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Abstract

Fusarium oxysporum-associated disease symptoms in rice (Oryza sativa L.) seedlings repre-
sent an experimentally tractable model for evaluating microbiome-mediated disease sup-
pression under controlled conditions. Biological control of Fusarium-associated disease
development in rice provides a promising ecological alternative to chemical fungicides.
However, the mechanisms underlying the spatial reconfiguration of the host plant multi-
compartment microbiome in response to complex inoculants remain insufficiently under-
stood. In this study, we investigated the ability of the monoculture Bacillus amyloliquefa-
ciens Bn1 (B. amyloliquefaciens Bn) and phototrophic-heterotrophic consortia composed of
Nostoc sp. J-1 and B. amyloliquefaciens Bnl to suppress Fusarium oxysporum infection, with
parallel profiling of bacterial and fungal communities in rhizosphere soil, the root en-
dosphere, and the phyllosphere using 16S rRNA and ITS amplicon sequencing. Pheno-
typic screening showed that microbial inoculant application significantly reduced the dis-
ease index by up to 55% while maintaining plant dry weight. The protective phenotype
was not primarily associated with shifts in alpha diversity, but rather with compartment-
specific reorganization of microbial communities. These findings suggest that biological
control efficacy was associated less with the overall taxonomic scale of microbiome dis-
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1. Introduction

Rice (Oryza sativa L.) is among the world’s most important food crops and provides
a substantial proportion of dietary calories for more than half of the global population [1].
Under current conditions, the development of rice production is determined not only by
the need to increase yield, but also by the requirement to maintain stable production while
reducing environmental pressure, using water and soil resources rationally, and limiting
dependence on intensive agrochemical inputs [2]. This requirement is particularly rele-
vant for crop protection, because intensive use of chemical fungicides raises substantial
concerns for sustainable agriculture due to potential adverse effects on terrestrial, aquatic,
and soil organisms [3].

In this context, plant resistance to biotic stressors is therefore a key component of
sustainable rice production, because it largely determines the maintenance of crop
productivity in sustainable agricultural systems [4]. Among the factors limiting rice
productivity, phytopathogenic fungi play a major role, as they can cause pronounced dis-
turbances in plant growth and development and establish persistent infection foci in ag-
rocenoses [5]. For rice, representatives of the genus Fusarium are of particular importance
because they are associated with damage to seedlings and young plants, persistence of
infectious propagules in soil and seed reservoirs, and substantial variability in disease
symptoms [6]. This complicates infection control both under field conditions and in model
systems, particularly in environmentally heterogeneous agroecosystems, where the out-
come of interactions among the plant, pathogen, and associated microbiota is determined
by a combination of abiotic and biotic factors [7]. Therefore, effective limitation of
Fusarium-associated diseases requires not only direct pathogen suppression, but also sta-
bilization of the plant-microbial system.

The limitations of conventional chemical protection become especially evident under
variable environmental conditions. The efficacy of fungicide treatments may vary de-
pending on temperature, humidity, soil properties, and the characteristics of the local mi-
crobial environment [6]. In addition, repeated application of fungicides imposes selective
pressure on pathogen populations and may be accompanied by reduced sensitivity to
specific active ingredients [8]. For some representatives of Fusarium, including Fusarium
fujikuroi, resistance to prochloraz has been reported, indicating the limitations of ap-
proaches based on the long-term use of a narrow range of chemical protection agents [9].
Chemical pesticides used as antifungal agents may also contribute to contamination of
water, soil, and agricultural products, whereas biological control based on plant growth-
promoting rhizobacteria has attracted increasing attention because such microorganisms
can contribute to soil health, plant growth, and suppression of fungal pathogens [10].

The modern interpretation of biological control is increasingly linked to the concept
of the plant as a holobiont, whose functional state is shaped with the participation of as-
sociated microbial communities [11,12]. At the same time, the plant microbiome has a pro-
nounced spatial organization. Soil, roots, and leaves differ in physicochemical conditions,
substrate availability, and the intensity of host-mediated selection; therefore, the response
of microbial communities to pathogen pressure and inoculant application may differ sub-
stantially among compartments [13,14]. From this perspective, evaluating the biocontrol
effect solely by plant morphometric traits or by the microbiome of a single compartment
is insufficient. A more informative approach is the parallel analysis of the bacterial and
fungal microbiomes of soil, roots, and leaves in relation to disease intensity and plant
growth response [15].

The most extensively studied microbial biocontrol agents include representatives of
the genera Bacillus and Pseudomonas, for which antifungal activity, competition for nutri-
ents and colonization sites, biofilm formation, and the capacity to influence host defense-
related signaling have been described in different plant-pathogen systems [16,17].
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However, the efficacy of microbial treatment in the plant—soil system is determined not
only by the antagonistic potential of an individual strain. Equally important are its ability
to establish in appropriate ecological niches, interact with the resident microbiota, and
maintain functional activity in a spatially heterogeneous environment [18,19]. For this rea-
son, interest has increased in recent years in different formats of microbial inoculants, in-
cluding both single-strain preparations and multi-strain compositions, such as synthetic
microbial communities that combine organisms with complementary ecological and func-
tional traits [20,21]. In this broader context, biofertilizers composed of beneficial microor-
ganisms, including bacteria and fungi, are increasingly considered economically feasible
and environmentally compatible tools with antifungal potential compared with conven-
tional fungicide-centered disease control [22].

In rice agroecosystems, phototrophic microorganisms, particularly cyanobacteria of
the genera Nostoc, Anabaena, and Trichormus, are of particular interest. Unlike exclusively
heterotrophic inoculants, these organisms can participate in primary production, nitrogen
metabolism, and the formation of an extracellular polysaccharide matrix, making them
functionally significant components of rhizosphere microbial associations [23-25]. Their
practical potential is commonly associated with atmospheric nitrogen fixation, exopoly-
saccharide synthesis, and the production of biologically active compounds, including sub-
stances with growth-regulating properties [26,27]. In addition, antimicrobial effects and
positive influences on plant physiological status under stress conditions have been de-
scribed for individual cyanobacterial strains [28,29]. Therefore, cyanobacteria may be re-
garded not only as a biofertilizer component, but also as phototrophic modules of biocon-
trol consortia that may support heterotrophic partners and contribute to plant resilience
within the pathogen—plant-microbiome system [30-32].

Despite considerable progress in the development of microbial biological control
agents, it remains insufficiently clear how their protective effect is linked to the reconfigu-
ration of the plant-associated microbiome under F. oxysporum infection pressure. In the pre-
sent study, biological control of F. oxysporum-associated disease development in rice is con-
sidered as the outcome of interactions among the plant, pathogen, and associated microbi-
ota. This study was designed to compare disease intensity and plant growth status with
changes in the bacterial and fungal microbiomes across key compartments of the system.
This approach enables assessment of whether reduced disease is accompanied by the for-
mation of compartment-specific microbial signatures and the extent to which these changes
are associated with a transition of the plant—soil system toward a more suppressive state.

2. Results

2.1. Efficacy of Selected Microbial Treatments in Suppressing F. oxysporum-Associated Disease
Symptoms and Regulating Rice Growth

The results of the primary in vitro screening showed that the strongest antifungal
activity against Fusarium oxysporum F679 was observed for the monoculture B. amylolique-
faciens Bn1 and several microbial combinations, including Nostoc sp. J-1 + Trichormus vari-
abilis K-31; Pseudomonas fluorescens Un1 + Bacillus methylotrophicus Un2 (B. methylotrophicus
Un2) + B. amyloliquefaciens Bn1; Nostoc sp. J-1 + B. amyloliquefaciens Bnl; Nostoc sp. J-1 +
Pseudomonas fluorescens Unl + B. methylotrophicus Un2 + Bn1; and Nostoc sp. J-1 + Trichor-
mus variabilis K-31 + Pseudomonas fluorescens Unl + B. methylotrophicus Un2 + B. amylolique-
faciens Bnl (Table S1). The highest inhibition of F. oxysporum F679 growth was recorded
for the binary composition Nostoc sp. -1 + B.amyloliquefaciens Bn1, indicating that this pho-
totrophic-heterotrophic combination had the strongest antagonistic effect among the
tested variants. Therefore, the most active single-strain and consortium variants were se-
lected for subsequent pot evaluation. In addition, formulations with different volumetric
ratios of Nostoc sp. -1 and B. amyloliquefaciens Bnl were included to determine whether
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Plant height (cm)

the protective response depended on the relative contribution of the phototrophic or het-
erotrophic component.

At the next stage, the selected variants were tested in a pot experiment to assess the
extent to which the in vitro antifungal activity translated into disease suppression during
rice cultivation under F. oxysporum infection pressure and whether it was accompanied by
changes in plant growth and phytopathological parameters (Figure 1). All groups in-
cluded in this experiment were challenged with F. oxysporum F679; therefore, the suffix
“_F” indicates the pathogen-challenged background. For this purpose, the pathogen-in-
oculated control without microbial treatment (CK_F) was compared with pathogen-inoc-
ulated plants treated with B. amyloliquefaciens Bn1 alone (Bnl_F) and with 7 microbial con-
sortium variants (SMC1_F-SMC7_F).
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Figure 1. Effects of microbial treatments on plant growth under F. oxysporum infection pressure. (a)
Plant height, (b) plant dry weight, and (c) rice pot experiments. Data are presented as the mean =+
standard deviation (SD) (n = 5). CK_F, pathogen-inoculated control without microbial treatment;
Bn1_F, pathogen-inoculated plants treated with B. amyloliquefaciens Bnl; SMC1_F-SMC7_F, patho-

gen-inoculated plants treated with the corresponding microbial consortium variants.

All microbial inoculation variants were associated with changes in plant growth
characteristics relative to CK_F, although the magnitude of this effect varied among treat-
ments. Plant dry weight was generally higher in the inoculated variants than in CK_F
(Figure 1b). Relative to CK_F, dry weight increased by approximately 5-39%, depending
on the applied treatment. For several consortia, as well as for the single-strain variant, the
increase in dry weight exceeded 30%, whereas other consortia showed a more moderate

https://doi.org/10.3390/plants15131986



Plants 2026, 15, 1986

5 of 31

DI (%)

increase, indicating differential effects of microbial community composition on biomass
accumulation. Plant height showed lower variability among treatments than dry weight
(Figure 1a). Relative to CK_F, the increase in plant height was generally limited and
reached approximately 3-7% in individual variants, whereas values in some consortia
were comparable to CK_F or slightly lower. Overall, plant height appeared to be a less
sensitive indicator of microbial inoculation than biomass-related parameters. A visual as-
sessment of the plant phenotype (Figure 1c) was consistent with the quantitative data,
indicating an improvement in the visual condition of the inoculated variants.

The disease index (Figure 2) differed substantially among treatment variants. Com-
pared with CK_F, microbial inoculation reduced the disease index by approximately 28—
55%, depending on the variant. The most pronounced reductions were observed under
SMC3_F treatment, approximately 55%, and Bn-1_F treatment, approximately 53%,
whereas the other consortia reduced the disease index by approximately 30-45%. In all
inoculated variants, disease index values were lower than in the CK_F.
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Figure 2. Effects of microbial treatments on disease development under F. oxysporum infection pres-
sure. (a) Plant disease index under different microbial treatments and (b) representative visual
symptoms of plants in selected variants. Data are presented as the mean + standard deviation (SD)
(n = 5). CK_F, pathogen-inoculated control without microbial treatment; Bnl_F, pathogen-inocu-
lated plants treated with B. amyloliquefaciens Bnl, SMC1_F-SMC7_F, pathogen-inoculated plants

treated with the corresponding microbial consortium variants.

Although SMC3_F produced the greatest numerical reduction in disease index, the
phenotypic responses of SMC3_F and Bn1_F were closely comparable across the evalu-
ated traits. Therefore, the subsequent microbiome analysis was not based on the assump-
tion that SynCom treatments were uniformly superior to the single-strain treatment. In-
stead, four groups were retained for microbiome profiling: CK_F, Bnl1_F, SMC3_F, and
SMC5_F. CK_F represented the pathogen-inoculated control without microbial treatment,
whereas Bnl_F represented the single-strain B. amyloliquefaciens Bnl treatment. SMC3_F
and SMC5_F were included as phototrophic-heterotrophic consortia with contrasting in-
oculant architectures, corresponding to a Bacillus-dominant and a Nostoc-dominant for-
mulation, respectively. This design allowed microbiome-associated biocontrol responses
to be evaluated under the same pathogen-inoculated conditions and enabled assessment
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of whether disease attenuation was linked to distinct bacterial and fungal community re-
organization patterns across the soil-root-leaf system.

2.2. Diversity and Structure of Bacterial and Fungal Communities

To evaluate the effects of treatments on microbial community structure, bacterial and
fungal microbiota profiles were generated based on 165 rRNA and ITS marker sequencing,
respectively, in soil, root, and leaf samples. For analysis, the experimental samples were
grouped and designated as follows: soil samples (S), CK_F_S, Bnl_F_S, SMC3_F_S, and
SMC5_F_S; root samples (R), CK_F_R, Bnl_F_R, SMC3_F_R, and SMC5_F_R; and leaf
samples (L), CK_F_L, Bnl_F_L, SMC3_F_L, and SMC5_F_L. In all sample codes, CK_F
denotes the pathogen-inoculated control without microbial treatment, whereas Bnl_F,
SMC3_F, and SMC5_F denote pathogen-inoculated plants treated with the corresponding
microbial inoculants; the final letter indicates the analyzed compartment.

For soil samples based on 16S data, taxonomic annotation covered 43 phyla, 135 clas-
ses, 319 orders, 514 families, 1019 genera, and 2092 species, with a total of 7526 OTUs. For
soil ITS data, 14 phyla, 47 classes, 111 orders, 232 families, 462 genera, and 653 species
were identified, with a total of 2074 OTUs. For roots, 16S profiling identified 28 phyla, 69
classes, 165 orders, 277 families, 532 genera, and 874 species, with a total of 1631 OTUs;
ITS profiling identified 10 phyla, 32 classes, 76 orders, 154 families, 264 genera, and 351
species, with a total of 711 OTUs. For leaves, 16S profiling detected 6 phyla, 10 classes, 21
orders, 26 families, 31 genera, and 36 species, with a total of 42 OTUs; ITS profiling de-
tected 7 phyla, 20 classes, 42 orders, 74 families, 101 genera, and 127 species, with a total
of 169 OTUs. Overall, the highest taxonomic complexity was observed in soil, followed by
roots, whereas the lowest complexity was observed in leaves, particularly for the bacterial
component.

Alpha diversity of bacterial and fungal communities was assessed using the ACE
richness index and Shannon diversity index across soil, roots, and leaves. The comparison
included four pathogen-inoculated groups: CK_F, Bnl_F, SMC3_F, and SMC5_F (Table
S2). For both 165 rRNA gene and ITS data, no statistically significant differences in Shan-
non or ACE indices were detected among treatments in any compartment.

Beta diversity was analyzed by PCoA based on Bray-Curtis dissimilarity, with treat-
ment effects assessed by PERMANOVA/Adonis separately for each compartment (Figure
3). For bacterial communities, no significant treatment-associated separation was detected
in rhizosphere soil (R?=0.28844, p = 0.233; Figure 3a) or roots (R2=0.23231, p =0.634; Figure
3b). In contrast, the bacterial community in leaves showed significant intergroup differ-
entiation (R?=0.67413, p = 0.035; Figure 3c). In this compartment, PC1 explained 99.9% of
the variation and separated Bnl_F_L and SMC5_F_L from CK_F_L and SMC3_F_L, indi-
cating that treatment-associated bacterial community differences were most clearly de-
tectable in the leaf compartment.

For fungal communities, no statistically significant treatment effect on beta diversity
was detected in any compartment. Soil fungal communities did not show significant in-
tergroup separation (R?=0.27565, p = 0.417; Figure 3d), and a similar result was observed
for root fungal communities (R? = 0.26035, p = 0.587; Figure 3e). In leaves, fungal commu-
nities showed partial visual separation among treatments, including separation of
CK_F_L from some inoculated variants, but this pattern did not reach statistical signifi-
cance (R2=0.34429, p = 0.109; Figure 3f).
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Figure 3. Beta diversity of microbial communities across the soil-root-leaf compartments based on
amplicon sequencing. PCoA of bacterial communities (165 rRNA): (a) soil (S), (b) roots (R), and (c)
leaves (L). PCoA of fungal communities (ITS): (d) soil (S), (e) roots (R), and (f) leaves (L). CK_F,
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pathogen-inoculated control without microbial treatment; Bnl_F, pathogen-inoculated plants
treated with B. amyloliquefaciens Bn1; SMC3_F and SMC5_F, pathogen-inoculated plants treated with
the corresponding microbial consortium variants. The final letter in the sample code denotes the
compartment: S, rhizosphere soil; R, roots; L, leaves.

Opverall, microbial inoculation under pathogen-inoculated conditions was not asso-
ciated with generalized changes in alpha diversity or uniform beta-diversity separation
across the soil-root-leaf system. Statistically supported community-level differentiation
was restricted to the bacterial microbiota of leaves, whereas bacterial communities in soil
and roots and fungal communities in all compartments showed no significant overall sep-
aration. These results indicate a selective and compartment-dependent microbiome re-
sponse to microbial treatments, rather than broad restructuring of the entire bacterial and
fungal community.

2.3. Compartment-Specific Reconfiguration of Bacterial and Fungal Communities Under
Different Treatments at the Genus Level

The taxonomic structure of the microbiome at the genus level was assessed sepa-
rately for the bacterial component based on 16S rRNA data (Figure 4a—c) and for the fun-
gal component based on ITS data (Figure 4d—f). As all the analysed groups were main-
tained under conditions of pathogen inoculation, the comparison was focused on treat-
ment-associated differences relative to the pathogen-inoculated control without microbial
treatment (CK_F). For each compartment, CK_F was compared with the single-strain
treatment Bnl_F and two phototrophic-heterotrophic consortia, SMC3_F and SMC5_F.
The Supplementary Materials present detailed percentage values for the dominant genera
(Figures S1 and S2).

Based on 16S rRNA gene data, the bacterial community in rhizosphere soil showed
a distributed structure without clear hyperdominance of a single genus (Figure 4a). Across
CK_F_S, Bnl_F_S, SMC3_E_S, and SMC5_F_S, the dominant and subdominant compo-
nents included norank_o__Vicinamibacterales, Sphingomonas, norank_f _Vicinamibacter-
aceae, Arthrobacter, Rubrobacter, and Skermanella. Relative to CK_F_S, the inoculated treat-
ments did not show a pronounced shift toward one dominant soil bacterial genus. Instead,
the differences among treatments were mainly reflected in moderate redistribution of sub-
dominant taxa. This pattern is consistent with the beta-diversity results, where soil bacte-
rial communities did not show statistically significant overall separation among treat-
ments.

In the root compartment, the main treatment-associated difference was the redistri-
bution of dominant bacterial genera (Figure 4b). CK_F_R was characterized by a strongly
Pseudomonas-dominated profile, together with visible contributions of Enterobacter, Pae-
narthrobacter, Arthrobacter, and Pantoea. Bnl_F_R retained a broadly similar profile, alt-
hough the relative contribution of Pseudomonas was lower and that of Enterobacter was
higher than in CK_F_R. In the consortium treatments, this redistribution was more pro-
nounced. SMC3_F_R showed the clearest shift toward an Enterobacter-enriched profile,
accompanied by a higher relative contribution of Chryseobacterium and lower contribution
of Pseudomonas. SMC5_F_R also showed reduced Pseudomonas representation compared
with CK_F_R, but retained a more mixed structure, with Enterobacter, Endobacterium, Fla-
vobacterium, and other subdominant genera. Thus, root bacterial differences were mainly
reflected in a shift from a Pseudomonas-dominated control profile toward more mixed pro-
files in the inoculated treatments, with SMC3_F_R distinguished by enrichment of Enter-
obacter and Chryseobacterium at the relative-abundance level.
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Figure 4. Community composition analysis of bacterial communities (165 rRNA): (a) soil (S), (b)
roots (R), and (c) leaves (L), and fungal communities (ITS): (d) soil (S), (e) roots (R), and (f) leaves
(L). CK_F, pathogen-inoculated control without microbial treatment; Bnl_F, pathogen-inoculated

plants treated with B. amyloliquefaciens Bnl; SMC3_F and SMC5_F, pathogen-inoculated plants

treated with the corresponding microbial consortium variants. The final letter in the sample code

denotes the compartment: S, rhizosphere soil; R, roots; L, leaves.

In leaves, the 16S rRNA gene profiles were dominated by organelle-assigned catego-
ries, mainly norank_o__Chloroplast and norank_f Mitochondria (Figure 4c). CK_F_L
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showed the highest relative contribution of the chloroplast-assigned component, whereas
Bnl_F_L showed a lower chloroplast-assigned signal and a higher mitochondria-assigned
signal. SMC3_F_L and SMC5_F_L occupied intermediate positions. Because the leaf 165
profiles were strongly influenced by organelle-assigned sequences, these data were not
used to infer strain-level colonization or persistence of the introduced inoculants in the
leaf compartment. Accordingly, the leaf bacterial profile was interpreted conservatively
as a treatment-associated amplicon composition pattern rather than as direct evidence of
inoculant establishment.

In the ITS profiles, the soil fungal community showed a broadly conserved dominant
structure across treatments, with Fusarium, Neocosmospora, Mortierella, unclassi-
fied_k__Fungi, Aspergillus, and several subdominant ascomycetous lineages representing
the main components (Figure 4d). In CK_F_S, Fusarium and Neocosmospora formed
prominent fractions of the soil mycobiome. Relative to CK_F_S, the microbial treatments
were characterized by a lower relative contribution of Neocosmospora and a higher rela-
tive contribution of Mortierella. This pattern was observed across the inoculated variants,
although the magnitude of the shift differed among Bn1_F_S, SMC3_F_S, and SMC5_F_S.
Additional differences among treatments involved moderate redistribution of Aspergillus,
Knufia, GS11_gen_Incertae_sedis, and other low-abundance fungal taxa. Thus, the soil
fungal profiles indicate treatment-associated compositional variation within a relatively
stable dominant fungal assemblage, with the most consistent pattern being the relative
decrease in Neocosmospora and the relative increase in Mortierella in microbial treatment
groups.

In roots, ITS profiles showed more evident treatment-associated differences in the
relative structure of dominant fungal genera (Figure 4e). CK_F_R was characterized by
substantial contributions of Paraphoma, Fusarium, Chaetopyrena, Alternaria, Peyronellaea,
Fusicolla, and Iodophanus. Compared with CK_F_R, all microbial treatment groups showed
a lower relative contribution of Fusarium, although the accompanying redistribution of
other dominant genera differed among treatments. Bnl_F_R showed the most pro-
nounced reduction in Fusarium representation and was characterized by higher relative
contributions of Paraphoma, unclassified_o__Pleosporales, Chaetopyrena, and Alternaria.
SMC3_F_R was distinguished by a higher contribution of unclassified_o__Pleosporales,
while Fusarium remained present at a lower relative level than in CK_F_R. SMC5_F_R also
showed a lower relative contribution of Fusarium compared with CK_F_R, but retained a
mixed fungal profile, with Paraphoma, unclassified_o__Pleosporales, Fusicolla, and addi-
tional subdominant genera contributing to the community structure. Overall, the root ITS
data indicate that microbial treatments were associated with redistribution of dominant
fungal genera and with a lower relative representation of Fusarium compared with the
pathogen-inoculated control.

In leaves, the ITS profiles showed clearer treatment-associated differences than those
observed in soil (Figure 4f). CK_F_L was characterized by a strongly Cladosporium-domi-
nated profile, together with a visible contribution of Fusarium and smaller fractions of
Fusicolla, Alternaria, and other genera. Relative to CK_F_L, all inoculated treatments
showed lower relative contributions of Cladosporium and Fusarium, accompanied by a shift
toward more multidominant fungal profiles. Bnl_F_L was characterized by increased rep-
resentation of Fusicolla and Neocosmospora, together with a distinct contribution of Candida.
SMC3_F_L showed the most pronounced redistribution toward Fusicolla and Neocos-
mospora, with a lower relative contribution of Fusarium compared with CK_F_L.
SMC5_F_L also showed increased relative contributions of Fusicolla and Neocosmospora,
whereas Cladosporium and Fusarium were lower than in CK_F_L; this treatment was addi-
tionally distinguished by a higher contribution of Hanseniaspora. Therefore, the leaf ITS
profiles suggest that microbial treatments were associated with a shift away from a
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strongly Cladosporium-dominated mycobiome with detectable Fusarium representation to-
ward more evenly distributed fungal assemblages.

2.4. Differential Microbiome Structure and Compartment-Specific Candidate
Discriminatory Taxa

The LEfSe analysis was conducted with the objective of identifying candidate dis-
criminatory taxa among the pathogen-inoculated treatment groups: CK_F, Bnl_F,
SMC3_F, and SMC5_F. The analysis was conducted separately for bacterial communities
based on 16S rRNA gene data and fungal communities based on ITS data across three
compartments: rhizosphere soil (S), roots (R), and leaves (L). The LEfSe threshold was set
atlogl10 LDA >2.0 and p < 0.05 (Figure 5).

For bacterial communities, the largest number of candidate discriminatory taxa was
detected in rhizosphere soil (Figure 5a). At the genus level, CK_F_S was associated with
the unclassified lineage g_norank_f Holosporaceae and g norank_o__Candida-
tus_Peribacteria. Bn1_F_S was associated with Lautropia, Lysobacter, Sphingobium, and
g_ UTCFX1. SMC3_F_S was associated with Anaeromyxobacter, g__ Ellin6067, g_ nor-
ank_f Chitinophagaceae, and g_ norank_f Longimicrobiaceae. SMC5_F_S was associ-
ated with Actinomycetospora, Edaphobaculum, and g__norank_f Sandaracinaceae.

In the root bacterial compartment, LEfSe identified a narrow set of discriminatory
features (Figure 5b). At the genus level, SMC5_F_R was associated with Verticiella. In ad-
dition, two species-level markers were detected: Paenibacillus odorifer for SMC3_F_R and
Rhodococcus fascians for CK_F_R. No candidate discriminatory bacterial genus was de-
tected for Bnl_F_R at the applied threshold. Therefore, compared with rhizosphere soil,
the root bacterial LEfSe signature was taxonomically more compact and was represented
by only a small number of discriminatory features.

In the leaf bacterial compartment, no labelled genus-level bacterial taxon reached the
LEfSe threshold (Figure 5c). Accordingly, no candidate discriminatory bacterial genera
were assigned to CK_F_L, Bnl_F_L, SMC3_F_L, or SMC5_F_L. This shows that the bacte-
rial community of leaves did not form a reproducible signature of differences among treat-
ments comparable to those observed in soil and roots.

For fungal communities, LEfSe revealed compartment-dependent discriminatory
patterns that were more restricted than those observed for the soil bacterial microbiome,
but still indicated treatment-associated differentiation in each analyzed compartment
(Figure 5d—f). In rhizosphere soil, the LEfSe profile was represented by candidate discrim-
inatory taxa associated mainly with CK_F_S, Bnl_F_S, and SMC5_F_S (Figure 5d). At the
genus level, CK_F_S was associated with g Olpidiaceae_gen_Incertae_sedis and Tauso-
nia, whereas Bnl_F_S was associated with Aureobasidium, Myriodontium, Neopyrenochaeta,
and Tremateia. SMC5_F_S was characterized by Aspergillus and Linnemannia.

In the root fungal compartment, LEfSe also identified treatment-associated candidate
discriminatory taxa, with signatures distributed among CK_F_R, Bnl_F_R, and
SMC5_F_R (Figure 5e). At the genus level, CK_F_R was associated with
g_ Branch06_gen_Incertae_sedis and Pseudogymmnoascus, while Bnl_F_R was associated
with g Hypocreales_gen_Incertae_sedis. SMC5_F_R was characterized by Darksidea and
Stachybotrys. In addition to these genus-level features, the root fungal profile included
higher-rank discriminatory lineages such as o__Sordariales, o__Thelebolales, f Mrakia-
ceae, and f__Pseudeurotiaceae.
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Figure 5. LEfSe analysis of bacterial and fungal microbiomes across soil-root-leaf compartments.

Cladograms generated at the threshold log10 LDA >2.0 and p < 0.05 show candidate discriminatory

taxa among pathogen-inoculated treatment groups. Panels show bacterial communities based on
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16S rRNA gene data in (a) soil, (b) roots, and (c) leaves, and fungal communities based on ITS data
in (d) soil, (e) roots, and (f) leaves. Colored nodes indicate candidate discriminatory taxa identified
by LEfSe for the corresponding treatment, whereas yellow nodes correspond to taxa that did not
reach the LEfSe threshold. CK_F, pathogen-inoculated control without microbial treatment; Bn1_F,
pathogen-inoculated plants treated with B. amyloliquefaciens Bnl; SMC3_F and SMC5_F, pathogen-
inoculated plants treated with the corresponding microbial consortium variants. The final letter in

the sample code denotes the compartment: S, rhizosphere soil; R, roots; L, leaves.

In the leaf fungal compartment, the LEfSe signature was the most compact among
the fungal compartments (Figure 5f). The discriminatory pattern was mainly represented
by o__Agaricales for CK_F_L and by f__Saccharomycodaceae together with Hanseniaspora
for SMC5_F_L. At the genus level, Hanseniaspora was the principal candidate discrimina-
tory feature associated with SMC5_F_L. This result is consistent with the community com-
position analysis at the genus level, where SMC5_F_L showed a distinct contribution of
Hanseniaspora within a more multidominant leaf fungal assemblage.

2.5. Relationships Between the Structure of Bacterial and Fungal Communities in Different
Compartments and the Disease Index and Growth Traits Based on Redundancy Analysis (RDA)

Redundancy analysis (RDA) was performed to evaluate the relationships between mi-
crobial community structure and plant phenotypic variables under pathogen-inoculated con-
ditions. Bacterial communities were analyzed using 165 rRNA gene data, whereas fungal
communities were analyzed using ITS data. The analysis was conducted separately for rhizo-
sphere soil, roots, and leaves and included four pathogen-inoculated groups: CK_F, Bn1_F,
SMC3_F, and SMC5_F. Therefore, the ordination patterns were interpreted as associations
among microbial treatments under a shared pathogen-inoculated background. Plant disease
index (PDI), plant height, and dry weight were fitted as explanatory variables.

In rhizosphere soil, RDA of bacterial communities showed that the first two axes ex-
plained 22.59% of the variation in community structure, with RDA1 accounting for 13.33%
and RDAZ2 for 9.26% (Figure 6a). The PDI vector was oriented toward the negative side of
RDA1, whereas dry weight and height were directed toward the positive ordination space.
This configuration indicated an opposite orientation between disease severity and growth-
related traits. Most inoculated samples were positioned closer to the positive side of RDA1
than CK_F_S, particularly in the direction of the dry weight and height vectors. Envfit anal-
ysis confirmed statistically significant associations between rhizosphere soil bacterial com-
munity structure and all three fitted variables: dry weight (12=0.60285, p = 0.017), height (12
=0.49746, p = 0.047), and PDI (12 = 0.56134, p = 0.023). At the genus level, Sphingomonas, Ru-
brobacter, Microvirga, and Skermanella were located closer to the growth-associated side of
the ordination, whereas norank_o__Vicinamibacterales, norank_f__Vicinamibacteraceae,
norank_f Gemmatiomonadaceae, and norank_f Pyrinomonadaceae were positioned
closer to the PDI-oriented region. Thus, under pathogen-inoculated conditions, variation in
the rhizosphere soil bacterial community was significantly associated with both disease se-
verity and plant growth-related traits.

In roots, bacterial RDA showed that the first two axes explained 32.01% of the varia-
tion in community structure, with RDA1 accounting for 23.86% and RDA2 for 8.15% (Fig-
ure 6b). The PDI vector was oriented toward the negative side of RDA1, whereas height
and dry weight were directed toward the positive side of RDA1. This configuration sug-
gested a separation between disease-associated and growth-associated directions. The
Pseudomonas vector was positioned in the negative RDA1 region, close to the PDI-oriented
side of the plot, whereas Enterobacter, Chryseobacterium, Sphingobacterium, Endobacterium,
and Flavobacterium were located closer to the dry weight and/or height vectors. SMC3_F_R
and SMC5_F_R samples were positioned mainly toward the positive RDA1 region,
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whereas CK_F_R showed broader dispersion, including samples located toward the PDI-
associated side. Envfit analysis showed that dry weight was significantly associated with
root bacterial community structure (r2=0.53039, p = 0.039). In contrast, height (r>=0.30361,
p =0.189) and PDI (12 = 0.36726, p = 0.133) did not reach statistical significance. Therefore,
the root bacterial ordination was most strongly supported by its association with dry
weight, while the apparent alignment with PDI and height was interpreted as an ordina-
tion-based tendency rather than a statistically confirmed relationship.

In leaves, bacterial RDA was dominated by the first canonical axis, with RDA1 explain-
ing 42.27% of the variation and RDA2 explaining 0.00% (Figure 6c). Therefore, interpretation
of the leaf bacterial ordination was based mainly on separation along RDA1, and vertical
dispersion was not overinterpreted. The PDI vector was directed toward the negative RDA1
and negative RDA2 region, whereas dry weight and height were oriented toward the posi-
tive RDA2 direction. The leaf 16S profile was strongly influenced by organelle-assigned fea-
tures, particularly norank_o__Chloroplast and norank_f__Mitochondria. The bacterial gen-
era Pseudomonas, Acidovorax, and Acinetobacter were positioned close to the center of the or-
dination. Envfit analysis did not detect statistically significant associations between leaf bac-
terial community structure and the fitted phenotypic variables: dry weight (12 = 0.33348, p =
0.162), height (r2 = 0.29320, p = 0.198), and PDI (12 = 0.40266, p = 0.114). Because the leaf bac-
terial profile was dominated by organelle-assigned amplicons, RDA2 explained no con-
strained variation, and envfit associations were not significant, these data were interpreted
cautiously as broad compositional patterns rather than as statistically supported bacterial
taxon—-phenotype relationships.

For the soil fungal community, the first two RDA axes explained 13.49% of the variation
in community structure, with RDA1 accounting for 9.49% and RDAZ2 for 4.00% (Figure 6d).
The PDI vector was oriented mainly toward the positive RDA2 direction, whereas dry weight
and height were directed toward the positive RDA1 and negative RDA2 region. Envfit analy-
sis indicated that PDI was significantly associated with soil fungal community structure (12 =
0.30823, p = 0.031). In contrast, dry weight showed only a non-significant tendency toward
association (12 = 0.28033, p = 0.067), and height was not significantly associated with the ordi-
nation structure (12 = 0.20387, p = 0.127). At the genus level, Neocosmospora was positioned
closer to the PDI-associated region, whereas Paraphoma, Talaromyces, and unclassified_o__Ple-
osporales were located closer to the growth-associated direction. Fusarium and Mortierella
were oriented toward the negative RDA1 region.

For the root fungal community, the first two RDA axes explained 27.99% of the vari-
ation in community structure, with RDA1 accounting for 19.53% and RDA2 for 8.46%
(Figure 6e). The PDI vector was oriented toward the positive RDA1 and negative RDA2
region, whereas dry weight and height were directed toward the opposite sector. Visually,
this ordination suggested separation between disease-associated and growth-associated
directions in the root mycobiome. However, envfit analysis did not confirm statistically
significant associations between root fungal community structure and the measured phe-
notypic variables: dry weight (12 = 0.14033, p = 0.512), height (r2 = 0.37958, p = 0.105), and
PDI (r2=0.23144, p = 0.307). At the genus level, Fusarium, lodophanus, Fusicolla, and Polyph-
ilus were positioned closer to the PDI-oriented sector, whereas Paraphoma and unclassi-
fied_o__Pleosporales were located closer to the dry weight and height vectors.
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Figure 6. Redundancy analysis (RDA) of bacterial and fungal community structure across soil, root,

and leaf compartments under pathogen-inoculated conditions. Panels (a-c) show RDA ordinations

of bacterial communities based on 165 rRNA gene data in soil (a), roots (b), and leaves (c),
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respectively. Panels (d—f) show RDA ordinations of fungal communities based on ITS data in soil
(d), roots (e), and leaves (f), respectively. Red arrows represent phenotypic variables fitted to com-
munity composition, including plant disease index (PDI), plant height, and dry weight. The direc-
tion and length of the red vectors indicate the orientation and relative strength of association be-
tween phenotypic variables and microbial community structure. Grey dashed arrows represent bac-
terial or fungal taxa fitted onto the RDA ordination; their direction indicates the samples or treat-
ments with which each taxon is most strongly associated, while their length reflects the relative
strength of this association. CK_F, pathogen-inoculated control without microbial treatment; Bn1_F,
pathogen-inoculated plants treated with B. amyloliquefaciens Bnl; SMC3_F and SMC5_F, pathogen-
inoculated plants treated with the corresponding microbial consortium variants. The final letter in

the sample code denotes the compartment: S, rhizosphere soil; R, roots; L, leaves.

For the leaf fungal community, the first two RDA axes explained 42.87% of the variation
in community structure, with RDA1T accounting for 30.99% and RDA2 for 11.88% (Figure 6f).
The PDI vector was directed toward the positive RDA1 and negative RDA2 region, whereas
dry weight and height were oriented toward the negative RDA1 and positive RDA2 region.
This opposite orientation indicated that disease severity and growth-related traits were asso-
ciated with different leaf mycobiome configurations. Envfit analysis confirmed statistically
significant associations between leaf fungal community structure and all measured pheno-
typic variables: dry weight (12 = 0.65688, p = 0.003), height (r2=0.61928, p = 0.006), and PDI (12 =
0.63041, p = 0.001). At the genus level, Fusicolla was strongly oriented toward the dry weight
vector. Cladosporium was located toward the positive RDA1 region, whereas Fusarium was po-
sitioned in the negative RDA1 and negative RDA2 sector.

RDA revealed compartment-dependent relationships between microbial community
structure and plant phenotypic gradients under pathogen-inoculated conditions. In bacte-
rial communities, ordination patterns in soil and roots suggested an opposite orientation of
PDI relative to growth-related traits, whereas the leaf bacterial analysis was constrained by
the predominance of organelle-assigned sequences. In fungal communities, the strength of
phenotype-associated structure varied among compartments: soil fungal composition was
significantly associated with PDI, root fungal composition showed no statistically sup-
ported association with the fitted variables, and leaf fungal composition was significantly
associated with PDI, dry weight, and height. Therefore, the RDA results support a conserva-
tive interpretation in which microbial treatments were associated with compartment-spe-
cific microbiome configurations linked to disease and growth gradients, without implying
direct causal effects of individual taxa on disease suppression or plant growth.

3. Discussion

The present study examined whether microbial inoculants differing in structural and
functional complexity, from a single-strain antagonist to phototrophic-heterotrophic syn-
thetic microbial communities, could suppress F. oxysporum-associated disease develop-
ment in rice and reorganize the plant-associated microbiome across soil, root, and leaf
compartments. The results demonstrated that selected treatments, notably B. amylolique-
faciens Bnl (Bnl_F) and the SynCom variants SMC3_F and SMC5_F, led to a significant
reduction in the plant disease index (PDI) by up to 55%, while maintaining plant dry
weight under pathogen pressure. These phenotypic responses were accompanied by com-
partment-dependent restructuring of bacterial and fungal communities, indicating that
the protective phenotype was not limited to a local antagonistic effect against Fusarium,
but was associated with broader reorganization of the rice holobiont microbiome. There-
fore, the results support a microbiome-oriented interpretation of biocontrol, in which dis-
ease attenuation may reflect the combined contribution of pathogen limitation, spatial
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niche restructuring, and host-associated microbial filtering rather than a single inhibitory
event [33,34].

Importantly, the SynCom treatments should not be interpreted as uniformly superior
to the single-strain Bnl_F treatment at the phenotypic level. The disease index and bio-
mass responses indicated that Bnl_F and SMC3_F produced closely comparable protec-
tive outcomes, whereas SMC5_F showed a different balance between disease reduction,
plant performance, and microbiome restructuring. Therefore, the added value of the pho-
totrophic-heterotrophic SynComs in this study lies not in a statistically established phe-
notypic superiority over the single-strain Bacillus treatment, but in their distinct ecological
mode of action. Bnl_F was associated with a more localized root-protective pattern,
whereas the SynCom treatments, particularly SMC3_F and SMC5_F, were associated with
broader compartment-dependent reorganization of bacterial and fungal communities
across the soil-root-leaf system.

Bnl_F produced the most targeted response at the root interface, where the strongest
reduction in the relative abundance of Fusarium was observed compared with the patho-
gen-inoculated control CK_F. This pattern is consistent with the known capacity of Bacil-
lus spp. to colonize root-associated niches, form biofilms, compete for nutrients, and pro-
duce antifungal lipopeptides capable of inhibiting Fusarium growth [35]. However, be-
cause strain persistence, root colonization density, and antifungal metabolite production
were not directly quantified in this study, the Bnl_F-associated decrease in Fusarium
should be interpreted as a microbiome-level signature consistent with localized root pro-
tection, rather than as direct proof of a specific antagonistic mechanism.

In contrast, the SynCom treatments generated broader microbiome responses, par-
ticularly in belowground compartments. The inclusion of a phototrophic cyanobacterial
component may alter the ecological context in which heterotrophic antagonists function.
Cyanobacteria such as Nostoc may contribute fixed nitrogen, extracellular polysaccharides,
oxygen, and labile organic compounds, thereby modifying both the resource landscape
and the physical structure of rhizosphere microniches [36,37]. In this framework, the pho-
totrophic component should not be viewed only as an additional biofertilizer strain, but
as a possible ecological stabilizer that may support heterotrophic partners under fluctuat-
ing nutrient conditions [38,39]. At the same time, the contrasting performance of SMC3_F
and SMC5_F indicates that increasing the relative contribution of the cyanobacterial mod-
ule is not sufficient by itself to maximize disease suppression. Rather, SynCom efficacy
appears to depend on the balance between rapidly acting heterotrophic antagonism and
slower niche-modifying phototrophic functions [40].

The role of Nostoc sp. ]-1 should therefore be interpreted as part of the designed pho-
totrophic module of the SynCom, not as a strain whose colonization dynamics were di-
rectly resolved by the present sequencing approach. Cyanobacteria are amplified by bac-
terial 165 rRNA primers and may overlap analytically with chloroplast-associated se-
quences in plant-derived samples; therefore, short-read 16S rRNA profiling cannot pro-
vide unambiguous strain-level tracking of the introduced Nostoc sp. J-1. This issue is par-
ticularly relevant for root and leaf compartments, where plant-derived organelle signals
may influence bacterial 16S profiles. Accordingly, the SynCom-associated microbiome
shifts observed in this study are interpreted as treatment-level effects of phototrophic—
heterotrophic inoculant application, not as direct quantitative evidence of Nostoc sp. J-1
persistence or compartment-specific colonization. Direct confirmation of Nostoc survival
and establishment will require dedicated strain-specific assays.

The differential performance of consortium formulations further indicates that Syn-
Com efficacy depended on functional compatibility rather than inoculant complexity
alone. The stronger-performing formulations were those in which B. amyloliquefaciens Bnl
was combined with the phototrophic component at ratios that preserved strong root-
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associated antagonistic potential while adding niche-modifying capacity. This pattern was
most evident for SMC3_F, which combined disease suppression with favorable plant per-
formance and microbiome restructuring. In contrast, formulations containing additional
heterotrophic or cyanobacterial partners, or a higher relative proportion of the photo-
trophic module, did not necessarily produce stronger protection. These outcomes may
reflect functional redundancy, niche overlap, competition for root-derived substrates, or
reduced dominance of the most effective antagonistic member within the consortium.
Thus, the lower efficacy of some complex formulations should not be considered a failure
of the SynCom concept, but rather evidence that phototrophic-heterotrophic bioprepara-
tions require ratio optimization, compatibility-based assembly, and compartmentally
aligned microbiome restructuring [41-43].

At the level of alpha diversity, the protective phenotype was not associated with a
generalized increase in within-sample diversity. Shannon and ACE indices did not show
significant treatment-dependent differences for bacterial or fungal communities across
rhizosphere soil, roots, or leaves. This result suggests that disease suppression was not
driven by a broad increase in taxonomic richness or evenness. Instead, the microbiome
response was more consistent with selective compositional rearrangement, compartment-
specific enrichment or depletion of particular taxa, and treatment-associated shifts in spa-
tial niche occupancy. This pattern is consistent with the concept that suppressive micro-
biomes may arise through directional changes in community composition, interaction
structure, and functional guild distribution rather than through increased diversity per se
[44,45]. Beta-diversity analysis further supported a compartment-dependent, rather than
system-wide, microbiome response. Among the six analyzed community—compartment
combinations, significant treatment-associated differentiation was detected only for the
leaf bacterial community, whereas bacterial communities in rhizosphere soil and roots
and fungal communities in all compartments did not show statistically significant treat-
ment-level separation in PCoA. Therefore, the observed protective phenotype should not
be interpreted as the result of a broad whole-system beta-diversity shift. Instead, it was
associated with more targeted taxonomic and ordination-based signatures, including bac-
terial restructuring in soil and roots, fungal shifts in soil and leaves, and a particularly
strong phenotype-associated configuration of the leaf mycobiome in RDA.

The soil fungal community showed a clear disease-associated restructuring pattern.
In the infected control (CK_F_S), Neocosmospora was recorded together with Fusarium, sug-
gesting the formation of a fungal profile enriched in pathogen-associated or opportunistic
taxa. Because Neocosmospora is phylogenetically close to fusaria and includes taxa associ-
ated with root disease complexes, its increased representation may reflect a broader shift
toward a disease-prone fungal assemblage [46]. In the biocontrol-inoculated variants, the
relative abundance of Neocosmospora decreased, whereas Mortierella increased (Figures 4d
and S2). Members of Mortierella have been frequently associated with plant growth-pro-
moting functions and rhizosphere processes involved in nutrient mobilization, lipid-me-
diated microbial interactions, and stabilization of soil microbial networks [47-50]. How-
ever, the present data do not demonstrate that Mortierella directly suppressed Fusarium. A
more defensible interpretation is that Mortierella enrichment may represent a fungal sig-
nature associated with a less disease-prone and more functionally buffered rhizosphere
state.

The bacterial community in rhizosphere soil further supported the idea of treatment-
specific niche restructuring. In SMC5_F_S, which contained a higher proportion of the
cyanobacterial component, increased representation of Skermanella and Microvirga was ob-
served relative to the infected control CK_F_S. These genera have been associated in pre-
vious studies with plant-associated nutrient transformation and, in the case of Microvirga,
nitrogen-fixing or growth-promoting capacities [51,52]. In addition, Sphingomonas was
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enriched across biocontrol-treated soil samples compared with CK_F_S. This pattern is
noteworthy because Sphingomonas spp. have been linked to stress tolerance, biofilm for-
mation, and degradation of complex organic compounds, traits that may support persis-
tence in disturbed rhizosphere environments [53]. Nevertheless, the role of these taxa in
disease suppression remains inferential. Their enrichment should therefore be interpreted
as part of a candidate suppressive bacterial signature, not as direct evidence that these
genera caused the reduction in Fusarium.

The root endosphere displayed a different pattern. In CK_F_R, the genus Pseudomo-
nas showed a marked increase in relative abundance (Figures 4b and S1). This pattern is
consistent with a host-mediated e«ry-for-help’ response, in which pathogen-stressed
plants modify root exudation and recruit bacterial groups with potential protective func-
tions [54,55]. Pseudomonas spp. are efficient root colonizers and can synthesize diverse an-
timicrobial metabolites [56]. However, the persistence of a high-disease phenotype in the
infected control indicates that this spontaneous recruitment was insufficient to prevent
disease development. In the inoculated variants, particularly Bnl_F and SMC3_F, the
dominance of Pseudomonas decreased, while Enterobacter and Chryseobacterium became
more prominent in the root compartment. Since both genera include strains with reported
plant growth-promoting, antioxidant-modulating, and antimicrobial traits [57-59], their
enrichment may indicate secondary restructuring of the root endosphere under protective
treatments. However, this interpretation remains correlative and requires isolation, re-in-
oculation, and strain-resolved validation.

The leaf compartment provides an additional layer of microbiome-level evidence be-
cause microbial treatments were applied to the root zone, whereas fungal community
shifts were also detected in leaves. In CK_F_L, the leaf mycobiome was dominated by the
opportunistic necrotrophic genus Cladosporium, with additional representation of Alter-
naria and Fusarium. Such a profile is consistent with colonization of physiologically weak-
ened plant tissues under pathogen stress [60]. Under Bn1_F, SMC3_F and SMC5_F treat-
ments, these pathogen-associated fungal taxa decreased, while Fusicolla became more
prominent in leaves (Figures 4f and S2). Some representatives of this genus, including
Fusicolla violacea, have been reported to produce chitinases and 3-1,3-glucanases with an-
tifungal potential [61]. Moreover, enrichment of leaf-associated Fusicolla has been pro-
posed as a possible marker of a healthy or suppressive belowground microbiome legacy
[62]. In the present study, however, enzymatic activity and direct antagonism of the de-
tected Fusicolla taxa were not measured. Therefore, Fusicolla should be treated as a candi-
date indicator of phyllosphere restructuring rather than as a confirmed biocontrol agent.

The coordinated response of belowground and aboveground microbial compart-
ments indicates that the response to root-applied inoculants was not confined to the rhi-
zosphere or root endosphere, but was also reflected in the leaf-associated fungal commu-
nity. This pattern supports the concept of a root-leaf microbiome axis under F. oxysporum
infection pressure, in which changes in the root-associated microbial environment were
associated with downstream restructuring of the phyllosphere mycobiome. A biologically
plausible framework for this link is host-mediated chemical filtering: changes initiated at
the root interface may influence systemic physiological status and thereby modify the se-
lective environment on leaf surfaces. This interpretation is consistent with previous tran-
scriptomic evidence showing that rice genes involved in phenylpropanoid metabolism,
including OsPAL02, contribute to phyllosphere microbiome homeostasis through metab-
olites such as 4-hydroxycinnamic acid [63]. Therefore, the reduction in disease severity
together with leaf mycobiome restructuring suggests that biocontrol treatments may be
associated not only with local pathogen suppression, but also through broader host-mi-
crobiome coordination across plant compartments. Nevertheless, because defense-gene
expression, phyllosphere metabolite composition, lignin accumulation, peroxidase
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activity, and catalase activity were not directly quantified, the present data should be in-
terpreted as an ISR-compatible systemic microbiome pattern rather than as direct experi-
mental evidence of induced systemic resistance.

RDA provided additional support for compartment-dependent relationships be-
tween microbiome structure and plant phenotype. In bacterial communities, rhizosphere
soil showed statistically significant associations with dry weight, height, and PD], indicat-
ing that soil bacterial composition was aligned with both disease severity and growth-
related traits. In roots, bacterial community structure was significantly associated with
dry weight, whereas height and PDI did not reach statistical significance. In leaves, bacte-
rial RDA was constrained by the predominance of organelle-assigned sequences and did
not show statistically significant associations with the fitted phenotypic variables. For fun-
gal communities, the soil mycobiome was significantly associated with PDI, the root my-
cobiome showed no statistically supported association with the fitted variables, and the
leaf mycobiome was significantly associated with PDI, dry weight, and height. These pat-
terns indicate that disease reduction, plant biomass maintenance, and microbiome re-
structuring were coordinated but compartment-specific components of the treatment-as-
sociated response. Importantly, RDA does not resolve causal direction: microbiome shifts
may have contributed to disease attenuation, but they may also have been reinforced by
improved plant physiological status.

Functionally, these compartment-specific patterns suggest that the protective re-
sponse was associated with redistribution of microbial functions across the soil-root-leaf
continuum rather than with a uniform increase in microbial diversity. In rhizosphere soil,
treatment-associated enrichment of taxa previously linked to nutrient transformation, bio-
film-associated persistence, and stress tolerance may indicate a shift toward a more buff-
ered microbial environment under inoculant application. In the root compartment, re-
duced relative representation of Fusarium together with restructuring of dominant bacte-
rial groups suggests a transition of the endosphere toward a community state associated
with lower disease severity and improved biomass accumulation. In leaves, treatment-
associated mycobiome reorganization indicates that belowground inoculation was re-
flected in aboveground microbial assembly, potentially through host-mediated filtering
processes. Thus, the functional implication of the observed microbiome restructuring is
not the replacement of resident microbiota by introduced inoculants, but the redirection
of community assembly toward microbial configurations associated with disease attenu-
ation and maintenance of plant performance under F. oxysporum infection pressure.

Several methodological limitations should be considered when interpreting these re-
sults. First, 165 rRNA and ITS amplicon sequencing are DNA-based approaches and
therefore cannot reliably distinguish metabolically active microorganisms from residual
extracellular DNA derived from dead or inactive cells. This limitation is particularly rele-
vant for Fusarium, because fungal DNA may persist in plant or soil samples even after
partial pathogen suppression, potentially leading to overestimation of viable pathogen
biomass [64]. Accordingly, changes in the relative representation of Fusarium in the pre-
sent study should be interpreted as DNA-based community signatures rather than as di-
rect measurements of living pathogen abundance. Second, short-read marker-gene se-
quencing provides limited species- and strain-level resolution, which restricts the ability
to distinguish pathogenic, commensal, and beneficial lineages within closely related bac-
terial or fungal groups [65]. Third, the present study did not directly quantify the persis-
tence of introduced strains, including Nostoc sp. J-1, or measure antifungal metabolite pro-
duction and activation of rice defense pathways. Therefore, the proposed mechanisms
should be interpreted as experimentally grounded hypotheses derived from community-
level patterns rather than as fully demonstrated causal processes.
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Future studies should move from community-level DNA-based associations toward
quantitative and functional validation of the proposed biocontrol model. Fusarium-spe-
cific quantitative assays would help determine whether reduced disease severity corre-
sponds to a decrease in viable pathogen biomass. Strain-specific monitoring of B. amylo-
liquefaciens Bn1, Nostoc sp. J-1, and other SynCom members would clarify whether protec-
tion is associated with stable inoculant establishment or on transient reorganization of
resident microbial communities. In addition, targeted analysis of rice defense-related
genes and biochemical markers of phenylpropanoid metabolism and antioxidant defense
would be necessary to test whether the observed soil-root-leaf microbiome coordination
is accompanied by activation of host defense-related pathways.

The controlled pot design provides a standardized experimental framework charac-
terized by defined pathogen pressure and uniform inoculant application. Accordingly, the
observed suppressive microbiome signatures should be interpreted within this controlled
context. Field environments introduce additional ecological variability, including hetero-
geneous soil structure, resident microbial competition, agronomic management, and sea-
sonal effects. Therefore, the stability and agronomic relevance of these signatures require
validation in multi-soil and multi-season field trials. Finally, multi-soil and multi-season
field trials are required to determine whether the suppressive microbiome signatures ob-
served under controlled pot conditions remain stable under agronomically variable field
environments [66,67].

Overall, this study indicates that suppression of F. oxysporum-associated disease de-
velopment in rice by Bnl_F and phototrophic-heterotrophic SynComs was associated
with coordinated restructuring of bacterial and fungal communities across rhizosphere
soil, roots, and leaves. The main conceptual advance is that SynCom efficacy appears to
depend not only on the presence of beneficial microorganisms, but also on the functional
balance between heterotrophic antagonists and phototrophic stabilizers. Bnl_F was asso-
ciated with a more localized root-protective pattern, whereas SynCom treatments induced
broader multicompartment microbiome reorganization. These findings provide a basis for
microbiome-oriented selection of next-generation biopreparations, while also defining the
functional experiments required to move from correlative microbial signatures to experi-
mentally validated mechanisms.

4. Materials and Methods

4.1. Microorganisms and Culture Maintenance

The experimental microbial pool was formed by integrating photoautotrophic and
heterotrophic taxa selected according to criteria of confirmed biocontrol potential and in-
terspecific functional complementarity.

Cyanobacterial strains Nostoc sp. J-1 (PZ233676) and Trichormus variabilis K-31
(MZ079356) from the collection of the Kazakh-Japanese-Chinese International Research
Center Algabiotech at Farabi University were used as the phototrophic component. The
heterotrophic component was represented by strains isolated from rhizosphere soils of
rice agrocenoses in the Almaty region, Kazakhstan: Pseudomonas fluorescens Unl
(PZ230248), B. methylotrophicus Un2 (PZ229617), and B. amyloliquefaciens Bn1l (PZ229648).

Phototrophic strains were cultivated in mineral BG-11 medium under standard illu-
mination conditions, whereas heterotrophic bacteria were maintained in liquid TSB me-
dium. Long-term storage of cultures was performed at —80 °C in 25% (v/v) sterile glycerol.
Before the experiment, cultures were transferred to fresh nutrient media, and cells in the
active growth phase, either exponential or early stationary, were used.

The phytopathogenic agent used in this study was Fusarium oxysporum F679
(PV450006), obtained from the collection of the Applied Microbial Ecology Engineering
Laboratory, Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences.
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The culture was maintained on potato dextrose agar (PDA) at 4 °C with regular subcul-
turing every 14 days. To obtain a standardized inoculum, the fungus was cultivated on
PDA at 28 °C for 7 days until mature mycelium and abundant sporulation were formed.

4.2. Preparation and Standardization of Microbial Suspensions

The photoautotrophic strains Nostoc sp. J-1 and Trichormus variabilis K-31 were grown
separately in BG-11 medium at 27 °C in 1 L flasks with a working volume of 500 mL for 7
days under an irradiance of 50 pmol photons m2s1. Aeration was performed with sterile
air passed through a membrane filter with a pore diameter of 0.22 pm. At the end of cul-
tivation, phototrophic biomass was harvested by centrifugation at 5000x g for 10 min, the
supernatant was removed, and the cell pellet was washed twice with sterile deionized
water to remove residual BG-11 culture medium. After washing, the biomass was resus-
pended in sterile deionized water to obtain a homogeneous suspension and standardized
by optical density to ODr0 = 1.5.

The heterotrophic strains Pseudomonas fluorescens Unl, B. methylotrophicus Un2, and
B. amyloliquefaciens Bnl were grown separately in liquid TSB medium at 30 °C on an orbital
shaker at 180 rpm for 18-24 h. Cells were harvested by centrifugation at 5000x g for 10 min
at 4 °C, washed twice with sterile deionized water, and resuspended in sterile deionized
water. The density of bacterial suspensions was adjusted to 1.0 x 108 CFU/mL".

The inoculum of Fusarium oxysporum F679 was prepared by washing conidia from a
7-day-old PDA culture with sterile deionized water containing 0.05% (v/v) Tween-20. The
suspension was filtered through two layers of sterile gauze to remove mycelial fragments
and adjusted to 1.0 x 10¢ conidia/mL" based on hemocytometer counts. Conidial viability
was confirmed using a germination assay and was considered acceptable when germina-
tion was not lower than 90% after 12 h of incubation at 28 °C.

4.3. Primary Screening of Antagonistic Activity In Vitro

To preliminarily select the most promising microbial compositions, in vitro screening
of antagonistic activity against Fusarium oxysporum was performed. The assay included
live standardized cell suspensions of individual strains and their mixtures, prepared im-
mediately before the experiment from the working inocula described in Section 4.2. The
primary screening included 22 variants, comprising single-strain cultures, binary combi-
nations, three-component combinations, four-component mixtures, and the complete five-
strain variant.

Before preparing mixed inocula, potential strain compatibility was evaluated by the
cross-streak method on agarized nutrient medium. The absence of pronounced growth
suppression zones or clear inhibition boundaries in the contact area was considered evi-
dence of the absence of direct interstrain antagonism and served as the basis for further
co-testing.

Antagonistic activity was evaluated using the dual-culture agar method. A 5 mm disc
of actively growing F. oxysporum mycelium was placed in the center of a 90 mm Petri dish
containing 20 mL of PDA. A 10 pL suspension of the tested strain or microbial composi-
tion was applied to the agar surface at 25 mm from the fungal disc. In the control variant,
an equal volume of sterile deionized water was applied instead of the microbial suspen-
sion. After incubation at 25 °C for 7 days, radial mycelial growth was measured, and the
percentage inhibition was calculated using the formula:

PI (%) = [(Rc - Rt) / Re] x 100, 1)

where Rc denotes radial pathogen growth in the control variant and Rt denotes radial
pathogen growth in the presence of the tested inoculant. All variants were analyzed in
three independent biological replicates.
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4.4. Pot Experiment and Inoculation Scheme

Rice (Oryza sativa L.) was used as the model plant. Experiments evaluating the plant
growth-promoting activity of the strains were conducted using seeds of the three-line in-
dica rice hybrid Nei 5 You (hybrid 8015; Zhejiang Agricultural Science and Technology
Seed Industry Co., Ltd., Huzhou, China).

Seeds were washed with running water, surface-sterilized in 70% ethanol for 2 min
and 2% NaOCl for 2 min, followed by five washes with sterile water, and then germinated
at 30 °C in darkness for 48 h on moistened sterile filter paper. Germinated seeds were
sown at 15 seeds per plastic pot containing 240 g of homogenized soil sieved through a 5
mm mesh. On day 5 after seedling emergence, plant density was standardized by remov-
ing weak plants and leaving 12 morphologically uniform seedlings per pot.

The experiment was established using a completely randomized design. Each treat-
ment included five biological replicates (n =5), and one pot was considered an independ-
ent experimental unit. Pots were maintained under a 16 h photoperiod, 70-75% relative
humidity, and a temperature regime of 28 °C during the day and 22 °C at night; pot posi-
tions were regularly randomized.

Only microbial variants that demonstrated the strongest antifungal activity against
Fusarium oxysporum F679 during the primary in vitro screening were included in the pot
experiment. At the two-leaf stage, the corresponding microbial suspension was applied
to each pot by root-zone drenching. The total inoculum volume in all variants was 60 mL
per pot. The pathogen-inoculated control without microbial treatment (CK_F) received an
equivalent volume of sterile deionized water instead of a microbial suspension (Table 1).

Table 1. Treatment variants and composition of inoculation mixtures.

Treatment = Components Volumes (mL) Component Ratio (v/v)
CK_F Sterile deionized water 60 -
Bnl_F B. amyloliquefaciens Bnl 60 Bnl=1

Nostoc sp. J-1 + Trichormus var-
iabilis K-31

Pseudomonas fluorescens Un1 +
SMC2_F B. methylotrophicus Un2+ B. 20+20+20 Unl:Un2:Bnl=1:1:1
amyloliquefaciens Bnl

B. amyloliquefaciens Bn1l + Nos-

SMC1_F 30+30 J-1:K-31=1:1

SMC3_F 40 +20 Bnl:J-1=2:1
toc sp. J-1
Nostoc sp. J-1 +
P 1
SMC4_F seudomonas fluorescens Unl + 5 1 104 105.1:Un1:Un2:Bnl = 3:1:1:1
B. methylotrophicus Un2 +  B.
amyloliquefaciens Bnl
sMcs g Vostesp.J1+B. 40+20 J-1:Bnl = 2:1

amyloliquefaciens Bnl

Nostoc sp. J-1 + Trichormus var-

SMC6_F iabilis K-31 + B. 15+15+30 J-1:K-31:Bn1 =1:1:2
amyloliquefaciens Bnl
Nostoc sp. J-1 + Trichormus var-
iabilis K-31 +

SMC7_F Pseudomonas fluorescens Un1 +

B. methylotrophicus Un2 +

B. amyloliquefaciens Bn1

12 +12+ 12+ 12J-1:K-31:Un1:Un2:Bnl =
+12 1:1:1:1:1

At 24 h after microbial treatment application, all treatment variants, including CK_F,
were artificially inoculated with 60 mL of Fusarium oxysporum F679 suspension (1.0 x 106
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conidia mL™) by root-zone drenching. Thus, CK_F represented the pathogen-inoculated
control without microbial treatment, whereas Bnl_F and SMC1_F-SMC?7_F represented
pathogen-inoculated plants treated with the corresponding microbial preparations. Wa-
tering was performed every 1-2 days using exactly 60 mL per pot of settled tap water. The
experiment lasted 30 days after pathogen inoculation.

4.5. Assessment of Disease Development and Growth Parameters

At 30 days after pathogen inoculation, plants were carefully removed from the soil,
roots were washed under running water to remove adhering substrate, and plant material
was blotted dry with filter paper. Each treatment consisted of five independent pots, with
12 plants maintained per pot. Morphometric measurements were recorded for all plants
within each pot, including shoot height (cm), root length (cm), stem diameter (mm), and
fresh weight of shoots and roots (g). For dry weight determination, plant samples were
dried at 65 °C to constant weight for 72 h and then weighed. For statistical analysis, the mean
value calculated for each pot was used as one independent biological replicate (n = 5).

Disease symptoms were assessed on a 0—4 scale: 0, no symptoms; 1, mild symptoms;
2, moderate symptoms; 3, severe symptoms; and 4, plant death or extremely severe symp-
toms. The disease index (DI, %) was calculated as:

DI (%) = % x 100, ()

where si is the disease score, ni is the number of plants with score si, and N is the total
number of assessed plants.

4.6. Sample Collection for Analysis

At the end of the experiment, samples of rhizosphere soil, roots, and leaves were
collected. Rhizosphere soil was defined as the soil fraction tightly associated with the roots
and detached after gentle shaking of the root system. Roots were washed to remove re-
sidual soil and used as root samples. Leaves were collected from the aboveground part of
the plants, forming separate samples for analysis of the leaf compartment.

For 165 rRNA and ITS amplicon sequencing, treatment variants that showed the best
performance based on phenotypic screening were selected, namely reduced disease index
and improved or maintained growth parameters relative to the pathogen-inoculated con-
trol CK_F. The selected groups were CK_F, Bnl_F, SMC3_F, and SMC5_F. For each se-
lected treatment, rhizosphere soil, root, and leaf samples were analyzed separately. All
samples were immediately frozen and stored at —80 °C until DNA extraction.

4.7. DNA Extraction, PCR Amplification, and Illumina Sequencing

Microbial DNA was extracted from rhizosphere soil, root, and leaf samples using the
E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufac-
turer’s instructions. DNA quality and concentration were assessed by electrophoresis in a
1.0% agarose gel and using a NanoDrop2000 spectrophotometer (Thermo Scientific, Wal-
tham, MA, USA). DNA was stored at =80 °C.

The bacterial community was characterized using the V3-V4 region of the 165 rRNA
gene with primers 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5-GGAC-
TACHVGGGTWTCTAAT-3'). The fungal community was characterized using the ITS2
region with primers ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-3) and ITS2R (5'-
GCTGCGTTCTTCATCGATGC-3"). Amplification conditions followed the standard pro-
tocols of the sequencing provider for the specified primer pairs.

PCR products were excised from a 2% agarose gel, purified using the PCR Clean-Up
Kit (YuHua, Shanghai, China), and quantified using a Qubit 4.0 fluorometer (Thermo
Fisher Scientificc Waltham, MA, USA). Purified amplicons were pooled in equimolar
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amounts and subjected to paired-end sequencing on the Illumina NextSeq2000 platform
(Ilumina, San Diego, CA, USA) according to the standard protocols of Majorbio Bio-
Pharm Technology Co., Ltd. (Shanghai, China). Raw data were deposited in the NCBI
SRA under accession number PRJNA1448066.

4.8. Data Analysis

All quantitative data are presented as the mean + standard deviation (SD). Plant phe-
notypic parameters, including the plant disease index (PDI), plant height, and dry weight,
were compared among treatments using one-way analysis of variance (one-way ANOVA),
followed by multiple comparisons among groups. Differences were considered statisti-
cally significant at p < 0.05.

Data processing and bioinformatic analysis of the soil, root, and leaf microbiota were
performed using the Majorbio Cloud platform (https://cloud.majorbio.com). Raw paired-
end reads were assigned to samples according to barcode information and subjected to
quality control according to the standard Majorbio workflow. Low-quality reads, se-
quences containing ambiguous bases, primer or barcode artifacts, and chimeric sequences
were removed before downstream analysis. High-quality sequences were clustered into
operational taxonomic units (OTUs), and representative sequences were used for taxo-
nomic annotation of bacterial 16S rRNA and fungal ITS datasets. To reduce bias caused
by unequal sequencing depth among samples, OTU abundance tables were normalized
before diversity analyses. Rarefaction curves were inspected to evaluate whether the se-
quencing depth was sufficient to represent the dominant bacterial and fungal diversity in
each compartment. Based on OTU information, alpha diversity indices were calculated
using Mothur v1.30.1 [68]. Similarity among microbial communities in different samples
was determined by principal coordinate analysis (PCoA) based on Bray-Curtis dissimi-
larity using the Vegan v2.5-3 package. The PERMANOVA test was used to assess the per-
centage of variation explained by treatment together with its statistical significance using
the Vegan v2.5-3 package. Linear discriminant analysis effect size (LEfSe) [69] was applied
as an exploratory differential-abundance approach to identify candidate discriminatory
taxa among treatments from phylum to genus level. Taxa were retained when they satis-
fied both the statistical significance threshold of p < 0.05 and the effect-size threshold of
log10 LDA > 2.0. To evaluate the relationship between variation in microbial community
structure and plant phenotypic traits, redundancy analysis (RDA) was applied separately
to bacterial (16S rRNA) and fungal (ITS) communities in each compartment: soil, roots,
and leaves. Plant disease index (PDI), plant height, and dry weight were used as explan-
atory variables because these traits reflected the main pathological and growth-response
gradients in the pot experiment. Associations between fitted variables and microbial com-
munity structure were evaluated using a permutation-based envfit procedure, and rela-
tionships were considered statistically significant at p <0.05.

5. Conclusions

This study showed that biocontrol microbial preparations substantially attenuated F.
oxysporum-associated disease development in rice seedlings while improving or maintain-
ing plant growth parameters under controlled infection pressure. The strongest protective
responses were observed under single-strain inoculation with B. amyloliquefaciens Bnl
(Bn1_F) and under treatment with the phototrophic-heterotrophic consortium variants
SMC3_F and SMC5_F, as reflected by reduced plant disease index and maintained or in-
creased dry weight relative to the pathogen-inoculated control CK_F. The results indicate
that biocontrol efficacy in this system was not associated with complete elimination of the
pathogen-associated signal from the rhizosphere environment, but rather with pro-
nounced compartment-specific reconfiguration of bacterial and fungal communities
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across the soil-root-leaf system. In rhizosphere soil, microbial treatments were associated
with restructuring of bacterial and fungal relative-abundance profiles, including shifts in
candidate taxa linked to nutrient transformation, stress tolerance, and fungal community
buffering. In roots, treatment-associated changes included reduced relative representation
of Fusarium in the fungal community and reorganization of dominant bacterial genera
relative to CK_F. In leaves, treatment-associated restructuring of the mycobiome was also
detected, indicating that root-applied inoculants were associated with microbiome re-
sponses beyond the site of application. Therefore, the data support a conservative micro-
biome-oriented interpretation of biocontrol, in which microbial preparations may contrib-
ute to disease attenuation not only through local pathogen limitation, but also through
broader reorganization of plant-associated microbial communities. At the same time,
these patterns should be interpreted as DNA-based community signatures and pheno-
type-associated microbiome configurations rather than as direct proof of causal mecha-
nisms involving individual taxa, introduced-strain persistence, or induced systemic re-
sistance. Collectively, the findings support the potential of microbial inoculants, including
formulations designed with a phototrophic cyanobacterial component, for the develop-
ment of environmentally safer next-generation biopreparations for rice cultivation. Fur-
ther strain-specific tracking, pathogen quantification, host-defense assays, and field vali-
dation will be required to confirm the mechanisms and agronomic stability of the ob-
served suppressive microbiome signatures.

6. Patents

The cyanobacterial strain Nostoc sp. J-1 used in this study is disclosed in Kazakhstan
patent for invention No. 37641, “Strain of the cyanobacterium Nostoc sp. J-1 used to in-
crease crop yields and protect against phytopathogenic fungi” (application No.
2024/0390.1; publication date: 28 November 2025).
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terial genera under different treatments; Figure 52: Relative abundance of dominant fungal genera
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The following abbreviations are used in this manuscript:

SynCom Synthetic Microbial Community
PGPR Plant Growth-Promoting Rhizobacteria
16S rRNA 16S ribosomal RNA
ITS Internal Transcribed Spacer
DNA Deoxyribonucleic Acid
PCR Polymerase Chain Reaction
OTU Operational Taxonomic Unit
ASV Amplicon Sequence Variant
PCoA Principal Coordinates Analysis
PERMANOVA Permutational Multivariate Analysis of Variance
LDA Linear Discriminant Analysis
LEfSe Linear Discriminant Analysis Effect Size
RDA Redundancy Analysis
db-RDA Distance-based Redundancy Analysis
ANOVA Analysis of Variance
SD Standard Deviation
PDI Plant Disease Index
DI Disease Index
NCBI National Center for Biotechnology Information
SRA Sequence Read Archive
TSB Tryptic Soy Broth
TSA Tryptic Soy Agar
PDA Potato Dextrose Agar
OD Optical Density
CFU Colony-Forming Units
References
1. Yuan, S; Linquist, B.A.; Wilson, L.T.; Cassman, K.G.; Stuart, A.M.; Pede, V.; Miro, B.; Saito, K.; Agustiani, N.; Aristya, V.E.; et

10.

al. Sustainable Intensification for a Larger Global Rice Bowl. Nat. Commun. 2021, 12, 7163. https://doi.org/10.1038/s41467-021-
27424-7.

Lim, J.A.; Yaacob, ].S.; Rasli, S.R.A.M.; Eyahmalay, J.E.; Enshasy, H.A.E.; Zakaria, M.R.S. Mitigating the Repercussions of Cli-
mate Change on Diseases Affecting Important Crop Commodities in Southeast Asia, for Food Security and Environmental
Sustainability — A Review. Front. Sustain. Food Syst. 2023, 6, 1030540. https://doi.org/10.3389/fsufs.2022.1030540.

Rafiq, M.; Shoaib, A.; Javaid, A.; Perveen, S.; Umer, M.; Arif, M.; Cheng, C. Exploration of Resistance Level against Black Scurf
Caused by Rhizoctonia Solani in Different Cultivars of Potato. Plant Stress 2024, 12, 100476.
https://doi.org/10.1016/j.stress.2024.100476.

Gimenez, E.; Salinas, M.; Manzano-Agugliaro, F. Worldwide Research on Plant Defense against Biotic Stresses as Improvement
for Sustainable Agriculture. Sustainability 2018, 10, 391. https://doi.org/10.3390/su10020391.

Cucu, M.A,; Choudhary, R.; Trkulja, V.; Garg, S.; Mati¢, S. Utilizing Environmentally Friendly Techniques for the Sustainable
Control of Plant Pathogens: A Review. Agronomy 2025, 15, 1551. https://doi.org/10.3390/agronomy15071551.

Almeida, L.S.; Inoue, S.K.G.; Marques, ].M.; Da Silva, ]. K.R. A Review of Antifungal Activity of Bacterial Strains and Their
Secondary Metabolites against Fusarium Species. Rev. Environ. Sci. Bio/Technol. 2025, 24, 695-732. https://doi.org/10.1007/s11157-
025-09733-7.

Ekwomadu, T.I.; Mwanza, M. Fusarium Fungi Pathogens, Identification, Adverse Effects, Disease Management, and Global
Food Security: A Review of the Latest Research. Agriculture 2023, 13, 1810. https://doi.org/10.3390/agriculture13091810.
Corkley, L; Fraaije, B.; Hawkins, N. Fungicide Resistance Management: Maximizing the Effective Life of Plant Protection Prod-
ucts. Plant Pathol. 2021, 71, 150-169. https://doi.org/10.1111/ppa.13467.

Peng, Q.; Younas, M.W.; Yang, J.; Zhu, H.; Miao, J.; Gu, B.; Liu, X. Characterization of Prochloraz Resistance in Fusarium Fu-
jikuroi from Heilongjiang Province in China. Plant Dis. 2021, 106, 418-424. https://doi.org/10.1094/PDIS-02-21-0372-RE.
Perveen, S.; Shoaib, A.; Yaqoob, H.S.; Riaz, G.; Rafig, M. Ochrobactrum Ciceri and Zinc Synergy Combatting Fusarium Verticil-
lioides. Physiol. Mol. Plant Pathol. 2024, 136, 102536. https://doi.org/10.1016/j.pmpp.2024.102536.

https://doi.org/10.3390/plants15131986



Plants 2026, 15, 1986 28 of 31

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Pandit, M.A.; Kumar, J.; Gulati, S.; Bhandari, N.; Mehta, P.; Katyal, R.; Rawat, C.D.; Mishra, V.; Kaur, ]. Major Biological Control
Strategies for Plant Pathogens. Pathogens 2022, 11, 273. https://doi.org/10.3390/pathogens11020273.

Saad, M.M.; Eida, A.A.; Hirt, H. Tailoring Plant-Associated Microbial Inoculants in Agriculture: A Roadmap for Successful
Application. ]. Exp. Bot. 2020, 71, 3878-3901. https://doi.org/10.1093/jxb/eraalll.

Wankhade, A.; Wilkinson, E.; Britt, D.W.; Kaundal, A. A Review of Plant-Microbe Interactions in the Rhizosphere and the Role
of Root Exudates in Microbiome Engineering. Appl. Sci. 2025, 15, 7127. https://doi.org/10.3390/app15137127.

Xu, D.; Yu, X,; Chen, J.; Liu, H,; Zheng, Y.; Qu, H.; Bao, Y. Microbial Assemblages Associated with the Soil-Root Continuum of
an Endangered Plant, Helianthemum Songaricum Schrenk. Microbiol. Spectr. 2023, 11, e0338922. https://doi.org/10.1128/spec-
trum.03389-22.

Karlsson, I.; Persson, P.; Friberg, H. Fusarium Head Blight from a Microbiome Perspective. Front. Microbiol. 2021, 12, 628373.
https://doi.org/10.3389/fmicb.2021.628373.

Doni, F.; Suhaimi, N.S.M.; Mispan, M.S.; Fathurrahman, F.; Marzuki, B.M.; Kusmoro, J.; Uphoff, N. Microbial Contributions for
Rice Production: From Conventional Crop Management to the Use of €Omics’ Technologies. Int. J. Mol. Sci. 2022, 23, 737.
https://doi.org/10.3390/ijms23020737.

Rios-Ruiz, W.F.; Jave-Concepcion, H.G.; Torres-Chavez, E.E.; Rios-Reategui, F.; Padilla-Santa-Cruz, E.; Guevara-Pinedo, N.E.
Plant-Growth-Promoting Microorganisms: Their Impact on Crop Quality and Yield, with a Focus on Rice. Int. . Plant Biol. 2025,
16, 9. https://doi.org/10.3390/ijpb16010009.

Poppeliers, S.W.; Sanchez-Gil, ].].; De Jonge, R. Microbes to Support Plant Health: Understanding Bioinoculant Success in Com-
plex Conditions. Curr. Opin. Microbiol. 2023, 73, 102286. https://doi.org/10.1016/j.mib.2023.102286.

Vuolo, F.; Novello, G.; Bona, E.; Gorrasi, S.; Gamalero, E. Impact of Plant-Beneficial Bacterial Inocula on the Resident Bacteriome:
Current Knowledge and Future Perspectives. Microorganisms 2022, 10, 2462. https://doi.org/10.3390/microorganisms10122462.
Zhou, Y.; Liu, D,; L, F.; Dong, Y.; Jin, Z.; Liao, Y.; Li, X;; Peng, S.; Delgado-Baquerizo, M.; Li, X. Superiority of Native Soil Core
Microbiomes in Supporting Plant Growth. Nat. Commun. 2024, 15, 6599. https://doi.org/10.1038/s41467-024-50685-3.

Russ, D.; Fitzpatrick, C.R.; Teixeira, P.J.P.L.; Dang], J.L. Deep Discovery Informs Difficult Deployment in Plant Microbiome
Science. Cell 2023, 186, 4496-4513. https://doi.org/10.1016/j.cell.2023.08.035.

Rafig, M.; Shoaib, A.; Javaid, A.; Parveen, S.; Hassan, M.A.; Nawaz, H.H.; Cheng, C. Application of Asteraceae Biomass and
Biofertilizers to Improve Potato Crop Health by Controlling Black Scurf Disease. Front. Plant Sci. 2024, 15, 1437702.
https://doi.org/10.3389/fpls.2024.1437702.

Gupta, C.; Rabani, M.S.; Gupta, M.K,; Habib, A.; Pathak, A.; Tripathi, S.; Singh, R. Cyanobacteria as Sustainable Microbiome for
Agricultural Industries. In Microbiota and Biofertilizers, Vol. 2: Ecofriendly Tools for Reclamation of Degraded Soil Environs; Dar, G.H.,
Bhat, R.A., Mehmood, M.A., Hakeem, K.R., Eds.; Springer: Cham, Switzerland, 2021. https://doi.org/10.1007/978-3-030-61010-
4_13.

Yadav, S.; Srivastava, R.; Singh, N.; Kanda, T.; Verma, E.; Choudhary, P.; Yadav, S.; Atri, N. Cyanobacteria-Pesticide Interactions
and Their Implications for Sustainable Rice Agroecosystems. Int. ].  Microbiol. 2025, 2025, 7265036.
https://doi.org/10.1155/ijm/7265036.

Farooq, M.S,; Javed, F.; Uzair, M.; El-Beltagi, H.S.; Zulfiqar, U.; Khan, M.R.; Yousuf, M.; Tuckner, M.; Rebouh, N.Y.; Shah, M.A.
Cyanobacteria as Multifunctional Bioinputs for Sustainable Intensification, Soil Health Enhancement, and Climate Resilience in
Rice-based Cropping Systems. Agrosyst. Geosci. Environ. 2026, 9, €70321. https://doi.org/10.1002/agg2.70321.

Nawaz, T.; Saud, S.; Gu, L.; Khan, I.; Fahad, S.; Zhou, R. Cyanobacteria: Harnessing the Power of Microorganisms for Plant
Growth Promotion, Stress Alleviation, and Phytoremediation in the Era of Sustainable Agriculture. Plant Stress 2024, 11, 100399.
https://doi.org/10.1016/j.stress.2024.100399.

Sadvakasova, A K.; Bauenova, M.O.; Kossalbayev, B.D.; Zayadan, B.K.; Huang, Z.; Wang, J.; Balouch, H.; Alharby, H.F.; Chang,
J.-S.; Allakhverdiev, S.I. Synthetic Algocyanobacterial Consortium as an Alternative to Chemical Fertilizers. Environ. Res. 2023,
233, 116418. https://doi.org/10.1016/j.envres.2023.116418.

Sadvakasova, A.K.; Kossalbayev, B.D.; Zaletova, D.; Bauenova, M.O.; Huang, Z.; Zharmukhamedov, S.K.; Shabala, S.; Allakh-
verdiev, S.I. Combating Phytopathogens by Integration of Metagenomics and Phototrophic Biotechnologies: Toward Sustaina-
ble Agricultural Practices. Crit. Rev. Plant Sci. 2025, 44, 70-87. https://doi.org/10.1080/07352689.2025.2494872.

Kollmen, J.; Strieth, D. The Beneficial Effects of Cyanobacterial Co-Culture on Plant Growth. Life 2022, 12, 223.
https://doi.org/10.3390/1ife12020223.

https://doi.org/10.3390/plants15131986



Plants 2026, 15, 1986 29 of 31

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wang, Y.; Xue, X; Schagerl, M.; Hu, X.; Srinuanpan, S.; Rehman, O.U.; Yu, Z.; Mi, C.; Zhu, F.; Huo, S. Combined Application of
Microalgae and Plant Growth-Promoting Rhizobacteria: Synergistic Effects in Improving Soil Health and Crop Root Disease
Resistance. Appl. Soil Ecol. 2025, 218, 106684. https://doi.org/10.1016/j.aps0il.2025.106684.

Balouch, H.; Sadvakasova, A K.; Kossalbayev, B.D.; Bauenova, M.O.; Zaletova, D.E.; Kumarbekuly, S.; Kirbayeva, D.K. Phyto-
Algal Consortia as a Complementary System for Wastewater Treatment and Biorefinery. Plants 2025, 14, 3069.
https://doi.org/10.3390/plants14193069

Bauenova, M.O.; Sadvakasova, A.K; Kossalbayev, B.D.; Yilmaz, G.; Huang, Z.; Wang, J.; Balouch, H.; Zaletova, D.E.; Lyaguta,
M.A.; Alharby, H.F.; Allakhverdiev, S.I. Optimising microalgae-derived butanol yield. Int. ]. Hydrogen Energy 2024, 49, 593-601.
https://doi.org/10.1016/j.ijhydene.2023.11.065.

Bashizi, T.; Kim, M.-].; Lim, K.; Lee, G.; Tagele, S.; Shin, J.-H. Application of a Synthetic Microbial Community to Enhance
Pepper Resistance Against Phytophthora Capsici. Plants 2025, 14, 1625. https://doi.org/10.3390/plants14111625.

Zhang, Y.; Jing, M.; Lyu, L.; Nie, L.; Xu, X,; Sun, R.; Xu, X,; Chen, S.; He, S.; Zhang, Y.; et al. Principles for Rigorous Design and
Application of Synthetic Microbial Communities. Adv. Sci. 2025, 13, €14750. https://doi.org/10.1002/advs.202514750.

Khan, AR.; Mustafa, A.; Hyder, S.; Valipour, M.; Rizvi, Z.F.; Gondal, A.S.; Yousuf, Z.; Igbal, R.; Daraz, U. Bacillus Spp. as
Bioagents: Uses and Application for Sustainable Agriculture. Biology 2022, 11, 1763. https://doi.org/10.3390/biology11121763.
Chauhan, P.; Sharma, N.; Tapwal, A.; Kumar, A.; Verma, G.S.; Meena, M.; Seth, C.S.; Swapnil, P. Soil Microbiome: Diversity,
Benefits and Interactions with Plants. Sustainability 2023, 15, 14643. https://doi.org/10.3390/su151914643.

Sharma, B.; Singh, B.N.; Dwivedi, P.; Rajawat, M.V.S. Interference of Climate Change on Plant-Microbe Interaction: Present and
Future Prospects. Front. Agron. 2022, 3, 725804. https://doi.org/10.3389/fagro.2021.725804.

Zheng, L.; Huang, J.; Li, G.; Chen, Q.; Hsiang, T.; Chen, X,; Huang, S. Biocontrol Potential of Bacillus Amyloliquefaciens PP19 in Alle-
viating Watermelon Continuous Cropping Obstacles. Horticulturae 2025, 11, 1155. https://doi.org/10.3390/horticulturae11101155.
Saechow, S.; Thammasittirong, A.; Kittakoop, P.; Prachya, S.; Thammasittirong, S.N.-R. Antagonistic Activity against Dirty Pan-
icle Rice Fungal Pathogens and Plant Growth-Promoting Activity of Bacillus Amyloliquefaciens BAS23. ]. Microbiol. Biotechnol.
2018, 28, 1527-1535. https://doi.org/10.4014/jmb.1804.04025.

Niu, B.; Wang, W.; Yuan, Z,; Sederoff, R.R.; Sederoff, H.; Chiang, V.L.; Borriss, R. Microbial Interactions within Multiple-Strain Biolog-
ical Control Agents Impact Soil-Borne Plant Disease. Front. Microbiol. 2020, 11, 585404. https://doi.org/10.3389/fmicb.2020.585404.
Sarver, E.; Gonzalez-Morelo, K.J.; Christensen, K.G.; Lefevers, H.M.; Corbin, K.R. Phyllosphere Synthetic Microbial Communi-
ties: A New Frontier in Plant Protection. BMC Plant Biol. 2025, 25, 949. https://doi.org/10.1186/s12870-025-06935-7.

Wang, Z.; Wang, S.; He, Q.; Yang, X.; Zhao, B.; Zhang, H.; Deng, Y. Ecological Design of High-Performance Synthetic Microbial
Communities: From Theoretical Foundations to Functional Optimization. ISME Commun. 2025, 5, ycafl33.
https://doi.org/10.1093/ismeco/ycaf133.

Mukherjee, A.; Singh, S.; Gaurav, A K.; Chouhan, G.K,; Jaiswal, D.K.; De Araujo Pereira, A.P.; Passari, A.K.; Abdel-Azeem,
AM.; Verma, ]J.P. Harnessing of Phytomicrobiome for Developing Potential Biostimulant Consortium for Enhancing the
Productivity of Chickpea and Soil Health under Sustainable Agriculture. Sci. Total Environ. 2022, 836, 155550.
https://doi.org/10.1016/j.scitotenv.2022.155550.

Gu, Y.; Banerjee, S.; Dini-Andreote, F.; Xu, Y.; Shen, Q.; Jousset, A.; Wei, Z. Small Changes in Rhizosphere Microbiome Compo-
sition Predict Disease Outcomes Earlier than Pathogen Density Variations. ISME ]. 2022, 16, 2448-2456.
https://doi.org/10.1038/s41396-022-01290-z.

Andargie, Y.E.; Lee, G.; Kim, M.-].; Fentie, E.G.; Jeong, M.; Tagele, S.B.; Lim, K.; Azizoglu, U.; Shin, J.-H. Soil Microbial Load
Modulation Improves Plant-Microbe Interactions and Bioinoculant Efficacy in Pathogen-Stressed Soils. Front. Plant Sci. 2025,
16, 1712997. https://doi.org/10.3389/fpls.2025.1712997.

Garzon-Nivia, M.A.; Martiz, ].M.; Moya-Elizondo, E.A.; Ruiz, B.; Cornejo, J.C.; Valdés-Gomez, H.A. Characterization and Iden-
tification of Neocosmospora Solani and Fusarium Oxysporum Causing Root Necrosis and Wilting of Orange Trees in Chile.
Plants 2025, 14, 376. https://doi.org/10.3390/plants14030376.

Li, F.; Zhang, S.; Wang, Y.; Li, Y.; Li, P.; Chen, L.; Jie, X.; Hu, D.; Feng, B.; Yue, K,; et al. Rare Fungus, Mortierella Capitata,
Promotes Crop Growth by Stimulating Primary Metabolisms Related Genes and Reshaping Rhizosphere Bacterial Community.
Soil Biol. Biochem. 2020, 151, 108017. https://doi.org/10.1016/j.s0ilbio.2020.108017.

Qiu, Z.; Wang, Z.; Wang, S.; Fei, ].; Qu, Z.; Wu, H.; Zhao, M.; Yang, H. Protective Role of Mortierella Alpina-Derived Lipids in
Resisting Root Rot in Panax Ginseng. Rhizosphere 2024, 32, 100994. https://doi.org/10.1016/j.rhisph.2024.100994.

https://doi.org/10.3390/plants15131986



Plants 2026, 15, 1986 30 of 31

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ozimek, E.; Hanaka, A. Mortierella Species as the Plant Growth-Promoting Fungi Present in the Agricultural Soils. Agriculture
2020, 11, 7. https://doi.org/10.3390/agriculture11010007.

Zhou, D;; Jing, T.; Chen, Y.; Wang, F.; Qi, D.; Feng, R.; Xie, ].; Li, H. Deciphering Microbial Diversity Associated with Fusarium
Wilt-Diseased and Disease-Free Banana Rhizosphere Soil. BMC Microbiol. 2019, 19, 161. https://doi.org/10.1186/s12866-019-1531-6.
Wang, Y.; Wang, L.; Suo, M.; Qiu, Z,; Wu, H.,; Zhao, M.; Yang, H. Regulating Root Fungal Community Using Mortierella Alpina for
Fusarium Oxysporum Resistance in Panax Ginseng. Front. Microbiol. 2022, 13, 850917. https://doi.org/10.3389/fmicb.2022.850917.

Li, J.; Gao, R.; Chen, Y.; Xue, D.; Han, J.; Wang, J.; Dai, Q.; Lin, M.; Ke, X.; Zhang, W. Isolation and Identification of Microvirga
Thermotolerans HR1, a Novel Thermo-Tolerant Bacterium, and Comparative Genomics among Microvirga Species. Microor-
ganisms 2020, 8, 101. https://doi.org/10.3390/microorganisms8010101.

Du, C; Yang, D,; Jiang, S.; Zhang, ].; Ye, Y.; Pan, L.; Fu, G. Biocontrol Agents Inhibit Banana Fusarium Wilt and Alter the Rooted
Soil Bacterial Community in the Field. J. Fungi 2024, 10, 771. https://doi.org/10.3390/jof10110771.

Misu, L].; Kayess, M.O.; Siddiqui, M.N.; Gupta, D.R.; Islam, M.N; Islam, T. Microbiome Engineering for Sustainable Rice Pro-
duction: Strategies for Biofertilization, Stress Tolerance, and Climate Resilience. Microorganisms 2025, 13, 233.
https://doi.org/10.3390/microorganisms13020233

Kraege, A.; Punt, W.; Doddi, A.; Zhu, J.; Schmitz, N.; Snelders, N.C.; Thomma, B.P.H.]. Undermining the Cry for Help: The
Phytopathogenic Fungus Verticillium Dahliae Secretes an Antimicrobial Effector Protein to Undermine Host Recruitment of
Antagonistic Pseudomonas Bacteria. New Phytol. 2025, 249, 406—417. https://doi.org/10.1111/nph.70686.

Lv, N,; Tao, C.; Ou, Y.; Wang, J.; Deng, X.; Liu, H.; Shen, Z,; Li, R.; Shen, Q. Root-Associated Antagonistic Pseudomonas Spp.
Contribute to Soil Suppressiveness against Banana Fusarium Wilt Disease of Banana. Microbiol. Spectr. 2023, 11, e0352522.
https://doi.org/10.1128/spectrum.03525-22.

Sen, A,; Saji, J.; Faseela, P.; Zhang, C.; Mohanan, S.; Xia, Y. Exploring the Functional Roles of Endophytic Bacteria in Plant Stress
Tolerance for Sustainable Agriculture: Diversity, Mechanisms, Applications, and Challenges. Plants 2026, 15, 206.
https://doi.org/10.3390/plants15020206.

Dardanelli, M.S.; De Cérdoba, F.J.E.; Estévez, ].; Contreras, R.; Cubo, M.T.; Rodriguez-Carvajal, M.A.; Gil-Serrano, A.M.; Lopez-
Baena, F.J.; Bellogin, R.; Manyani, H.; et al. Changes in Flavonoids Secreted by Phaseolus Vulgaris Roots in the Presence of Salt
and the Plant Growth-Promoting Rhizobacterium Chryseobacterium Balustinum. Appl. Soil Ecol. 2012, 57, 31-38.
https://doi.org/10.1016/j.aps0il.2012.01.005.

Sallam, A.A.; Haroun, S.A.; Aboulnaga, E.A.; Mowafy, A.M. Enterobacter Cloacae Induces SA-Dependent Systemic Acquired
Resistance of Zea Mays Against Fusarium Oxysporum. J. Plant Growth Regul. 2024, 43, 2536-2554. https://doi.org/10.1007/s00344-
024-11280-4.

Xiang, L.-G.; Wang, H.-C.; Wang, F.; Cai, L.-T.; Li, W.-H.; Hsiang, T.; Yu, Z.-H. Analysis of Phyllosphere Microorganisms and
Potential Pathogens of Tobacco Leaves. Front. Microbiol. 2022, 13, 843389. https://doi.org/10.3389/fmicb.2022.843389.

Li, W.; Long, Y.; Mo, F,; Shu, R.; Yin, X.; Wu, X.; Zhang, R.; Zhang, Z.; He, L.; Chen, T ; et al. Antifungal Activity and Biocontrol
Mechanism of Fusicolla Violacea J-1 against Soft Rot in Kiwifruit Caused by Alternaria Alternata. J. Fungi 2021, 7, 937.
https://doi.org/10.3390/jof7110937.

Jobert, L.; Vicheth, V.; Czernic, P.; Suong, M.; Béna, G.; Moulin, L. Rhizosphere Legacy of Leaf-Diseased Rice and Its Impact on
next Generation. Front. Microbiol. 2025, 16, 1677271. https://doi.org/10.3389/fmicb.2025.1677271.

Su, P.; Kang, H.; Peng, Q.; Wicaksono, W.A.; Berg, G.; Liu, Z.; Ma, ].; Zhang, D.; Cernava, T.; Liu, Y. Microbiome Homeostasis
on Rice Leaves Is Regulated by a Precursor Molecule of Lignin Biosynthesis. Nat. Commun. 2024, 15, 23.
https://doi.org/10.1038/s41467-023-44335-3.

Zhakypbek, Y.; Belkozhayev, A.M.; Kerimkulova, A.; Kossalbayev, B.D.; Murat, T.; Tursbekov, S.; Turysbekova, G.; Tursunova,
A.; Tastambek, K.T.; Allakhverdiev, S.I. MicroRNAs in Plant Genetic Regulation of Drought Tolerance and Their Function in
Enhancing Stress Adaptation. Plants 2025, 14, 410. https://doi.org/10.3390/plants14030410.

Ohta, A.; Nishi, K.; Hirota, K.; Matsuo, Y. Using Nanopore Sequencing to Identify Fungi from Clinical Samples with High
Phylogenetic Resolution. Sci. Rep. 2023, 13, 9785. https://doi.org/10.1038/s41598-023-37016-0.

Balotf, S.; Wilson, R.; Hemmati, R.; Eshaghi, M.; Wilson, C.; Mur, L. a. J. Plant-Pathogen Interactions: Making the Case for Multi-
Omics Analysis of Complex Pathosystems. Stress Biol. 2025, 5, 66. https://doi.org/10.1007/s44154-025-00260-7.

Folorunso, T.R.; Akwabeng, P.M.; Rowaiye, A.B.; Iduu, N.V.; Bur, D. High-Throughput Design of Defined Microbial Consortia
for Crop Protection. Ann. Bot. 2026, 137, 1141-1155. https://doi.org/10.1093/aob/mcag002.

https://doi.org/10.3390/plants15131986



Plants 2026, 15, 1986 31 of 31

68. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, ].R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H,;
Robinson, C.J.; et al. Introducing Mothur: Open-Source, Platform-Independent, Community-Supported Software for Describing
and Comparing Microbial Communities. Appl. Environ. Microbiol. 2009, 75, 7537-7541. https://doi.org/10.1128/aem.01541-09.

69. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic Biomarker Discovery
and Explanation. Genome Biol. 2011, 12, R60. https://doi.org/10.1186/gb-2011-12-6-160.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15131986



