of
the substrate and fruit yield in the SAS system, whereas decreasing the height will improve the fruit
quality.

Using TOPSIS to evaluate the comprehensive indicators of tomatoes, the results indicate that the
optimal root-restriction levels for different substrates: 8cm peanut shell substrate >24 c¢cm soil >8cm
sand.

Sand, soil, and peanut shell substrate establish bacterial and fungal communities inhabiting
roots through the selection of specific microbial taxa.

High variation in the container can drive the functional differentiation of redox properties in
microbial communities, affecting the connectivity and complexity of microbial networks.

This study was conducted in a glass greenhouse using the SAS system for testing, providing an
important reference for substrate selection and root system management in industrial tomato
cultivation. However, the results cannot reflect the overall conditions of tomatoes grown in field
settings. In future research, further investigations can be conducted to explore the impacts of
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irrigation volume, irrigation frequency, and “plant growth-promoting microorganisms” on tomato
growth, soil microbial environment, yield, and quality.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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