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Abstract

This study revealed that highbush blueberry (Vaccinium corymbosum L.) plants cultivated in distinct
cultivation systems (greenhouse vs. open field) exhibited significant differences in rhizosphere
microbiota, soil nutrient profiles, and fruit metabolites. Metabolite profiling revealed a significant
trade-off: fruits from the open field accumulated significantly higher levels of secondary metabolites,
including anthocyanins (9.5% higher; 1.85 + 0.03 vs. 1.69 + 0.03 umol/g; p = 0.002), flavonoids (56.0%
higher; 0.39 + 0.01 vs. 0.25 + 0.03 mg/g; p = 0.007), and ascorbic acid (15.6% higher; 144.71 + 3.80 vs.
125.19 £ 3.99 ug/g; p = 0.003). In contrast, greenhouse fruits were enriched in primary metabolites
such as water-soluble sugars (28.3% higher; 109.96 + 4.73 vs. 85.70 + 2.91 mg/g; p = 0.006) and total
organic acids (30.2% higher; 19.39 + 0.31 vs. 14.89 + 0.55 mg/g; p < 0.001). These divergent profiles
were associated with distinct rhizosphere microenvironments: the open field treatment sustained
higher OC and microbial a-diversity (Shannon index), while the greenhouse system formed a high-
availability cation niche characterized by lower pH, higher EC, and elevated levels of exchangeable
Ca?, Mg?, and available potassium (APO). The cultivation systems re-engineered the rhizosphere
microbiota assembly, resulting in distinct communities (assessed by principal coordinates analysis
(PCO) based on UniFrac distances). Notably, the greenhouse soil was associated with a higher
relative abundance of copiotrophic bacterial taxa such as Streptomyces and Bacillus. Their relative
abundances showed strong positive correlations with cation availability (e.g., Streptomyces vs. Ca?,
*r* = 0.827), suggesting a potential ecological linkage, though causation cannot be inferred from these
correlative data alone. Multivariate correlation and principal component analysis (PCA) integrated
these patterns and revealed that soil cations (Ca?*, Mg?*, APO) were negatively correlated with fruit
antioxidants but positively linked to sugars/acids, and the key microbial taxa (e.g., Bacillus,
Chloroflexi) were major contributors to the difference of fruit quality traits. The findings highlight
that the cultivation systems is strongly associated with fruit quality by selectively shaping a
functionally specific rhizosphere microbiota, which co-varies with a shift in the plant’s resource
allocation between growth (primary metabolism) and defense (secondary metabolism). This work
provides an integrative correlation and proposes framework for understanding how agricultural
practices manipulate the soil-plant-microbe continuum to direct crop quality in perennial systems.
Our findings, primarily correlative, reveal a consistent cultivation systems-level association between
the cultivation environment, rhizosphere properties, and fruit metabolism. This work provides an
integrative correlative framework for understanding how agricultural practices manipulate the soil-
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plant-microbe continuum to direct crop quality in perennial systems and proposes testable
hypotheses for future mechanistic investigations.

Keywords: cultivation system; agroecosystem; habitat filtering; plant-microbe interactions; primary
and secondary metabolism; perennial fruit crops; agrocultivation systems management

1. Introduction

Highbush blueberry (Vaccinium corymbosum L.), renowned for its flavorful and nutrient-rich
fruits, thrives in specific acidic soil conditions facilitated by its fine, fibrous root system [1]. In
perennial fruit crops like blueberry, the rhizosphere microbiota is not merely a transient community
but a stable interface critical for long-term nutrient acquisition and stress resilience [2]. The assembly
of this microbiota is a product of both the soil physicochemical matrix, which acts as a primary
“habitat filter”, and host plant selection [3]. Consequently, agricultural practices that alter the soil
environment are potent drivers of rhizosphere community restructuring, with potential cascading
effects on crop performance and quality [4].

In perennial cropping systems, the contrast between protected (e.g., greenhouse) and open-field
cultivation represents a profound cultivation systems-level intervention. Evidence from perennial
fruits demonstrates that such management shifts consistently re-engineer the rhizosphere
microenvironment. Protected cultivation often leads to soil acidification, salinization, and the
accumulation of soluble cations (e.g., K*, Ca?*, Mg?), creating a high-availability, low-stress nutrient
niche [5]. This niche selectively enriches for copiotrophic bacterial taxa such as Bacillus and
Streptomyces, which thrive in resource-rich conditions and possess plant growth-promoting traits
[6,7]. Causative studies have linked these community shifts directly to altered soil properties under
protected environments [8]. Conversely, open-field systems typically maintain higher soil organic
matter, greater physicochemical heterogeneity, and exposure to environmental fluctuations, fostering
more diverse microbial communities with a higher abundance of oligotrophic taxa like
Acidobacteriota, which are adapted to slower nutrient mineralization cycles [9,10].

The metabolic profile of a plant represents a functional readout of its physiological state and
adaptive strategy. Primary metabolites, such as sugars, organic acids, and amino acids, are directly
involved in fundamental processes like growth, development, and energy metabolism. In contrast,
secondary metabolites, including phenolic compounds (e.g., anthocyanins, flavonoids) and ascorbic
acid, are primarily synthesized for plant defense against abiotic (e.g., UV radiation, temperature
extremes) and biotic (e.g., pathogens, herbivores) stresses. These compounds are crucial for plant
adaptation and resilience in fluctuating environments. Importantly, in fruit crops like blueberry,
these secondary metabolites are also key determinants of fruit nutritional quality and health benefits
for consumers, making their accumulation a critical target for quality-oriented cultivation. The
biosynthesis of secondary metabolites is energetically costly and is theorized to trade off with
resources allocated for growth and primary metabolism —a central tenet of the plant growth-defense
trade-off theory.

Building upon this metabolic framework, these cultivation-driven microbial shifts are not
merely compositional but are hypothesised to be functional. The enrichment of copiotrophic, plant
growth-promoting rhizobacteria (PGPR) in stabilized environments is associated with enhanced
nutrient solubilization and auxin production, potentially biasing plant resource allocation toward
growth and primary metabolism [11,12]. In contrast, the diverse and stress-associated microbiota of
open fields, along with abiotic factors like UV exposure, may act as mild biotic/abiotic elicitors,
priming jasmonic acid and salicylic acid pathways and upregulating plant defense and secondary
metabolism [13,14]. This aligns with the central ecological theory of a plant growth-defense trade-off
[15]. While correlations between soil microbes and blueberry fruit quality exist [16], and the separate
links between cultivation—microbiota and microbiota—plant physiology are established in model
systems, an integrated understanding of how the cultivation systems filters a functionally specific
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microbiota that subsequently mediates a systematic fruit metabolite trade-off in a perennial crop
remains elusive.

Therefore, we hypothesize that, Greenhouse and open-field cultivation systemss create distinct
rhizosphere physicochemical niches (e.g., high-availability cations vs. higher organic carbon) that
serve as habitat filters, selecting for divergent microbial communities (copiotrophic-dominated vs.
diverse/oligotrophic-enriched). And, these distinct microbiotas, coupled with the prevailing soil
nutrient availability, are associated with a reprogramming of the host plant’s metabolic strategy,
leading to a measurable trade-off in blueberry fruit profiles—favoring primary metabolites (sugars,
organic acids) in greenhouses and secondary metabolites (anthocyanins, flavonoids, ascorbic acid) in
open fields.

This study tests this hypothesis by integrating time-series rhizosphere microbiota analysis, soil
nutrient profiling, and fruit metabolomics in blueberry. While our approach is observational and
treats each cultivation system as an integrated ‘cultivation systems package’, it is designed to
document whether a coherent, system-level association exists along the cultivation—soil-microbiota—
fruit metabolome continuum. The resulting framework aims to move beyond correlation and propose
a testable mechanistic model for how agricultural practices manipulate crop quality through the
rhizosphere microbiota.

2. Materials and Methods

2.1. Collection of Soil Samples

Rhizosphere soil samples were collected from the roots of southern highbush blueberry
(Vaccinium corymbosum L.) plants cultivated under open field and greenhouse conditions at distinct
growth stages according to Wang et al. [9]. Specifically, soil was collected from a depth of 5-20 cm
around the base of blueberry plant trunks, following the same protocol. The sampling site was located
at 33°12°01"N-33°12'10"N, 107°34'29”E-107°34'49”E, with an elevation of 623.5-624.2 masl. All
sampled plants were mature, 3-year-old southern highbush blueberry bushes that had been
established under their respective cultivation systems (greenhouse or open field) since planting.
Sampling times and corresponding sample designations as well as the monthly average temperature
at the time of sample collection are provided in Table 1. Relative humidity in greenhouse system was
maintained at a level of 60-70%, whereas, in open field system, irrigation regimes were modulated
according to actual weather conditions to maintain appropriate soil moisture levels around the
rhizosphere. For each cultivation method and at each sampling time, three biological replicate soil
samples were collected. Sampling points were distributed throughout the cultivation area to ensure
that replicates were spatially independent. three replicate soil samples were collected from three
individual blueberry plants spaced at least 5 meters. The soil from each sampling point was
thoroughly homogenized to form a composite sample and stored at 4 °C prior to analysis.

Table 1. The sampling time and sample names.

Sample names The monthly average temperature

o Blueberry plants  Blueberry plants  Blueberry plants Blueberry plants
Sampling time

grown in open- grown in growninopen-  grownin

fields greenhouses fields (°C) greenhouses (°C)
September, 2024 L09 D09 26.50 £ 6.35 25.07 £0.96
November, 2024 L11 D11 11.06 £ 5.96 20.71+2.14
January, 2025 LO01 D01 3.76 +6.51 18.28 £3.15
March, 2025 L03 D03 10.76 +7.40 19.90 +2.81
May, 2024 L05 D05 22.84+7.76 22.55+2.56
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July, 2024 L07 D07 29.05+5.59 25.77 +1.34

Soil Characteristics. The experimental site featured a typical sandy loam soil. Key
physicochemical properties of the bulk soil (0-20 cm depth), determined prior to the establishment of
the cultivation systems, were as follows: pH (H>O, 1:2.5), 5.2 + 0.1; organic matter content, 1.85 *
0.15%; total nitrogen (TN), 0.92 + 0.08 g kg'; available phosphorus (AP, Olsen-P), 15.2 + 1.5 mg kg';
and available potassium (AK), 85 + 7 mg kg (values are mean * standard deviation, n=3). These
baseline properties indicate an acidic, moderately fertile soil representative of the local conditions
and are within the suitable range for southern highbush blueberry cultivation.

Light Regime. The open-field system relied solely on natural sunlight under ambient
photoperiod conditions. In the greenhouse system, plants received natural sunlight transmitted
through the polyethylene covering. No supplemental artificial lighting was used in the greenhouse
throughout the experiment.

During the experiment, divergent fertilization and irrigation regimes were applied according to
standard practices for each system. The greenhouse system received integrated drip irrigation and
fertilization, with a compound fertilizer (N-P,Os-K;O: 20-20-20) applied at a rate of approximately 25
kg ha™ every 4-6 weeks during the growing season. The open-field system relied on a combination
of overhead irrigation and controlled-release fertilizer applied biannually in spring and early
summer, with an annual total equivalent to the greenhouse input. These management differences are
intrinsic to the cultivation systems and are the primary drivers of the divergent rhizosphere
microenvironments investigated in this study.

2.2. Collection and Nutritional Components Analysis of Blueberry Sample

Harvest times were different between the two cultivation methods. The greenhouse-grown
blueberries were harvested in March 2025, while the open field blueberries were harvested in May
2025. Fruits were harvested at commercial maturity, determined by full blue skin coloration and
uniform firmness. Three independent biological replicates were established for each cultivation
system, with each replicate comprising a composite sample of approximately 100 fresh fruits
randomly collected from 10 individual plants across the cultivation area.

Total anthocyanin (TA) content was determined using the pH differential method [10]. Briefly,
homogenized fruit tissue was extracted with acidified methanol (1% HCI, v/v) at 4 °C in the dark for
24 h. The absorbance of the supernatant was measured at 520 nm and 700 nm in buffers at pH 1.0
(potassium chloride) and pH 4.5 (sodium acetate). The concentration was calculated using a molar
extinction coefficient of cyanidin-3-glucoside (& = 26,900 L-mol~-cm™) and expressed as cyanidin-3-
glucoside equivalents. Total flavonoid (TF) content was measured by the aluminum chloride
colorimetric assay [11]. An aliquot of the extract was mixed with an equal volume of 2% AICl; (in
methanol). After incubation for 30 min at room temperature, the absorbance was measured at 415
nm. A standard curve was prepared using rutin, and results were expressed as mg rutin equivalent
per gram fresh weight. Reducing sugar (RS) content was quantified spectrophotometrically [12]. The
reaction mixture was heated in a boiling water bath for 5 min, cooled, and the absorbance was read
at 540 nm. D-Glucose was used as the standard. Total amino acid (TAA) content was determined
spectrophotometrically [13]. The extract was reacted with ninhydrin reagent in a boiling water bath
for 15 min. After cooling, the absorbance was measured at 570 nm. Glycine was used to generate the
standard curve. Water-soluble sugar (WSS) and total organic acid (TOA) contents were analyzed
using high-performance liquid chromatography [14]. For sugars, separation was performed on a
carbohydrate analysis column (Waters XBridge Amide, 3.5 um, 4.6 x 150 mm) with a refractive index
detector. The mobile phase was acetonitrile:water (75:25, v/v) at a flow rate of 1.0 mL/min. Sucrose,
D-glucose, and D-fructose were used as standards. For organic acids, separation was achieved on a
C18 reverse-phase column (Agilent ZORBAX SB-Aq, 5 um, 4.6 x 250 mm) with a UV detector set at
210 nm. The mobile phase was 0.01 M potassium phosphate buffer (pH 2.8) at a flow rate of 0.8
mL/min. Citric, malic, and quinic acids were used as primary standards. Soluble solids (SS) content
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was determined using near-infrared spectroscopy [15]. The instrument was calibrated using standard
sucrose solutions prior to use. Homogenized fruit puree was scanned directly, and the soluble solids
content was derived from the built-in prediction model. Reduced ascorbic acid (RAA) content was
quantified by a spectrophotometric colorimetric method [12]. The fruit extract in 2% metaphosphoric
acid was reacted with the dye, and the decrease in absorbance at 518 nm was measured. L-Ascorbic
acid was used as the standard.

2.3. Analysis of Microbial Community

Soil microbial communities were characterized using high-throughput amplicon sequencing. A
total of 36 rhizosphere soil samples were analyzed (2 cultivation systems x 6 time points x 3 biological
replicates).

Total genomic DNA was extracted from 0.5 g of soil using the FastDNA Spin Kit for Soil (MP
Biomedicals, USA) following the manufacturer’s instructions. The V4 region of the bacterial 16S
rRNA gene was amplified using the primer pair 515F (5'-GTGYCAGCMGCCGCGGTAA-3') and
806R (5'-GGACTACNVGGGTWTCTAAT-3"). For fungal community analysis, the ITS2 region was
targeted using the primer pair ITS3 (5-GCATCGATGAAGAACGCAGC-3') and ITS4 (5'-
TCCTCCGCTTATTGATATGC-3").

PCR amplifications were performed in a Bio-Rad 51000 Thermal Cycler (Bio-Rad Laboratories,
USA). The bacterial 165 rRNA gene amplification protocol consisted of initial denaturation at 95 °C
for 3 min, followed by 30 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and
extension at 72 °C for 45 s, with a final extension at 72 °C for 10 min. The fungal ITS amplification
utilized the same thermal cycling conditions.

Amplicons from all samples were purified, quantified using a Qubit fluorometer (Thermo Fisher
Scientific, USA), and pooled in equimolar ratios. Sequencing libraries were constructed using the
NEBNext Ultra DNA Library Prep Kit (New England Biolabs, USA). Paired-end sequencing (2 x 250
bp) was performed on an Illumina HiSeq 2500 platform (Illumina, USA).

Raw demultiplexed sequences were quality-filtered, denoised, and merged into amplicon
sequence variants (ASVs) using the DADA2 pipeline [17] within QIIME2 (version 2021.11) [18].
Taxonomic classification was performed against the SILVA 138 database [19] for bacteria and the
UNITE 8.0 database [20] for fungi. Alpha diversity indices (Chaol, Shannon, and Simpson) were
calculated using QIIME2 [18]. Beta diversity was assessed through principal coordinates analysis
(PCoA) based on Bray-Curtis distances. Differential abundance analysis was performed using linear
discriminant analysis effect size (LEfSe) with an LDA score threshold of 2.0 [21].

2.4. Determination of Nutritional Elements in Plant and Rhizosphere Soil

Organic carbon (OC) content, total nitrogen (TN) content, total phosphorus (TPH) content, total
potassium (TPO) content, hydrolysable nitrogen (HN) content, available phosphorus (APH) content,
and available potassium (APO) content in the samples collected on day 10 after root irrigation were
determined as the methods described by Wang et al. [9]. Exchangeable cations (Na*, Ca?*, and Mg?)
were extracted using 0.1 M BaClz and measured by flame photometry [16](Houba et al., 1995). After
soil sample was mixed with water at a soil:water ratio of 1:2.5, then pH and electrical conductivity
(EC) measurements were performed using a Hanna HI9813-6 portable pH/EC meter [22].

2.5. Statistical Analysis

All experiments were conducted with three biological replicates. Data are presented as mean *
standard deviation (SD). To assess the significant differences in soil physicochemical properties, fruit
metabolites, and microbial alpha diversity indices between the two cultivation systems (greenhouse
vs. open field), independent two-sample Student’s t-tests were performed using SPSS Statistics 23.0
(IBM Corp., USA). A p-value of less than 0.05 was considered statistically significant. The statistical
methodology for microbial beta diversity and differential abundance analysis (e.g., PCoA, LEfSe) is
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described in section 2.3. Multivariate correlations (e.g., Spearman’s) and PCA were conducted using
R (version 4.1.0).

3. Results

3.1. Divergent Fruit Metabolic Profiles in Blueberries Cultivated in the Two Systems

Metabolic profiling revealed a clear trade-off between primary and secondary metabolism that
was statistically significant and aligned with the cultivation system (Figure 1). Greenhouse
blueberries accumulated significantly more primary metabolites: reducing sugars (RS: 108.87 + 5.28
vs. 98.64 £ 0.59 mg/g; p =0.003; Figure 1c), water soluble sugars (WSS: 109.96 + 4.73 vs. 85.70 + 2.91
mg/g; p =0.006; Figure le), total organic acids (TOA: 19.39 + 0.31 vs. 14.89 + 0.55 mg/g; Figure 1f), and
soluble solids (SS: 0.14 = 0.00 vs. 0.11 + 0.00 g/g; Figure 1g). Conversely, open field cultivation
significantly enhanced concentrations of secondary metabolites: total anthocyanin (TA:1.69 £ 0.03 vs.
1.85 £ 0.03 umol/g; p =0.002; Figure 1a), total flavonoids (TF : 0.39 + 0.01 vs. 0.25 + 0.03 mg/g; p =0.007;
Figure 1b) and reduced ascorbic acid (RAA: 144.71 + 3.80 vs. 125.19 + 3.99 ug/g; p =0.003; Fig. h).
However, no difference was observed in total amino acid (TAA) content between the two cultivation
methods. The TAA content for both greenhouse (D) and open field (L) blueberries was 0.58 pumol/g
FW (20.03 and +0.02, respectively; p =0.07; Figure 1d). This metabolic divergence indicated a system-
level reprogramming to blueberry plant metabolism.
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Figure 1. Nutritional composition comparison of highbush blueberry (V. corymbosum) fruits grown in
greenhouse (D) and open field (L) cultivations. (a) Total anthocyanin (TA) content; (b) Total flavonoids (TF); (c)
Reducing sugars (RS); (d) Total amino acids (TAA); (e) Water-soluble sugars (WSS); (f) Total organic acids
(TOA); (g) Soluble solids (SS); (h) Reduced ascorbic acid (RAA). Notes: Values are presented as mean + standard
deviation. Different letters on bars in each group indicate that the data are significantly different between

cultivation methods (*p < 0.05, independent two-sample t-test).

3.2. Cultivation systems Drives Rhizosphere microbiota Assembly and Diversity

Microbial community analysis revealed distinct differences in the composition and diversity of
rhizosphere microorganisms between greenhouse-cultivated (D) and open field-grown (L) blueberry
plants. At the phylum level, the bacterial communities in both cultivation systems were dominated
by Proteobacteria, Actinobacteriota, Acidobacteriota, Chloroflexi, and Firmicutes (Figure 2a). Fungal
communities were primarily composed of Ascomycota, Basidiomycota, Rozellomycota, and
Mortierellomycota (Figure 2c). Heatmaps at the genus level further illustrated structural differences
between the two groups, with clearly distinctive separation in both bacterial and fungal compositions
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Figure 2. Microbial community in greenhouse-cultivated (D) and open field-grown (L) blueberry plant
rhizospheres. (a) Composition of bacterial phyla with a relative abundance > 1%. (b) Heatmap of bacterial genus-
level composition. (c) Composition of fungal phyla with a relative abundance > 1%. (d) Heatmap of fungal genus-
level composition. (e, f) Bacterial a-diversity indices: (e) Shannon index (community diversity) and (f) Chaol
index (species richness). (g, h) Fungal a-diversity indices: (g) Shannon index (community diversity) and (h)
Chaol index (species richness). (i, j) Phylogenetic 3-diversity based on unweighted UniFrac distances for (i)
bacterial and (j) fungal communities. (k, 1) Non-metric Multidimensional Scaling (NMDS) plots illustrating

community structure differences for (k) bacterial and (1) fungal communities.

Alpha diversity analysis indicated that open field-grown blueberries harbored significantly
higher bacterial diversity, as reflected by the Shannon index (community diversity; Figure 2e), and
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greater species richness, as indicated by the Chaol index (Figure 2f). Similarly, fungal communities
in the open field system also showed higher diversity (Shannon index; Figure 2g) and richness (Chaol
index; Figure 2h) compared to the greenhouse system.

Beta diversity analysis based on unweighted UniFrac distances revealed significant phylogenetic
separation between the bacterial communities of the two cultivation methods (Figure 2i). Non-metric
Multidimensional Scaling (NMDS) plots further confirmed structural differences in both bacterial
(Figure 2k) and fungal (Figure 21) communities, indicating that cultivation environment strongly
influenced microbial assembly in the blueberry rhizosphere.

Supplementary analysis (Figure 1S) through Venn diagrams highlighted a greater number of
unique bacterial and fungal species in the open field system, suggesting a more diverse and
specialized microbial niche under traditional cultivation. LEfSe analysis (LDA >4.0) identified several
differentially abundant taxa at phylum, class, order, family, genus, and species levels in both bacterial
and fungal communities, underscoring the microenvironment-specific microbial recruitment under
greenhouse and open field conditions.

These findings demonstrated that the bacterial and fungal community structures were
profoundly different between greenhouse and open field conditions (Figure 2a-d). Beta diversity
analysis (PCoA, NMDS) confirmed significant phylogenetic separation. It indicated that the
cultivation systems was a primary determinant of microbial community assembly (Figure 2i, k, 1).
open field cultivation supported significantly higher bacterial and fungal alpha diversity (Shannon
and Chaol indices; Figure 2e-h) and hosted a greater number of unique OTUs (Figure 1S). It
suggested a more complex and niche-differentiated microbial community. LEfSe analysis identified
multiple taxa differentially abundant between systems to show microenvironment-specific microbial
selection.

3.3. System-Specific Rhizosphere Soil Physicochemical Niches

The physicochemical properties of blueberry rhizosphere soil differed between cultivation
methods (Figure 3). The mean concentrations of exchangeable calcium (Ca?*) and magnesium (Mg?*)
were higher in the greenhouse cultivation rhizosphere than in the open field cultivation (Figure 3i
and 3j). Similarly, the mean content of available potassium (APO) was elevated under greenhouse
conditions (Figure 3g). In contrast, the mean organic carbon (OC) content was lower in the
greenhouse cultivation rhizosphere (Figure 3a). The mean values for total nitrogen (TN), total
phosphorus (TPH), total potassium (TPO), hydrolysable nitrogen (HN), available phosphorus (APH),
and sodium ion (Na*) concentrations showed less pronounced differences between the two methods
(Figure 3b, ¢, d, e, £, h).
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Figure 2. Temporal dynamics of rhizosphere soil properties in greenhouse-cultivated (D) and open-field-grown
(L) blueberry plants. All subplots (a-1) share the same x-axis representing the sampling time (months from
September 2024 to July 2025). Soil parameters measured include: (a) organic carbon (OC), (b) total nitrogen (TN),
(c) total phosphorus (TPH), (d) total potassium (TPO), (e) hydrolysable nitrogen (HN), (f) available phosphorus
(APH), (g) available potassium (APO), (h) sodium ion concentration (Na*), (i) calcium ion concentration (Ca?"),
(j) magnesium ion concentration (Mg?"), (k) pH, and (1) electrical conductivity (EC). In each subplot, data points

marked with “D” (greenhouse) and “L” (open field) correspond to their respective cultivation systems.

Regarding soil properties, the mean pH of the rhizosphere soil under greenhouse cultivation
was lower than that under open field cultivation, while the mean soil electrical conductivity (EC) was
higher in the greenhouse environment (Figure 3k, 1).

These patterns suggest that the greenhouse system tended to form a niche with higher levels of
soluble cations and salts, alongside lower pH and OC, whereas the open field system maintained a
higher OC environment.

3.4. Integrated Analysis for the Links of Rhizosphere Microenvironment to Fruit Quality Through
Microbial Associations

Integrated correlation and principal component analyses were carried out to assess the
associations among rhizosphere soil nutrients, microbial communities, and fruit quality parameters
under the two cultivation systems. The correlation heatmap (Figure 4) and statistical analysis (Tables
S1, S2) revealed a network of significant associations. Notably, soil exchangeable cations (Ca?* and
Mg?*) and available potassium (APO) showed consistent and significantly negative correlations with
key antioxidant compounds, including total anthocyanins (TA) and total flavonoids (TF). Conversely,
these soil nutrients were positively correlated with sugar and acid components, such as water-soluble
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sugars (WSS) and total organic acids (TOA). This pattern underscored a fundamental trade-off
between primary and secondary metabolism in fruit which linked to soil nutrient availability.

a TAA RAA TA TOA WSS TF RS SS
0C -0.014/ 0.460" 0.470" -0:485 0.485" -0,
TN -0.002 0.095 0.096 -0.103 -0.108 0.108 -0.105 -0.108
TPH 0.002 -0.240 -0.246 0.249 0.240 -0.255 0.214 0.252
TPO -0.015 -0.330° -0.329 0.322 0295 -0.314 0.238 0.321
HN -0.006 0.160 0.164 -0.168 -0.165 0.165 -0.146 -0.170
APH 0006 -0.128 -0.131 0.133 0.131 -0.134 0.118 0.135
APO 0.002 0.000 -0.002 0.000 -0.002 0.003 -0.006 -0.002
Na* 0.020 -0.343° -0.349° 0.353° 0.343° -0.345" 0.301 0.356"
Ccaz* 0.020 -0.363° -0.371" 0.375° 0.363° -0.365° 0.315 0.37¢"
Mg?* 0.028 -0.429" -0.437" 0.440” 0.428~ -0.428" 0.374° 0.444"
pH 0048 -0.167 -0178 0.174 0173 -0.169 0.158 0174
Soil EC  0.017 -0.290 -0.296 0.299 0.291 -0.292 0.255 0.302
Proteobacteria -0.127 0.372° 0384 -0.364° 0.352° 0.309 -0.285 -0.357"
Actinobacteriot 0.025 -0.043 -0.078 0.077 0.063 -0.079 0.045 0.059
Acidobacteriota 0.093 0.148 0.165 -0.182 -0.153 0.184 -0.111 -0.170
Chloroflexi -0.005 0.41
Firmicutes 0.034 -0.239 -0.251 0.263 0273 -0.278 0271 0.272
Bacteroidota -0.124 0.333° 0.355° -0.362° -0.381° 0.341° -0.361" -0.367"
Myxococcota -0.117 0.310 0297 -0.261 -0.258 0.252 -0.240 -0.275
Patescibacteria -0.067 0.144 0.161 -0.159 -0.164 0.154 -0.156 -0.158
Gemmatimonadota  0.141 -0.45 0.515" 0.551" -0.487" 0.527" |
Verrucomicrobiota 0.006 0.219 0.230 -0.236 -0.224 0.236 -0.194
Acidothermus 0.044 0.342° 0.345° -0.369° -0.361° 0.364
Streptomyces -0.079
Bacillus  0.081
Occallatibacter -0.025 0. 486
Acidibacter -0.015 -0.011 -0.023 0.032 0.034 -0.054 0. i
Rhodanobacter 0.049 0.239 0.246 -0.284 -0.2894 0.294 -0.279 -0.294
Solibacter -0.013 0.359° 0.376" -0.374° -0.350° 0.370° -0.297 -0.369"
Nakamurella -0.042 -0.360° -0.373° 0.398° 0.393' -0.426" 0.368° 0.407"
Sphaerobacter -0.048 -0.429" -0.431" 0.385° 0.284 -0.320 0.122 0.347
Pseudolabrys  0.032 0523 0580
Ascomycota -0.037 -0.347° -0.373 0383 0.354° -0.401" 0303 0375
Basidiomycota 0.098 0.175 0.214 -0.246 -0.219 0.265 -0.176 -0.228
Rozellomycota 0.006 0.229 0.251 -0.243 -0.210 0.243 -0.159 -0.229
Mortierellomycota  0.126 0.362° 0.319 -0.245 0.319 -0.185 -0.311
Botryobasidium -0.029 0288 0.312 -0.311  0.309 -0.274 -0.317 1
Fusarium -0.026 i 0.52 0.48; »
Panaeolus 0.006 0.177 0233 -0.265 0.257 -0.221 -0.248 0
Trichoderma -0.086 -0.389° -0.393 0.386" -0.439" 0.341° 0417
Sistotrema 0128 0.244 0204 -0.219 0239 -0.195 -0.249 ._1
b ocC TN TPH TPO HN APH APO Na* Ca* Mg>* pH SollEC
Proteobacteria -0.100 -0.036 0.023 -0.131 -0.148 0.107 -0.083 -0.122 -0.353° -0.310 -0.248 -0.218
Actinobacteriota 0.347 0.346 0.064 0221 0376 0.077 0269 0176 0551 0417 -0.190 0.449~
Acidobacteriota -0.296 -0 0.378" 0,647 0,635" 0,496~ -0,617" -0.530" -0.374 -0.558"
Chloroflexi -0.476" -0.213 0153 0078 -0.373 -0.043 -0.174 0.021 0020 0.046 0.392° -0.046
Firmicutes 0.142 0.419° 0.631" 0.677° 0.239 0470 0.449" 0.462° 0.634" 0.574" 0.055 0.613"
Bacteroidota 0.590" 0.726" 0.609" 0.497° 0581 0.636" 0.686" 0.354° 0.268 0229 0.368° 0.270
Myxococcota -0.023 0.156 0.162 -0.023 0035 0.293 0.129 -0.124 -0.337° -0.316 0.156 -0.292
Patescibacteria 0.443" 0.237 0120 0180 0278 0.027 0208 0316 0220 0277 0030 0267
Gemmatimonadotal -0.710% -0.508" -0.111 .0.242 -0.611" -0.322 -0.436" -0.196 -0.327 -0.257 0.502° -0.353'
Verrucomicrobiota -0.012 -0.337° -0.616" -0.565" -0.109 -0.400° -0.379° -0.452" .0.541" -0.496" -0.180 -0.566~
Acidothermus -0.005 -0.329° -0.604" -0.541" -0.111 -0.415 -0.409° -0.379' -0.295 -0.333'|-0.608" -0.267
Streptomyces  0.253 0.5257 0.5317 07107 0.453" 0.486" 0.571" 0.754" 0.827° 0.860" 0.169 0.793"
Bacillus -0.049 0.268 0.587° 0.664" 0132 0.365° 0.346° 0.554" 0.693" 0.677" -0.021 0.686™
Occallatibacter 0.244 -0.120, -0.638" -0.506" 0.093 -0.313 -0.251 -0.414° -0.403' -0.404' -0.462° -0.399'
Acidibacter -0.409° -0.437" -0.339° -0.378° -0.369° -0.354" .0.482" .0.247 -0.269 -0.256 -0.392° -0.231
Rhodanobacter 0.571" 0.544” 0.524" 0.474" 0.419° 0353 0.506" 0.277 0.38%° 0.293 0.292 0.353°
Solibacter 0.136 -0.297 0.706" -0.578" -0.001 -0.408° -0.308 -0.411° -0.420° -0.388" -0.517" -0.396'
Nakamurella -0.560" -0.406" -0.074 -0.223 -0.426 -0.280 -0.317 -0.274 -0.300 -0.294 0.497" -0.384°
Sphaerobacter 0.094 0297 0.369° 0.380° 0.174 0375 0271 0229 0.352° 0317 0.085 0.251
Pseudolabrys -0.583" -0.283 0423 0.107 -0.457° -0.041 -0.261 0.319 0.115 0263 -0.124 0.243
Ascomycota 0.025 0.139 0311 0232 0038 0.047 0.160 0.293 0.495° 0427 0.355 0.409°
Basidiomycota -0.097 -0.211 -0.346 -0.174 -0.100 -0.096 -0.227 -0.227 -0.445" -0.335 -0.430" -0.346°
Rozellomycota 0.064 -0.246 -0.571" -0.442° -0.001 -0.297 -0.250 -0.388° -0.428" -0.384° -0.341" -0.433"
Mortierellomycota -0.149 0274 0134 -0.337° 0.337 -0.371° 0.202 -0.380° -0.425" -0.467" 0.434" 0423
Botryobasidium  0.212 -0.147 0.563" -0.379° 0.118 -0.225 -0.182 -0.319 -0.356" -0.311 -0.445~ -0.354 1
Fusarium 0199 0367" 0.386" 0.585" 0.434" 0.346° 0.494" 0625" 0.792° | -0.010/ 0.744~ -
Panaeolus 0.156 0.418" 0.455" 0.354° 0242 0.542° 0.379° 0.195 0007 0020 0048 0.080 0
Trichodermal -0.588" -0.467" -0.189 -0.288 -0.447" -0.395° -0.373 -0.176 -0.280 -0.222 0.515° -0.315
Sistotrema -0.159 0.313 -0.346' -0.220 .0.194 0.276 -0.287 -0.206 -0.225 .0.238 -0.531" -0.147

-1

Figure 4. Correlation heatmap integrating blueberry fruit quality parameters, rhizosphere microbial community
structure and key rhizosphere nutrient element contents. Note: TA: Total anthocyanin content, TF: Total
flavonoids, RS: Reducing sugars, TAA: Total amino acids, WSS: Water-soluble sugars, TOA: Total organic acids,
SS: Soluble solids, RAA: Reduced ascorbic acid; OC: The organic carbon contents, TN: total nitrogen contents,
HN: hydrolysable nitrogen contents, TP: total phosphorous contents, AP: available phosphorous contents, TK:
total potassium contents, and AK: available potassium contents.

The analysis further identified specific microbial linkages within this network. The bacterial
phyla Firmicutes and Bacteroidota, which were enriched in the greenhouse cultivation (D),
demonstrated significant positive correlations with Ca?*, Mg?*, and APO. Specific genera within these
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phyla, such as Streptomyces and Bacillus, also showed strong positive correlations with these nutrients
(e.g., Streptomyces vs. Ca?, r = 0.827, p < 0.01). In contrast, the phylum Acidobacteriota, which was
more abundant in the open field cultivation (L), was generally negatively correlated with the same
set of nutrients.

Principal component analysis (PCA) provided an integrated visualization of these associations
(Table S3). The first two principal components effectively captured the covariance structure among
the variables. Loadings analysis indicated that soil factors (especially Mg?, pH, and OC) and specific
microbial taxa (e.g., Bacillus, Chloroflexi) were the major contributors to the separation along the
principal components.

4. Discussion

4.1. Observed Metabolic Trade-Offs Between Cultivation Systems

Our data reveal a clear divergence in the metabolite profiles of blueberries from the two
cultivation systems. Fruits from greenhouse cultivation contained consistently higher levels of
primary metabolites such as reducing sugars, water-soluble sugars, total organic acids, and soluble
solids. Conversely, fruits from open field cultivation exhibited significantly greater concentrations of
secondary metabolites, including total anthocyanins, total flavonoids, and reduced ascorbic acid.

The pronounced enrichment of antioxidant secondary metabolites (anthocyanins, flavonoids,
ascorbic acid) in open-field blueberries is of particular note, as it directly aligns with and reinforces
the well-documented high biological value of Vaccinium corymbosum L. fruits. Extensive literature
characterizes highbush blueberries as a rich source of these bioactive compounds, which are
responsible for their strong antioxidant capacity and associated health benefits. Our finding that
open-field conditions further amplify this inherent trait underscores the significant role of cultivation
environment in modulating the nutraceutical potential of this crop. This pattern also aligns with
observations in other perennial fruits [23], supporting the broader ecological principle of a resource
allocation trade-off between growth (primary metabolism) and defense/adaptation (secondary
metabolism).

However, it is critical to distinguish between observation and mechanism. While we document
this systematic association, our study design cannot identify the specific drivers behind it. The
metabolic shift could be a direct response to contrasting aerial environments (e.g., light, temperature),
a consequence of differences in rhizosphere conditions (soil nutrients and microbiota), or, most
plausibly, a result of the integrated effect of the entire cultivation systems package. The lack of
significant difference in total amino acid content suggests that the observed shift may primarily
involve carbon metabolism, but this interpretation is constrained by the limited scope of our
metabolic profiling.

4.2. Distinct Rhizosphere Microbial Communities Associate with Cultivation Systems

Our analyses revealed distinct differences in the composition and diversity of rhizosphere
microbial communities between the two cultivation systems. We observed significantly higher
bacterial and fungal alpha diversity (Shannon and Chaol indices) in the open field system compared
to the greenhouse (Figure 2e-h). Beta-diversity analyses (PCoA, NMDS) further confirmed that the
bacterial and fungal communities were phylogenetically and structurally distinct between the
systems (Figure 2i-1).

This pattern—higher microbial diversity and distinct community composition in the more
heterogeneous open field environment—is consistent with well-established ecological principles.
Heterogeneous environments typically support greater biodiversity and niche differentiation,
whereas controlled settings like greenhouses can lead to biotic homogenization [24,25]. Thus, our
observations align with the concept that the cultivation environment may act as a habitat filter,
shaping microbial assembly.
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Specific taxonomic shifts were notable. The greenhouse rhizosphere showed a relative
enrichment of copiotrophic bacterial genera such as Streptomyces and Bacillus (Figure 2b), which are
often associated with resource-rich conditions and possess plant growth-promoting potential [26,27].
In contrast, the open field system harbored a greater abundance of taxa like Acidobacteriota (Figure
2a), a phylum frequently linked to oligotrophic conditions and complex organic matter
decomposition [28].

However, it is crucial to interpret these microbial associations within the context of the entire
cultivation systems. The distinct communities we describe are correlated with the cultivation system,
but they are likely not shaped by it in isolation. These microbial patterns could be a direct response
to the contrasting soil physicochemical properties (discussed below), an indirect consequence of
differences in plant physiology induced by the aerial environment, or, most realistically, a result of
feedbacks among all these factors. Therefore, while the microbial community is a prominent and
correlative component of each system’s distinct rhizosphere profile, our study cannot attribute its
assembly solely to the cultivation practice as a deterministic force.

4.3. Contrasting Soil Physicochemical Niches Between Cultivation Systems

The rhizosphere soil physicochemical properties systematically differed between the
greenhouse and open field systems (Figure 3). The greenhouse soil was characterized by a lower
mean pH, higher electrical conductivity (EC), and elevated levels of exchangeable calcium (Ca?"),
magnesium (Mg?), and available potassium (APO). In contrast, the open field soil maintained a
significantly higher mean organic carbon (OC) content.

This divergence suggests the formation of two distinct soil niches. The greenhouse conditions
appear to foster a high-availability cation niche, which could be conducive to primary plant
metabolism given the known roles of potassium in enzyme activation and sugar transport, and
magnesium in photosynthesis [29,30]. The open field system, with its higher OC, likely supports a
more complex soil food web and slower, more diverse nutrient mineralization pathways [31].

These contrasting soil niches are logically positioned to influence both the microbial community
and the plant. The high cation availability and lower pH in the greenhouse could select for the
observed copiotrophic, potentially salt-tolerant bacteria (e.g., Bacillus). Conversely, the high OC,
more neutral pH environment of the open field could favor a broader range of oligotrophic and
saprotrophic organisms, contributing to the higher overall diversity. Collectively, these results
demonstrate that the cultivation system acts as a powerful habitat filter, shaping distinct rhizosphere
physicochemical niches which, in turn, drive the assembly of divergent microbial communities.

A critical and unavoidable limitation of our study is that these soil properties were measured as
part of the holistic cultivation systems package. We report a clear co-variation between cultivation
system and soil niche, but we cannot definitively state that management practice caused the soil
differences, nor that the soil differences caused the microbial shifts. For instance, differences in
irrigation, fertilization, organic matter inputs, and even the moderating effect of the greenhouse
structure on soil microclimate (temperature, moisture) are all confounded with the “cultivation
system” variable. Therefore, we present these distinct soil niches as central and correlated features of
the two cultivation systemss, which likely interact with the aerial environment to create the distinct
contexts for plant growth and microbiota assembly.

4.4. Considering the Role of Environmental and Physiological Mediators

Interpreting differences between greenhouse and open field cultivation requires caution, as
these systems differ in a suite of interrelated factors. In addition to the rhizosphere properties
measured here, uncontrolled variables such as diurnal temperature variation, humidity, light
intensity/quality, and atmospheric CO; levels inherently vary between the two environments. These
aerial factors are known to directly affect photosynthetic efficiency and stress responses, thereby
influencing fruit metabolite profiles [32,33].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0875.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 February 2026 d0i:10.20944/preprints202602.0875.v1

15 of 20

Therefore, the correlations established in this study between the rhizosphere and the fruit
metabolome (Figure 4) should be interpreted as describing system-level associations within two
distinct agrocultivation systems packages [34]. Our data robustly show that each system packages a
unique set of aerial conditions with a correspondingly distinct rhizosphere niche and microbiota
(Figures 2, 3; Table 1). The logical consistency of the observed patterns—where a high-availability
cation niche and copiotrophic bacteria coincide with fruit high in primary metabolites, and a carbon-
rich, diverse microbiota coincides with fruit high in antioxidants—provides a foundational
correlation that justifies future mechanistic investigation. To isolate the specific role of the
rhizosphere microbiota, controlled experiments (e.g., soil transplant or microbial inoculation studies
under shared environmental conditions) are necessary [35]. Furthermore, incorporating direct plant
physiological measurements (e.g., leaf nutrient status, photosynthetic rates) would be crucial to
bridge the gap between soil microbial community structure and final fruit quality [36].

4.5. The Rhizosphere microbiota: A Putative Link Between Soil Niche and Fruit Metabolome

Based on the observed correlations, we propose a model in which the rhizosphere microbiota
may act as a functional bridge. The tight coupling revealed by our integrated analysis is consistent
with the hypothesis that the cultivation-system-shaped microbiota could be involved in shaping the
plant’s metabolic strategy. The greenhouse microenvironment, characterized by its high-availability
cation niche and an enriched community of potential plant growth-promoting rhizobacteria (PGPR)
such as Bacillus and Streptomyces, likely signals a “low-stress” state to the plant, directing resources
toward growth and accumulation of primary metabolites in fruits. These bacteria may enhance this
effect through nutrient solubilization or modulation of phytohormone networks (e.g., auxins) that
favor primary metabolism.

Conversely, the open field environment presents an integrated set of biotic and abiotic cues. The
higher microbial diversity, complex OC pool, and greater exposure to environmental fluctuations
(e.g., UV-B, temperature variance) collectively create a milieu that may be perceived by the plant as
mild stress, thereby priming defense responses [37,38]. The open field-adapted microbiota, including
taxa like Acidobacteriota, may contribute by decomposing complex organic matter and releasing a
diverse array of metabolites that act as biotic elicitors. This, in concert with abiotic factors, likely
activates defense-related phytohormone pathways (e.g., jasmonic acid, salicylic acid) and
upregulates the biosynthesis of protective secondary metabolites [39]. This aligns perfectly with the
plant growth-defense trade-off theory [7], where investment in defense is prioritized under
conditions perceived as more challenging.

4.6. Limitations and Future Perspectives

This study provides a comprehensive correlation between cultivation systems, rhizosphere
properties, and fruit metabolomes. However, several limitations should be acknowledged to guide
future research. The lack of direct measurements of plant physiological parameters, such as leaf
nutrient content (e.g., N, Mg) and photosynthetic capacity (e.g., chlorophyll content, net
photosynthetic rate), restricts our ability to directly validate the “soil-plant-fruit” pathway. These
data are critical to confirm whether the differential soil nutrients were actually absorbed and utilized
by the plants to shape the observed metabolic shifts.

And, greenhouse and open field systems constitute fundamentally different environments,
varying not only in rhizosphere conditions but also in aerial factors such as temperature fluctuations,
light intensity/quality, humidity, and atmospheric CO, concentration. In this study, the cultivation
system was treated as an integrated “cultivation systems package”. Therefore, the observed
associations are the result of the combined effects of multiple co-varying factors. To isolate the specific
role of the rhizosphere microbiota identified here, future controlled experiments are essential. These
could include soil transplant studies or microbial inoculation trials (e.g., using synthetic communities
containing key taxa like Bacillus and Streptomyces) conducted under shared environmental
conditions. Additionally, integrating metatranscriptomics and plant hormone profiling could
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elucidate the functional mechanisms and molecular dialogues underlying the proposed microbiota-
mediated metabolic reprogramming.

This study did not monitor dynamic soil environmental variables such as soil temperature and
moisture content, which are known to be critical regulators of microbial activity, community
composition, and nutrient cycling rates. The absence of these data means we cannot partition the
observed microbial and nutrient differences between those driven by the cultivation system’s
management (e.g., irrigation, cover) and those potentially attributable to differing soil microclimates.
Future studies should incorporate continuous soil environmental monitoring to disentangle these
interactive effects.

5. Conclusion

This comparative study revealed that blueberry plants grown in greenhouse and open field
cultivation systemss develop distinct rhizosphere microenvironments and fruit metabolite profiles.
We observed a systematic pattern: the greenhouse system was associated with a rhizosphere niche
higher in available cations and enriched in copiotrophic bacterial taxa, coinciding with fruits higher
in primary metabolites (sugars, organic acids). Conversely, the open field system was associated with
higher soil organic carbon, greater microbial diversity, and fruits enriched in antioxidant secondary
metabolites.

The integrated correlations suggest that the rhizosphere microbiota may be a key component
linking the cultivation environment to fruit quality, although this remains a hypothesis to be tested.
The major limitation of this work is the lack of plant physiological data and the confounding effects
of aerial environmental factors, which preclude causal inference.

Therefore, our primary contribution is the description of this robust cultivation systems-level
association and the generation of a clear, mechanistic hypothesis. Future studies employing soil
transplants, microbial inoculations, and comprehensive plant physiological monitoring under
controlled conditions are essential to isolate the role of the rhizosphere microbiota and validate the
proposed links in the soil-plant-fruit continuum.
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fruit quality parameters, rhizosphere microbial community structure and key rhizosphere nutrient element
contents; Table S3: Eigenvector of nine principal components of blueberry fruit quality parameters, rhizosphere

microbial community structure and key rhizosphere nutrient element contents.

Author Contributions: Conceptualization, M.W. and Z.X.; methodology, M.W. and Z.X; software, M.W.;
validation, M.W.; formal analysis, M.W.; investigation, M.W., D.B. and Y.L.; resources, M.W.; data curation,
M.W.; writing—original draft preparation, M.\W. and Z.X.; writing—review and editing, M.W. and Z.X,;
visualization, M.W.; supervision, M.W.; project administration, M.W.; funding acquisition, M.W. All authors

have read and agreed to the published version of the manuscript.

Funding: This research was funded by Key Research and Development Project of Shaanxi Provincial
Department of Science and Technology (Agriculture and Rural Areas Field), grant number 2025NC-YBXM-241;
2024 Shaanxi Provincial Education Department Service Local Special Scientific Research Project
(Industrialization Cultivation project), grant number 24JC028; Research and Demonstration on the Safe

Utilization Technology of Agricultural Organic Waste, grant number 2025-CXY-071.
Data Availability Statement: Data is contained within the article or supplementary material.

Acknowledgments: The authors acknowledge the use of Al tools for English language editing and text

refinement during the drafting stage of this manuscript. The tool was used solely for language polishing tasks

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0875.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 February 2026 d0i:10.20944/preprints202602.0875.v1

17 of 20

such as grammar checking and sentence restructuring. All scientific content, hypotheses, data interpretation,

and conclusions were solely generated and critically reviewed by the authors.

Conflicts of Interest: The authors have no conflicts of interest to declare.

List of Abbreviations for Analyzed Items

APH: available phosphorus

APO: available potassium

EC: electric conductivity

HN: hydrolysable nitrogen

OC: Organic carbon

RAA: reduced ascorbic acid

RS: reducing sugar

SS: soluble solids

TA: total anthocyanin

TAA: total amino acid

TF: total flavonoid

TN: total nitrogen

TOA: total organic acid

TPH: total phosphorus

TPO: total potassium

WSS: water-soluble sugar

OTU: operational taxonomic unit

PCoA: principal coordinates analysis

PCA: principal component analysis

NMDS: non-metric multidimensional scaling
LEfSe: linear discriminant analysis effect size
ASV: amplicon sequence variant

PGPR: plant growth-promoting rhizobacteria
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