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Abstract

Biocontrol by inoculation with beneficial microbes is a proven strategy for reducing the negative effect of soil-borne
pathogens. The effects of Trichoderma harzianum LTR-2 and Arthrobacter ureafaciens DnlLL1-1 on reducing Fusarium
crown rot (FCR) disease and influencing microbial community structure in wheat root-zone were evaluated by a plot
experiment. The experimental design consisted of four treatments: (1) control, (2) Fusarium pseudograminearum Fp
(FP), 3) £ pseudograminearum +LTR-2 (LFP), and (4) £. pseudograminearum +LTR-2+DnL1-1 (HFP). The results showed
that wheat seeds coated with LTR-2 spore suspension and combination of LTR-2 and DnL1-1 had relative control
efficacies of 50.77% and 67.73% on FCR disease, and increased wheat yield by 58.32% and 64.19%, respectively.
lllumina MiSeq sequencing revealed that bacterial and fungal abundance and diversity were significantly higher
(P<0.05) in both treatment groups (HFP and LFP) than in FP and control groups. Principal coordinates analyses
revealed that fungal and bacterial communities were distinctly separated among the treatment and control groups.
Fungal community composition analysis demonstrated that the relative abundance of phytopathogenic fungi Alter-
naria, Fusarium, and Cladosporium decreased and that of beneficial fungi Mortierella and Gamsia was more enriched
in HFP and LFP than in FP group. Bacterial community composition analysis revealed that the beneficial microbes,
such as Bacillus and Streptomyces were more abundant in HFP and LFP than in FP group. LEfSe analysis indicated
that the key different genera, e.q. Tetracladium (fungus), Sphingomonas and Ramlibacter (bacteria), which were
significantly negatively correlated with TP in HFP treatment. It was concluded that application of LTR-2 and DnL1-1
may recruit a variety of phosphate-solubilizing microbes to promote wheat growth. Overall, these results confirm
that the relative abundance of phytopathogenic fungi decreased significantly following application of LTR-2 alone
and combined with DnL1-1 and beneficial microbes accumulated more easily in the wheat root-zone compared
with that in FP and control groups.
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Background

The rhizosphere is a hot spot of microbial interactions,
as exudates secreted by plant roots are the main food
source for microorganisms and a driving force of their
population density and activities. The root-associated
microbial communities play an important role in the
soil ecosystem, influencing many soil biochemical pro-
cesses and impacting plant growth and health. Although
a large number of studies have shown that beneficial
microbes application result in changes in the rhizosphere
soil microbial structure (Sui et al. 2022), very few stud-
ies have involved root-zone soil. Root-zone soil is not (or
only lightly) affected by plants roots and root exudates,
with a consequent lower level of microbial activity and
soil fertility. Nonetheless, this part of the soil is necessary
for the stability of soil aggregates and the resistance of
soil to negative phenomena (e.g., soil erosion, leaching of
nutrients) (Li et al. 2016). Research has also shown that
the soil physicochemical environment play an important
role in affecting microbe establishment (Ou et al. 2021).
Nevertheless, the effects of microbial control strains on
root-zone soil microbial communities and physicochemi-
cal property are rarely reported.

Wheat is one of the most important food crops, rank-
ing third after rice and corn, for nearly a half of the global
population. It is widely cultivated in China annually
more than 24 million hectares, accounted for 17% and
16% of the total world wheat production and consump-
tion, respectively (Wang et al. 2021). Fusarium crown
rot (FCR) of wheat caused by Fusarium pseudogramine-
arum Fp that occurs extensively across Huanghuai win-
ter wheat region of China, including Henan, Hebei,
Shandong, Shanxi, Anhui, Jiangsu provinces and so on.
In China, FCR has posed serious threat to wheat pro-
duction, resulting in 35%-70% losses (Xu et al. 2016).
Meanwhile, FCR also produces deoxynivalenol (DON)
to present the potential threat to wheat quality and pro-
duction (Xie et al. 2023). Chemical control presented the
most direct and effective method for controlling FCR
disease; however, overuse of fungicides usually leaded to
serious harm to the ecological environment and human
healthy. Biological control has been proved to prevent
FCR disease and promote wheat growth. Bacillus sia-
mensis YB-1631, Chaetomium globosum 12XP1-2-3, Pae-
niocollus polymyua, and Piriformospora indica have been
isolated and applied for control for FCR of wheat (Dong
et al. 2023; Feng et al. 2023; Li et al. 2023a, b, ¢; Wang
et al. 2023).

The application of exogenous beneficial microor-
ganisms can enhance nutrient absorption, promote
crop growth, change microbial community structure,
and reduce soil-borne diseases. It has been proposed
that Trichoderma inoculants, and combination of
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Trichoderma mixed with other strains can reduce wheat
disease, improve the niche environment and increase
wheat productivity (Hu et al. 2021; Stummer et al.
2022; Sui et al. 2022). The synergistic inhibition effect
of Trichoderma gamsii and Pseudomonas azotoformans
against FCR on wheat has been reported by Makhlouf
et al. (2023). Our previous researches have demonstrated
that Arthrobacter ureafaciens DnL1-1 not only signifi-
cantly promoted plant root growth, possessed phos-
phate-mobilizing activity and motility, but also improve
the yield and quality of wheat (Bazhanov et al. 2017; Li
et al. 2019). Trichoderma harzianum LTR-2 has the sig-
nificant control efficiency against wheat disease and
yield increase (Wu et al. 2015). Effects of seed dressing
treatment with 7. harzianum LTR-2 on the growth of
winter wheat seedlings, soil borne diseases, and rhizos-
phere fungal community have been reported by Hu et al.
(2021). The synergistic effect of T. harzianum LTR-2 and
A. ureafaciens DnL1-1 against Fp and effective growth-
promoting activity on wheat by pot experiment has
also been investigated (Yang et al. 2023). For microbial
inoculants, the ability to establish and maintain suffi-
cient population size within the rhizosphere is a critical
prerequisite for the control of soil-borne wheat diseases.
However, the reaction of the root-zone soil community
by LTR-2 inoculation and combined LTR-2 and DnL1-1
applications on wheat after the whole growth period has
not been investigated. In this context, plot experiment of
wheat was carried out to determine the effects of LTR-2
and DnL1-1 against FP inoculation on soil by measure-
ment of (i) the disease index in different treatments and
the nutrient profile and physicochemical characteristics
of wheat soil; and (ii) the root-zone fungal and bacterial
communities of wheat in different treatments. The results
of this study would explore and improve our understand-
ing of the biocontrol mechanism of the microbial strain
LTR-2 and DnL1-1 from a root-zone microbiota ecology
perspective.

Results

Effects of T. harzianum LTR-2 and A. ureafaciens DnL1-1

on disease

The survey results of wheat FCR disease showed that
both T harzianum LTR-2 (LFP) and combined T. har-
zianum LTR-2 with A. ureafaciens DnL1-1 (HFP) treat-
ments on wheat seed dressing significantly reduced the
disease index of FCR (P<0.05) (Table 1), with the values
of 29.78% and 34.04%, respectively. In addition, both LFP
and HFP treatments also significantly reduced the white-
heads rate (P<0.05). The control efficiencies of these
two treatments (LFP and HFP) were 50.77% and 67.73%,
respectively. Compared with the negative control of FP
group, the wheat yield of both treatments increased by
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58.32% and 64.19%, respectively (P <0.05). The content of
DON increased only 6.30 and 4.29 fold for LFP and HFP
treatments compared with control group, respectively,
which were notably lower than that of FP group (9.29
fold).

Soil physicochemical properties

The impact of different treatments of T. harzianum
LTR-2 and A. wureafaciens DnL1-1 application on the
soil physicochemical properties was shown in Table 2.
In both treatments compared to control and FP groups,
there were no obvious changes observed in the levels
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of pH, soil organic matter (SOM), total nitrogen (TN),
total phosphorus (TP), total potassium (TK), available
nitrogen (AN), available phosphorus (AP), and available
potassium (AK) (P>0.05).

Microbial community composition and alpha-diversity

After read-quality filtering, 11,075 high-quality fungal
sequences and 69,474 high-quality bacterial sequences
were obtained. Venn diagrams were constructed to ana-
lyze amplicon sequence variant (ASV) among different
treatments samples (Fig. 1). A total of 2550 fungal ASVs
and 16,977 bacterial ASVs were obtained in this study.

Table 1 Effect of T harzianum LTR-2 and A. ureafaciens DnL1-1 on FCR, yield, and DON content of wheat

Treatment Disease index Whiteheads rate (%) Control efficiency Yield (g/mz) Content of DON (mg/kg)
(%)

Control 5.00+5.00c 0.23+0.40c - 498.22+81.15a 2.03+0.34d

FP 7833+2.89a 1227+121a - 7147 +2897¢ 18.86+9.39a

LFP 55.00+8.66b 6.04+1.63b 50.77 181.25+49.39bc 12.78+2.98ab

HFP 51.67 +7.64b 3.96+1.81b 67.73 199.60+69.54b 8.70+4.06bc

Analysis of variance (n=3) followed by Duncan’s test where treatments in the same column with different letters are significantly different at the 95% confidence

interval

Table 2 Chemical characteristics of root rhizosphere soil at harvest stage

Treatment  pH SOM(g/kg) TN(9/kg) TP(g/kg) TK(g/kg) AN(mg/kg) AP(mg/kg) AK(mg/kg)
Control 8.26+0.03a 1640+2.21a 1.10+0.05a 1.09+0.23a 1745+0.17a 84.94+2.04a 11440+4441a 135.44+8.14a
FP 825+0.18a 17.09+2.14a 1.16+0.12a 1.12+0.07a 17.00£097a 9528+921a 11842+2548a 155.06+11.54a
LFP 8.16+0.13a 1535+2.24a 1.10+0.05a 1.06+0.18a 16.93+0.56a 96.26+22.95a 98.75+£51.79a 158.72+24.493
HFP 8.16+0.05a 17.87+1.24a 1.03+£0.09a 091+0.14a 17.76+0.19a 86.91+899% 94.33+3244a 145.05+13.62a

Values are presented as means +SD (n=3). Means within a column followed by various letters are significantly different (P <0.05). SOM, soil organic matter; TN, total
nitrogen; TP, total phosphorous; TK, total potassium; AN, available nitrogen; AP, available phosphorous; AK, available potassium

a b
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LFP

LFP

Control

Fig. 1 Venn diagrams showing the unique and shared ASVs between the microbial inoculant treatments and control group. a A Venn diagram
of fungi from the FP, LFP, HFP treatments and control group; b A Venn diagram of bacteria from the FP, LFP, HFP treatments and control group
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Among the fungal ASVs, 93 ASVs were common to all
samples, and 353, 391, 754, and 528 ASVs were unique
obtained under control, FP, HFP, and LFP, respectively
(Fig. 1a). Bacterial ASV analysis indicated that 689 ASVs
were shared among the four samples, and 2107, 1700,
4612, and 3769 ASVs were unique to the control, FP, HFP,
and LFP, respectively (Fig. 1b).

As shown in Fig. 2 and Additional file 2: Table S1, the
ASVs, the Shannon and Chao 1 index and Simpson index
were compared under various conditions in bacterial
and fungal colonies, respectively. The ASVs, Shannon
and Chao 1 index revealed that HFP exhibited the high-
est fungal richness compared to control and FP (P<0.05),
but no obvious changes were observed between LFP and
control (P>0.05). Despite this, differences in Simpson
indexes were not detected from control, LFP, and HFP
ranging between 0.92 and 0.95, while greater diversities
were found compared to FP (0.86) (P<0.05) (Fig. 2a—d).
The ASVs, Shannon and Chao 1 index indicated that the
diversity of soil bacteria exhibited the following trend:
HFP > LFP > control > FP, indicating different bacterial
diversity among the different treatments (P<0.05), while
no significant difference was observed between HFP and
LFP (P>0.05) (Fig. 2e-h).

Soil fungal community composition

The composition and relative abundance of the soil fun-
gal community under various microbial treatments are
presented in Fig. 3a, c. At the phylum level, Ascomycota,
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Basidiomycota, Mortierellomycota, and Glomeromycota
were the dominant microorganisms, accounting for up
to 55% of the total microorganisms, with a relative abun-
dance of 30.90%-50.38%, 4.19%—21.15%, 1.89%—13.88%,
and 0.05%—-1.69%, respectively. Compared with FP
group, HFP and LFP treatments significantly decreased
the relative abundance of Ascomycota and Basidiomy-
cota but significantly increased the relative abundance
of Mortierellomycota and Glomeromycota (P<0.05)
(Fig. 3a). The predominant genera under the four treat-
ments included Alternaria (6.31%-20.72%), Fusarium
(0.67%—17.15%), Filobasidium (1.13%—17.32%), Mor-
tierella (1.28%-11.65%), Cladosporium (2.05%—6.19%),
Cystofilobasidium (0.08%—-4.95%), Papiliotrema (0.086%—
3.46%), and Gamsia (0.073%—1.21%) (Fig. 3c). Compared
with FP group, HFP and LFP treatments significantly
decreased the relative abundance of Alternaria, Fusar-
ium, Filobasidium, Cladosporium, and Cystofilobasid-
ium, but significantly enriched Mortierella and Gamsia
(P<0.05).

Soil bacterial community composition

The composition and relative abundance of the soil bac-
terial community under various microbial treatments are
presented in Fig. 3b, d. At the phylum level, Proteobac-
teria, Actinobacteria, Acidobacteria, Bacteroidetes, and
Firmicutes were the dominant microorganisms, account-
ing for up to 75% of the total microorganisms, with a
relative abundance of 22.2%4-26.57%, 21.02%-31.81%,
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Fig. 2 Box plots showing the fungal (a—d) and bacterial (e-h) diversity (ASVs, Chao 1 index, Shannon index and Simpson index) in wheat root-zone
soil. * indicates significant difference at P<0.05 by nonparametric Wilcoxon test
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1.17%-22.59%, 4.64%-17.27%, and 2.55%-—24.00%,
respectively. In addition, Gemmatimonadetes (0.51%—
7.90%), Chloroflexi (0.77%—6.02%), Verrucomicrobia
(1.97%-4.13%), Crenarchaeota (0.85%-5.80%), Nitro-
spirae  (0.33%-2.77%), and TM?7 (0.76%-3.06%) all
accounted for more than 1% of the total microorganisms
(Fig. 3b). Compared with FP group, HFP and LFP treat-
ments significantly increased the relative abundance of
Acidobacteria, Gemmatimonadetes, Chloroflexi, and
Nitrospirae but no significantly differences with Proteo-
bacteria and Actinobacteria. In addition, HFP and LFP
treatments significantly decreased the relative abundance
of Bacteroidetes, Firmicutes, Verrucomicrobia, and Cre-
narchaeota compared with FP group (P<0.05). At the
genus level, most of microorganisms were unclassified,
followed by Arthrobacter, Exiguobacterium, Candida-
tus_Nitrososphaera, Bacillus, Pedobacter, Rubrobacter,
Pseudomonas, Planomicrobium, Flavisolibacter, Devo-
sia, Streptomyces, and Kaistobacter were the dominant
microorganisms. Compared with FP group, HFP and LFP
treatments significantly decreased the relative abundance
of Arthrobacter, Exiguobacterium, Candidatus_Nitros-
osphaera, Pedobacter, Pseudomonas, Planomicrobium,
Flavisolibacter, and Devosia, but significantly enriched
Bacillus and Streptomyces (P <0.05) (Fig. 3d).

Comparison of microbial community between the different
treatment groups

The richness and diversity of the fungal community in
the root-zone soil were assessed by the alpha diversity.
The average alpha diversity indexes (+ SD) obtained from
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root-zone fungal and bacterial communities associated to
wheat different treatments (control, FP, LFP, HFP) were
showed in Additional file 2: Table S1.

Principal coordinates analysis (PCoA) was performed
to analyze the differences or similarities (Bray—Cur-
tis index) in root-zone microbial community between
microbial inoculant treated groups and control groups.
Both the fungal and bacterial community structures of
the treatment groups (HFP and LFP) were clearly sepa-
rated from the FP and control groups along the Axis.1
(43%) for fungi and Axis.1 (42.5%) for bacteria (Fig. 4).
HFP and LFP resulted in higher PC1 values than FP and
control groups. On the Axis.2, the control group was
obviously separated from the FP group along the Axis.2
(17.3%) for fungi and Axis.2 (13.3%) for bacteria. The
HFP and LFP treatments showed higher PC2 values than
FP group and lower PC2 values than control group for
fungi, while showed lower PC2 values than FP group and
higher PC2 values than control group for bacteria. These
results indicate that the first component was differenti-
ated based on microbial inoculant treatment or no treat-
ment, while the second component was differentiated
based on the E pseudograminearum Fp inoculant or no
treatment.

Identification of keystone taxa under different treatment
groups

Linear discriminant analysis Effect Size (LEfSe) analysis
revealed that microbial communities were significantly
distinct under the four treatments. Analysis by LEfSe
showed that there were 107 bacterial and 32 fungal taxa
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Fig. 4 Principal coordinate analysis of soil microbial community composition based on Bray—Curtis distance at the ASV level. a Fungi. b Bacteria
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enriched (P<0.05, linear discriminant analysis (LDA)
score >3.0) (Fig. 5). The four groups showed differen-
tially abundant fungi from two phylum, five classes,
seven orders, eight families, and ten genera (Fig. 5a, b).
The abundances of phyla Basidiomycota and Mortierel-
lomycota were statistically different and distinctive for
control and HFP treatment, respectively. At the genus
level, Filobasidium and Alternaria were enriched under
EP; Sarocladium, Cystofilobasidium, Naganishia, Dio-
szegia, and Ascobolus were significantly under control;
Mortierella, Tetracladium, and Chaetomium were sig-
nificantly characteristic for HFP treatment. In addition,
no discrimination fungal taxa could be found under
LFP treatment. Meanwhile, the four groups displayed
differentially abundant bacteria from six phylum, 12
classes, 15 orders, 28 families, and 46 genera (Fig. 5¢,
d). At the phylum level, Firmicutes was enriched under
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FP; Acidobacteria and Proteobacteria were significantly
enriched under LFP; Armatimonadetes, Chloroflexi,
Gemmatimonadetes were significantly enriched under
HEFP. At the genus level, Arthrobacter, Pedobacter, Phyl-
lobacterium, Janthinobacterium, Lentzea, Luteolibacter,
Promicromospora, and Chthoniobacter were enriched
under control; Exiguobacterium, Planomicrobium, Rho-
dococcus, and Dyadobacter were significantly charac-
teristic for treatment FP; Streptomyces, Kaistobacter,
Hyphomicrobium, Nocardioides, Reyranella, Lysobacter,
Actinomadura, Cupriavidus, Candidatus_Solibacter,
Virgisporangium, Pseudonocardia, Geodermatophi-
lus, and Arenimonas were significantly enriched under
LFP. HFP treatment had the largest number of dis-
tinguishing taxa, including Bacillus, Sphingomonas,
Achromobacter, Steroidobacter, Rhodoplanes, Opitutus,
Iamia, Ramlibacter, Phenylobacterium, Fimbriimonas,
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significantly abundant in control, FP HFP, and LFP plots are indicated in cyan, red, blue, and purple, respectively. Species with the significant
difference that have a higher LDA score than the estimated value. The length of the histogram represents the LDA score; i.e., the degree of influence
of taxa with a significant difference between different treatments. (LDA score > 3.0, Kruskal-Wallis rank sum test, P <0.05). Control, both seeds

and soil were only applicated with water; FP, only soil were applicated with Fp; HFP, seeds were inoculated with LTR-2 and DnL1-1 and soil were
applicated with Fp; LFP, seeds were inoculated with LTR-2 and soil were applicated with Fp
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Methylibium, Thermomonas, Rubrivivax, Ardenscatena,
Chondromyces, Aquicella, Euzebya, Chloronema, Sac-
charothrix, Plesiocystis, and Gemmatimonas.

Microbial network analysis

To identify potential interaction among fungal and bacte-
rial community members associated with the root-zone
soil, we constructed fungal and bacterial co-occurrence
networks for different treatments by using the Cytoscape
software (Fig. 6). Comparative analysis of the charac-
teristic values of the four fungal correlation networks
revealed (Fig. 6a—d) that the control, FP, LFP, HFP treat-
ments contained 131, 146, 143, 176 network nodes and
1454, 1746, 1710, 2661 edges, respectively. Both network
nodes and edges in control were smaller than in strain
added treatments, and in FP and LFP were also smaller
than in HFP treatment, while there is no significant dif-
ference between FP and LFP treatments.

While the characteristic values of the four bacterial cor-
relation networks were compared and revealed (Fig. 6e—
h) that the control, FP, LFP, HFP treatments contained
229, 229, 245, 256 network nodes and 5416, 5935, 6061,
6269 edges, respectively. The bacterial network had larg-
est network nodes and edges in HFP treatment compared

e -
Nodes: 131; Edges: 1454
Positive edges: 1132

Nodes: 146; Edges: 1746
Positive edges: 1391

Nodes: 229; Edges: 5416 Nodes: 229; Edges: 5935
Positive edges: 2983 Positive edges: 3758

Nodes: 143; Edges: 1710
Positive edges: 1238

Nodes: 245; Edges: 6061
Positive edges: 3623
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to other treatments. Thus, synergistic inoculation LTR-2
and DnL1-1 could induce the microbial community and
enrich the fungal and bacterial network significantly.

Relationships between soil microbial communities and soil
chemical properties

The redundancy analysis (RDA) was used to explain the
impact of soil parameters on microbial populations at the
genus level. These soil indicators elucidated 39.12% of
the total variation in the soil fungal community (RDA1L,
22.06%; RDA2, 17.06%; Fig. 7a). It was identified that soil
TP, TN, and AP were the main factors to cause changes
in fungal community variation. For the bacterial com-
munities, RDA1 and RDA2 explained 29.83% and 14.26%
of the total variation, respectively (Fig. 7b). Furthermore,
soil AN, pH, and TP were the significant factors influenc-
ing the root-zone bacterial community.

Correlation analysis between soil parameters and
fungal communities showed that Ramicandelaber was
significant negatively associated with TN (£<0.001).
Tetracladium was significant negatively associated with
TP (P<0.001). Leptosphaeria was significant positively
associated with pH (P<0.05), but negatively associ-
ated with AP and SOM (P<0.05). Schizophyllum and
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®
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ermi
® Verrucomicrobia

Nodes: 256; Edges: 6269
Positive edges: 3872

Fig. 6 Co-occurrence network of the fungal and bacterial communities associated with wheat root-zone soil in different treatments. a-d Fungal
communities in control, FP, LFP, HFP treatments soil, respectively; e-h Bacterial communities in control, FP, LFP, HFP treatments soil, respectively.
Different nodes are shown in different colors. Node size is proportional to the relative abundance; the larger node indicates the higher relative
abundance. Links of different colors represent positive and negative interactions in the networks. Cyan respresents positive correlation, while red
represents negative correlation
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Fig. 7 Redundancy analysis (RDA) to test the soil properties influencing the fungal (a) and bacterial (b) ASV compositions in the root-zone of wheat

Eutypella were significant positively associated with AP
(P<0.05), but negatively associated with pH (P<0.05).
In addition, Tomentella, Glomus, Cephaliophora, Micro-
diplodia, and Laetisaria were significant negatively
associated with TP (P<0.05) and AP (P<0.05) (Fig. 8a).
Correlation analysis between soil parameters and bacte-
rial communities showed that Blastococcus and Myxo-
coccus were significant positively associated with TP
(P<0.05) and AN (P<0.05). Cellulosimicrobium was
positively associated with TK (P<0.05), but negatively
associated with AN (P<0.05). Kibdelosporangium was
negatively associated with TP (P<0.05) and AP (P<0.05).
Enterobacter was positively associated with AK (P<0.05),
but negatively associated with AP (P<0.05), respectively.
Solitalea was significant negatively associated with TP
(P<0.01), AP, SOM and TN (P<0.05). Ramlibacter was
also significant negatively associated with TP, AP, and
SOM (P<0.01). In addition, Sphingomonas, Solimonas,
and Asteroleplasma were significant negatively associ-
ated with TP (P<0.01) and AP (P<0.05) (Fig. 8b).

Discussion

Effects of T. harzianum LTR-2 and A. ureafaciens DnL1-1

on wheat disease

Trichoderma harzianum have been widely used as com-
mercial biocontrol agents against plant diseases. In this
study, 1. harzianum LTR-2 and A. wureafaciens DnL1-1
significantly decreased wheat FCR disease, increased
wheat yield and reduced the content of DON. These
results were in agreement with our previous finding
that T. harzianum LTR-2 and A. wureafaciens DnL1-1

significantly increase wheat growth and control wheat
crown rot efficiently in pot experiment (Yang et al. 2021,
2023).

Effects of T. harzianum LTR-2 and A. ureafaciens DnL1-1

on soil microbial community structure

Soil microbial community composition and diversity are
crucial for soil quality and plant growth. In the present
study, compared with the control and negative control,
combination of Trichoderma and Arthrobacter inocula-
tion significantly induced the fungi and bacterial rich-
ness and diversity and changed the bacterial taxonomic
composition (Fig. 1, 5). Wang et al. (2021) reported that
BIO-1 (Paenibacillus jamilae HS-26) and BIO-2 (Bacillus
amyloliquefaciens subsp. plantarum XH-9) inoculation
could effectively reduce the occurrence of disease caused
by E graminearum F0609, and significantly increase bac-
terial diversity and richness. Feng et al. (2023) reported
that C. globosum 12XP1-2-3 exhibited a significant
antagonistic effect against E pseudograminearum,
increased the accumulation of beneficial bacteria such
as Bacillus, Rhizobium and Sphingomonas to contrib-
ute to health state of rhizosphere microorganisms and
increased wheat yield. However, the effects of T. harzi-
anum LTR-2 and A. ureafaciens DnL1-1 on root-zone soil
community composition remain unclear.

In the present study, the predominant phyla of bacte-
rial community in the wheat soil were Proteobacteria,
Actinobacteria, Acidobacteria, and Bacteroidetes which
was consistent with other findings (Meng et al. 2019). In
comparison to FP group, the relative abundances of Aci-
dobacteria, Gemmatimonadetes, Chloroflexi, and Nitro-
spirae were significantly increased under HFP and LFP
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treatments. Earlier studies have shown that fertilization,
management and biocontrol agents altered the relative
abundance of Acidobacteria, Gemmatimonadetes, Chlor-
oflexi, and Nitrospirae (Xu et al. 2020; Ma et al. 2021; Li
et al. 2023a, b, ¢; Liu et al. 2023). These studies collec-
tively suggest that the increased abundance of Acidobac-
teria, Gemmatimonadetes, Chloroflexi, and Nitrospirae
in crop rhizosphere could be associated with the elevated
potential for crops to defend against soil-borne diseases,
making them pools of microbes with antimicrobial capa-
bilities. It is explained by the related functions of these
microflorae. For example, the majority of nonribosomal
peptide synthetases (NRPS) and polyketide synthases
(PKS) clusters, which produce many metabolites such as
many antibiotics, antifungals, siderophores, and immu-
nosuppressants, occurred in a wide diversity of Acido-
bacteria (Crits-Christoph et al. 2018). Chloroflexi can fix
inorganic CO, as well as aerobically oxidize carbon mon-
oxide and nitrite and reduce ferric iron and nitrate, and
act as primary degraders of polysaccharides (Ma et al.
2021). Nitrospirae can perform both ammonia and nitrite
oxidation to produce nitrate (Shade and Gilbert 2015).

In comparison to FP group, the predominant genera
of bacterial community in HFP and LFP treatments were
Bacillus and Streptomyces. Bacillus species are commer-
cially marketed as biopesticides, biofertilizers, and soil
amendments (Chen et al. 2020; Lee et al. 2023). Most
Streptomyces found in soil are non-pathogenic and have
biocontrol activity and produce bioactive compounds to
inhibit the growth of pathogen fungi (Moody and Love-
ridge 2014; Lee et al. 2023). Several studies have reported
that higher soil bacterial community diversity might
enhance resistance to pathogen invasion by improving
the community’s ability to efficiently exploit and compete
for available resources in their environment (Mallon et al.
2015).

Gqozo et al. (2020) reported that fungal diversity along
with species richness (OTU numbers) declined from the
non-rhizosphere to the rhizosphere soils. Ascomycota
and Basidiomycota were the dominant fungi in both the
rhizosphere and non-rhizosphere soils. Moreover, in this
study, Ascomycota is identified as the dominant fun-
gal phylum in the root-zone soil, which is different from
Zygomycota significantly affected by application of bio-
char reported by Meng et al. (2019), but consistent with
wheat rhizosphere soil reported by Chen et al. (2021),
Sui et al. (2022), and Li et al. (2023a, b, c). Trichoderma
inoculation treatment affected the structure and diversity
of the rhizosphere microbial community, such as increas-
ing the content of Mucoromycota and Olpidiomycota
as Sui et al. (2022) reported. However, in our study, the
relative abundance of Mortierellomycota and Glomero-
mycota under HFP and LFP treatments was much higher

Page 10 of 17

than in the FP group, which can drive soil carbon cycling,
P-dissolution and immobilization, lipid metabolism,
and chitin degradation (Telagathoti et al. 2021; Liu et al.
2022). These reports indicate that different exogenous
treatments show different effects on plant root microbial
community structure.

According to the previous reports, the application
of beneficial microbes significantly increased the rela-
tive abundance of some genera that can promote plant
growth, while significantly decreasing some genera that
hinder plant growth. In HFP and LFP treatments, the rel-
ative abundance of Alternaria spp. as the most dominant
pathogen, which could cause various plant diseases was
significantly decreased (Sui et al. 2022; Ali et al. 2023).
Fusarium spp. including E pseudograminearum, as the
main pathogen causing wheat crown rot, was also signifi-
cantly reduced. In addition, Cladosporium spp. causing
leaf spot in various plant species such as tomato, canola
crop and oat was also reduced (Idnurm et al. 2021; Razak
and Abass 2023; Zhang et al. 2024). These results indi-
cated that T. harzianum LTR-2 may also be effective in
controlling plant diseases caused by them. In HFP and
LFP treatments, Mortierella and Gamsia were signifi-
cantly enriched, which is different from Olpidium and
Botryotrichum reported by Sui et al. (2022). Arachidonic
acid (ARA), produced by most Mortierella species, is
an important component of biological cells, which can
antagonize plant disease (Dedyukhina et al. 2014). Some
species of Mortierella were proved to exhibit antagonis-
tic activities against plant pathogens that cause root rot,
potato scab, and vanilla Fusarium wilt disease and con-
sidered as indicator and enhancer of Fusarium wilt dis-
ease suppression in vanilla (Ma et al. 2021). Mortierella
can improve the bioavailability of phosphorus and iron in
the soil and improve the nutrient use efficiency of plants
(Shi et al. 2022). Therefore, Mortierella might act as the
key factor for soil-borne disease suppression properties
of the soil.

Our study also found that after inoculation with 7. har-
zianum LTR-2, the relative abundance of Trichoderma
(<0.1%) in the root-zone soil was lower than that in the
rhizosphere soil (<1%) (Sui et al. 2022). These researches
indicated that even in the rhizosphere soil, the content of
Trichoderma inoculation was still not absolutely domi-
nant. However, whether in the rhizosphere or root-zone
soil, the application of LTR-2 and DnL1-1 can increase
the abundance of beneficial microorganisms, decrease
the content of pathogenic microorganisms, and steer
the composition of soil fungal and bacteria communi-
ties towards a heathy direction. This, in turn, reduces the
occurrence of plant diseases and promotes plant growth
and development.
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Specific genera occur in the different treatment
rhizosphere microbiota

According to the LEfSe method, unique microorganisms
in each treatment were traced. 21 and 13 genera were sig-
nificantly characteristic of the HFP and LFP treatments,
respectively. Combined with microbial network analy-
sis of different treatments, the combined application of
LTR-2 and DnL1-1 on wheat probably supports a more
complex soil microbial community than single applica-
tion of LTR-2. Each strain treatment will enrich different
bacterial taxa. Various PGPR, including Bacillus, Sphin-
gomonas, Rhodoplanes, Opitutus, lamia, Ramlibacter,
Methylibium, Thermomonas, Rubrivivax, Ardenscatena,
Chondromyces, Chloronema, Saccharothrix, and Gem-
matimonas in HFP and Streptomyces, Nocardioides,
Lysobacter, Actinomadura, Candidatus_Solibacter, Vir-
gisporangium, Pseudonocardia, and Geodermatophilus in
LFP as well as Steroidobacter, lamia, Phenylobacterium,
Fimbriimonas, and Aquicella in HFP and Kaistobacter,
Hyphomicrobium, Reyranella, Cupriavidus, and Areni-
monas in LFP as degrading bacterica.

Bacillus and Achromobacter have been reported to
help suppress diseases and promote plant growth, and
be related with P mineralization, as well as Ramlibac-
ter, Gemmatimonas, and Nocardioides (Yin et al. 2022;
Zhang et al. 2023). Iamia and Nocardioides are involved
in nitrogen cycling (Liu et al. 2023; Zhang et al. 2023).
Nocardioides, Bacillus, and Streptomyces, acted as PGPR,
presented to produce a large amount of IAA, degrade
toxic compounds (fungicide, herbicide and insecticide)
and secrete actinomycin to antagonize the soil pathogens
(Hayat et al. 2010; Liu et al. 2023). Bacillus sp., known
as promising inoculants in agriculture, could increase
biotic and abiotic stress resistance in plants by produc-
ing 1-aminocyclopropane-1-carboxylate (ACC) to inhibit
the plant’s production of stress-related hormones (Hayat
et al. 2010). Sphingomonas and Streptomyces showed
beneficial effects on enhancing biotic resistance by excit-
ing sources of multiple biologically active metabolites,
such as regulating the levels of ABA, SA, or secret-
ing 1-aminocyclopropane-1-carboxylic acid deaminase
(Singh and Dubey 2018; Lu et al. 2023). Sphingomonas
spp. are known for their extraordinary ability to degrade
recalcitrant environmental pollutants and can degrade
the mycotoxin deoxynivalenol (DON) produced by
Fusarium, thus showing potential for controlling Fusar-
ium pathogens (He et al. 2017). Saccharothrix spp., a kind
of actinobacterium, has the ability to produce numerous
bioactive secondary metabolites such as dithiolopyr-
rolone derivatives with antifungal properties (Merrouche
et al. 2017), and been correlated to ET/JA pathway to
enhance disease resistance (Muzammil et al. 2014).
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It is well known that wheat growth is closely related to
phosphorus content, and the correlation between micro-
bial communities and soil nutrients also showed that
(Fig. 8). Like previous studies, Proteobacteria and Act-
inobacteria have been reported as the dominant phyla
of phosphate-solubilizing bacteria (PSB) (Zhang et al.
2021). In our study, Proteobacteria (e.g. Sphingomonas,
Ramlibacter, Enterobacter, Solimonas, Myxococcus),
Actinobacteria (e.g. Blastococcus, Kibdelosporangium)
showed the correlation with phosphorus content. In
fact, Sphingomonas could secrete IAA, and has the abil-
ity of carbon and nitrogen fixation and iron production,
which can effectively promote plant growth (Damo et al.
2022). An interesting finding was that Sphingomonas
exhibited an extremely significant negative correlation
with phosphorus content (TP and AP) (P<0.001). In
addition, phosphorus content (TP and AP) also showed
significant negative correlation with Ramlibacter. These
results showed that Sphingomonas and Ramlibacter may
possess phosphorus-solubilizing properties, promoting
the mineralization of phosphorus and accelerating the
absorption of available phosphorus by plants, thereby
promoting wheat growth.

Tetracladium has been reported to have a considerable
ability to decay organic substrates and is correlated with
variations in carbon resources in the soil (Li et al. 2023a,
b, c). Lazar et al. (2022) have found that total phospho-
rus and extractable phosphorus were the most important
environmental drivers of the relative abundance of Tetra-
cladium spp. within plant roots. Among them, many spe-
cies have the characteristics of phosphorus dissolution.
In our study, TP presented an extremely significant nega-
tive correlation with Tetracladium (P<0.001), as well as
a significant negative relationship with Cephaliophora,
Glomus and Tomentella (P<0.01). Glomus and Tomen-
tella have also been presented to have the ability to pro-
mote nutrients uptake (e.g. TP and AP) and promote the
plant growth (Ramadhani et al. 2018; Wang et al. 2024).
These results suggest that a variety of beneficial bacteria
significantly promoted the absorption of phosphorus,
thus promoting wheat growth and increasing yield.

The study found that the composition of the root-zone
soil fungal community differed significantly among dif-
ferent treatments (control, FP, LFP, and HFP). Among
them, Mortierella, Tetracladium, and Chaetomium were
characteristical for HFP, which was also high relative
abundance in the healthy rhizosphere soil fungi (Duan
et al. 2022). According to previous reports, Mortierella
and Tetracladium could effectively improve soil nutri-
ent use efficiency, antagonize plant pathogenic bacte-
ria and fungi, and promote plant growth (Duan et al.
2022; Shi et al. 2022). Chaetomium spp. have emerged
as a source of multifarious bioactive natural compounds,
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including chaetoglobosins, epipolythiodioxopiperazines,
azaphilones, xanthones, anthraquinone, and terpenoids.
These compounds can significantly inhibit the patho-
genic fungi and bacteria (Jiang et al. 2017; Dwibedi et al.
2023). Nevertheless, only Alternaria and Filobasidium,
which were soil-borne pathogenic fungi, were charac-
teristic for FP. In fact, application of LTR-2 and DnL1-1
modulated the root-zone community composition and
recruited the potential beneficial groups. These enriched
beneficial microbes could protect plants against patho-
gens, improve soil physical and chemical composition
and then to promote wheat’s productivity and quality.

Conclusions

In summary, the combined application of LTR-2 and
DnL1-1, as well as the single application of LTR-2, may
create a healthier soil micro-ecological environment for
the growth of wheat by reducing the abundance of plant
pathogens in the fungal community of wheat root-zone
soil, thereby providing evidence for the prevention and
control of FCR and the improvement of wheat yield.

The root-zone populations of plant pathogens in HFP
and LFP treatments were significantly lower than those
in FP group, while more beneficial microorganisms were
enriched in HFP and LFP treatments than in FP group
(P<0.5). Network analysis showed that the combined
application of LTR-2 and DnL1-1 could significantly
enrich the fungal and bacterial community networks.
RDA results indicate that soil physicochemical factors,
especially phosphorus, could also be closely correlated
with microbial community. A variety of characteris-
tic beneficial microorganisms enriched in LFP and HFP
treatments possess the characteristics of phosphorus
solubility, promoting the absorption of phosphorus, and
thus promoting the growth of wheat. This observation
could be attributed to the accumulation of plant-associ-
ated beneficial microorganisms by the microbial inocu-
lants by producing secondary metabolites or affecting
plant production of root exudates, thereby inhibiting pro-
liferation of plant pathogens. Therefore, further studies
need to assess and validate the role of secondary metabo-
lites produced by microbial inoculants or root exudates
in promoting the growth of beneficial microbes in root-
zone soil. In addition, different effects of combined appli-
cation of LTR-2 and DnL1-1 on microbial communities
at different stages require further study.

Methods

Strain and culture medium

The plant-promoting strain T. harzianum (LTR-2) and
atrazine-degrading strain A. ureafaciens (DnL1-1) were
both deposited in the China General Microbiologi-
cal Culture Collection Center (CGMCC). T. harzianum
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(LTR-2) was grown in potato dextrose agar (PDA) at 25°C
for 7 days, following which the spores were washed with
20 mL sterile distilled water, filtered through degreasing
cotton to prepare suspension and diluted to a final con-
centration of 1x10° CFU/mL. A. ureafaciens (DnL1-1)
was prepared from 3 d cultures on salt-yeast medium
(SYM) plates at 28°C and then was grown in Luria—Ber-
tani culture (LB) at 28°C for 24 h with shaking and diluted
to a final concentration of 1x 108 CFU/mL in sterile dis-
tilled water.

E pseudograminearum Fp, isolated from diseased
wheat in Zhangqiu, Jinan, Shandong province and depos-
ited in our laboratory, was used as the pathogen in this
study. E pseudograminearum Fp was prepared in PDA
at 25°C for 7 days and then grown in corn meal medium
(CMM) at 28°C for 7 days with shaking, following which
the culture solution was filtered through degreasing cot-
ton to prepare spores suspension.

Experimental design

An experimental plot system was established on the
experimental fields of the innovation facility of Shandong
Academy of Sciences (36.68N, 117.07E), Jinan, Shan-
dong Province, China, from October 2022 to June 2023.
This study used a completely randomized block design
with three replicates per treatment. Four treatments
were established, including control seeds without E pseu-
dograminearum inoculation (control), control seeds with F
pseudograminearum inoculation (FP), T. harzianum LTR-2
coated seeds plus E pseudograminearum inoculation (LFP)
and T. harzianum LTR-2 and A. ureafaciens DnL1-1 coated
seeds with E pseudograminearum inoculation (HFP). Fp
spores suspension was diluted with water and dumped into
the ground at 4x 10* CFU/m? before sowing seeds. Then
wheat seeds (Jimai 22) were surface-sterilized with 75%
ethanol for 5 min, washed 5-8 times with sterile water,
and soaked in 30 mL of the diluted LTR-2 (2x10® CFU/
mL) and mixed suspensions of DnL1-1 (1x10'° CFU/mL)
and LTR-2 (1 x 108 CFU/mL) in Petri dishes for 1 h, respec-
tively. Control seeds were soaked in sterile water. Each
replicate was consisted an area of 5 m? (5 m lengthx 1 m
width). Then the seeds were sown artificially on the plot at
1000 seeds per 5 m* on October 20, 2022. The average tem-
perature is 15°C, and the soil relative humidity is 35%. The
basal fertilizer (N,-P;,-K,5, 375 g per 5 m?) was applied
prior to preplanting and the nitrogen fertilizer (urea,
125 g per 5 m?) was applied during the green up period.

Effects of microbial inoculants on disease

At the jointing stage (180 days after sowing), wheat crown
rot disease index was evaluated. 5 randomly selected wheat
plants per plot were assessed for disease index. Assessment
of Fusarium crown rot was performed by using disease
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classification standards (Moya-Elizondo et al. 2011) on
the size of browning on the first internode as Grade 0: no
browning; Grade 1: 1%—25%; Grade 2: 26%—50%; Grade 3:
51%-75%; and Grade 4: 76%—100%. The representative dis-
ease on wheat was shown at Additional file 1: Fig. S1. Dis-
ease indices were calculated as follows:

Disease index =

¥ (the number of diseased plants of each grade x value of relative grade)

impurities, with a total of 3 replicates for each treatment
(12 samples in total).

The DON content was determined by enzyme-linked
immunosorbent assay (ELISA) kit for quantitative detec-
tion (Shanghai Youlong Biotech Co., Ltd). The limit of
detection (LOD) in this test was 3 mg/kg. Extraction pro-

x 100

(total number of investigated plants x 4)

where ‘grade’ means the level of disease severity, and
‘value of relative grade’ means the grade numbers.

White heads in wheat, the main disease characteristic,
were investigated at the end of grouting (210 days after
sowing). Each treatment had three replicates, five sampling
points were selected at random for each replicate, and 100
wheat seedlings were surveyed for each sampling point.
The number of white heads was counted, and the relative
biocontrol efficacy was calculated based on white head rate
in the plot using the following formulae.

Whiteheads rate (%) =

cess, calibration and detection were performed according
to the kit instructions (Tibola et al. 2019).

Soil sample collection and chemical analysis

Soil samples were taken from each plot 240 days after plant-
ing, which was the maturity stage of wheat in 2023. Five
points on each plot were randomly selected for sampling.
Soil was collected approximately 2 cm away from the sam-
pled plants with a clean auger (washed and disinfected with
75% ethanol between sampling) inserted diagonally into

(number of diseased plants)

100

(total number of plants under investigation)

Control efficiency (%) =

whiteheads rate of control group — whiteheads rate of treated group
X

100

whiteheads rate of control group

Analysis of wheat yield and grain deoxynivalenol (DON)
content

For wheat yield, grains were harvested by using manual
harvest. Yield for each plot was measured and calculated
according to the actual harvest of wheat yield to remove

wheat root from a soil depth of approximately 10 cm. Then
soil was mixed thoroughly to form a composite sample. The
12 collected soil samples were ground and homogenized by
sieving through a 1-mm stainless sieve after removing the
stones and residual roots, and then portion stored in seal-
able bags at —80°C for DNA extraction and the remaining
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part dried naturally and stored at room temperature for soil
physicochemical analysis. Soil pH was measured with the
glass electrode method. The SOM content was measured
by the potassium dichromate oxidation—external heating
method. The TN content was determined via the Kjeldahl
method. The AN content was conducted using the Alka-
lolytic diffusion method. The TP and AP contents were
extracted with NaOH and NaHCO, separately and meas-
ured using the molybdenum blue method. The TK and AK
contents were extracted with NaOH and the ammonium
acetate separately and conducted by the flame photometry
method (Sun et al. 2023).

Genomic DNA preparation and lllumina miseq sequencing
Total soil genomic DNA was extracted using CTAB
method, and then DNA was concentrated and puri-
fied with 1% agarose gels. Purified DNA was diluted to
1 ng/pL using sterile water and stored at —80°C prior
to PCR amplication. 12 DNA samples (4 treatmentsX 3
replicate samples) were selected for bacterial and fun-
gal community analysis, respectively. The bacterial 16S
rRNA and fungal rDNA-ITS genes were amplified from
the total soil genomic DNA using primers 16S rDNA
V3-V4 genes (341F (5'-CCTAYGGGRBGCASCAG-3")
and 806R (5'-GGACTACNNGGGTATCTAAT-3")) and
ITS2 region gene (ITS3-2024F (5'-GCATCGATGAAG
AACGCAGC-3’) and ITS4-2409R (5'- TCCTCCGCT
TATTGATATGC -3")), respectively. All PCR reactions
were carried out with 15 pL of Phusion® High-Fidelity
PCR Master Mix (New England Biolabs), 1 uL of for-
ward and reverse primers (2 uM), and 10 ng template
DNA. Thermal cycling consisted of initial denaturation
at 98°C for 1 min, followed by 30 cycles of denaturation
at 98°C for 10 s, annealing at 50°C for 30 s, elongation at
72°C for 30 s, and a final extension at 72°C for 5 min. PCR
amplicons were purified and quantified with Qubit2.0.
Sequencing libraries were generated using NEB Next®
Ultra DNA Library Prep Kit (Illumina, USA) following
manufacturer’s recommendations and index codes were
added. The library quality was assessed on the Agilent
5400 (Agilent Technologies Co Ltd., USA) and then the
library was sequenced on an Illumina NovaSeq platform
and 250 bp paired-end reads were generated.

Bioinformatic analysis

The original data was uploaded to the CNGB (China
National GeneBank) database to submit and save the
original information for sequencing (accession num-
ber: CNP0006623). The analysis of sequencing data was
conducted by following the ‘Atacama soil microbiome
tutorial’ of Qiime2docs along with customized program
scripts (https://docs.qiime2.0rg/2019.1/). Raw FASTO
files were demultiplexed and quality-filtered using
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QIIME. Demultiplexed sequences from each sample were
quality filtered and trimmed, de-noised, merged, and
then chimeric sequences were identified and removed
using the QIIME2 DADA2 plugin to obtain the fea-
ture table of amplicon sequence variant (ASV) (Calla-
han et al. 2016). The QIIME2 feature-classifier plugin
was then used to align ASV sequences to a pre-trained
GREENGENES 13.8 99% database (16S rRNA gene
sequences trimmed to the V3V4 region bound by the
341F/806R primer pair and ITS rDNA genes sequences
trimmed to the ITS2 region bound by the 2024F/2409R
primer pair) to generate the taxonomy table (Bokulich
et al. 2018). Diversity metrics were calculated using the
core-diversity plugin within QIIME2. Feature level alpha
diversity indices, such as observed Features, Chaol rich-
ness estimator, Shannon diversity index, and Simpson
diversity index were calculated to estimate the microbial
diversity within an individual sample. Beta diversity dis-
tance measurements, including Bray Curtis, unweighted
UniFrac, and weighted UniFrac were performed to inves-
tigate the structural variation of microbial communities
across samples and then visualized via principal coordi-
nate analysis (PCoA) and nonmetric multidimensional
scaling (NMDS). The linear discriminant analysis (LDA)
and effect size (LEfSe) analyses were conducted using
the Galaxy web application via the LEfSe algorithm, with
LDA >3.0 indicating important biomarkers. Redundancy
analysis (RDA) was performed to reveal the association
of microbial communities in relation to environmental
factors based on relative abundances of microbial spe-
cies at different taxa levels using the R package ‘vegan!
Co-occurrence analysis was performed by calculating
Spearman’s rank correlations between predominant taxa
and the network plot was used to display the associations
among taxa. Unless specified above, parameters used in
the analysis were set as default (Lozupone et al. 2011).
The data processing was completed using the Wekemo
Bioincloud (https:// www.bioincloud.tech) (Gao et al.
2024).

Statistical analysis

The wheat yield and soil properties under various treat-
ments were compared using ANOVA followed by Dun-
can’s test (P<0.05). Spearman’s correlation coefficient
was used to determine the relationship between micro-
bial parameters and soil characteristics. All statistical
analyses were performed using the IBM version SPSS sta-
tistics 19.0 software (IBM Corporation, USA).
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SYM Salt-yeast medium

SOM Soil organic matter

TN Total nitrogen

TK Total potassium

TP Total phosphorus

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/542483-025-00331-7.

Additional file 1. Figure S1. The representative disease images on wheat.

Additional file 2. Table S1. Alpha diversity of bacterial and fungal com-
munities in the wheat root-zone soil

Acknowledgements
Not applicable.

Author contributions

KY performed the majority of the experiments and wrote the paper. HW, ZZ,
HL, YW (Yanli Wei), YW (Yilian Wang), JH, and YW (Yuanzheng Wu) performed
part of the experiments and collected data. JL coordinated the research and
revised the paper. All authors read and approved the final manuscript.

Funding

This work was supported by the Shandong Provincial Natural Science
Foundation of China (ZR2022MC215 and ZR2023MC045), and the Innovation
Pilot Project of Integration of Science, Education and Industry of Shandong
Academy of Sciences (International Scientific and Technology Cooperation)
(2024GH21 and 2024GH15).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Page 150f 17

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Shandong Provincial Key Laboratory of Applied Microbiology, Ecology
Institute of Qilu University of Technology (Shandong Academy of Sciences),
Jinan 250103, China.

Received: 14 August 2024 Accepted: 5 March 2025
Published online: 15 May 2025

References

Ali S, Tyagi A, Rajarammohan S, Mir ZA, Bae H. Revisiting Alternaria-host
interactions: new insights on its pathogenesis, defense mechanisms and
control strategies. Sci Hortic Amst. 2023;322:112424. https://doi.org/10.
1016/].scienta.2023.112424.

Bazhanov DP, Yang K, Li HM, Li CY, Li JS, Chen XF, et al. Colonization of plant
roots and enhanced atrazine degradation by a strain of Arthrobacter urea-
faciens. Appl Microbiol Biotechnol. 2017;101:6809-20. https://doi.org/10.
1007/500253-017-8405-3.

Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, et al.
Optimizing taxonomic classification of marker-gene amplicon sequences
with QIIME 2's g2-feature-classifier plugin. Microbiome. 2018,6:90. https://
doi.org/10.1186/540168-018-0470-z.

Callahan BJ, Mcmurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. Dada2:
high-resolution sample inference from illumine amplicon data. Nat Meth-
ods. 2016;13:581-3. https://doi.org/10.1038/NMETH.3869.

Chen K, Tian ZH, He H, Long CA, Jiang FT. Bacillus species as potential biocon-
trol agents against citrus disease. Biol Control. 2020;151:104419. https.//
doi.org/10.1016/j.biocontrol.2020.104419.

Chen HJ, Zhao JM, Jiang J, Zhao ZG, Guan ZY, Chen SM, et al. Effects of
inorganic, organic and bio-organic fertilizer on growth, rhizosphere soil
microflora and soil function sustainability in Chrysanthemum monocul-
ture. Agriculture. 2021;11:1214. https://doi.org/10.3390/agriculture1112
1214.

Crits-Christoph A, Diamond S, Butterfield CN, Thomas BC, Banfield JF. Novel
soil bacteria possess diverse genes for secondary metabolite biosynthe-
sis. Nature. 2018;558:440-4. https://doi.org/10.1038/541586-018-0207-y.

Damo JLC, Ramirez MDA, Agake S, Pedro M, Brown M, Sekimoto H, et al. Isola-
tion and characterization of phosphate solubilizing bacteria from paddy
field soils in Japan. Microbes Environ. 2022;37(2):ME21085. https://doi.
0rg/10.1264/jsme2 ME21085.

Dedyukhina EG, Kamzolova SV, Vainshtein MB. Arachidonic acid as an elicitor
of the plant defense response to phytopathogens. Chem Biol Technol
Agric. 2014;1:18. https://doi.org/10.1186/540538-014-0018-9.

Dong QQ, Liu QX, Goodwin PH, Deng XX, Xu W, Xia MC, et al. Isolation and
genome-based characterization of biocontrol potential of Bacillus
siamensis YB-1631 against wheat crown rot caused by Fusarium pseu-
dograminearum. J Fungi. 2023;9:547. https://doi.org/10.3390/jof9050547.

Duan YN, Jiang WT, Zhang R, Chen R, Chen XS, Yin CM, et al. Discovery of
Fusarium proliferatum f. sp. malus domestica causing apple replant disease
in China. Plant Dis. 2022;106(11):2958-66. https://doi.org/10.1094/
PDIS-12-21-2802-RE.

Dwibedi V, Rath SK, Jain S, Martinez-Argueta N, Prakash R, Saxena S, et al. Key
insights into secondary metabolites from various Chaetomium species.
Appl Microbiol Biotechnol. 2023;107:1077-93. https://doi.org/10.1007/
$00253-023-12365-y.

Feng CH, Xu F, Li LJ, Zhang JJ, Wang JM, Li YH, et al. Biological control of Fusar-
ium crown rot of wheat with Chaetomium globosum 12XP1-2-3 and its
effects on rhizosphere microorganisms. Front Microbiol. 2023;14:1133025.
https://doi.org/10.3389/fmicb.2023.1133025.

Gao YY, Zhang GX, Jiang S, Liu YX. Wekemo Bioincloud: a user-friendly plat-
form for meta-omics data analyses. iMeta. 2024;3:e175. https://doi.org/10.
1002/imt2.175.

Gqozo MP, Bill M, Siyoum N, Labuschagne N, Korsten L. Fungal diversity and
community composition of wheat rhizosphere and non-rhizosphere soils


https://doi.org/10.1186/s42483-025-00331-7
https://doi.org/10.1186/s42483-025-00331-7
https://doi.org/10.1016/j.scienta.2023.112424
https://doi.org/10.1016/j.scienta.2023.112424
https://doi.org/10.1007/s00253-017-8405-3
https://doi.org/10.1007/s00253-017-8405-3
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/NMETH.3869
https://doi.org/10.1016/j.biocontrol.2020.104419
https://doi.org/10.1016/j.biocontrol.2020.104419
https://doi.org/10.3390/agriculture11121214
https://doi.org/10.3390/agriculture11121214
https://doi.org/10.1038/s41586-018-0207-y
https://doi.org/10.1264/jsme2.ME21085
https://doi.org/10.1264/jsme2.ME21085
https://doi.org/10.1186/s40538-014-0018-9
https://doi.org/10.3390/jof9050547
https://doi.org/10.1094/PDIS-12-21-2802-RE
https://doi.org/10.1094/PDIS-12-21-2802-RE
https://doi.org/10.1007/s00253-023-12365-y
https://doi.org/10.1007/s00253-023-12365-y
https://doi.org/10.3389/fmicb.2023.1133025
https://doi.org/10.1002/imt2.175
https://doi.org/10.1002/imt2.175

Yang et al. Phytopathology Research (2025) 7:47

from three different agricultural production regions of South Africa. Appl
Soil Ecol. 2020;151:103543. https://doi.org/10.1016/j.aps0il.2020.103543.

Hayat R, Ali S, Amara U, Khalid R, Ahmed I. Soil beneficial bacteria and their
role in plant growth promotion: a review. Ann Microbiol. 2010;60:579-98.
https://doi.org/10.1007/513213-010-0117-1.

He WJ, Zhang LM, Yi SY, Tang XL, Yuan QS, Guo MW, et al. An aldo-keto
reductase is responsible for fusarium toxin-degrading activity in a soil
Sphingomonas strain. Sci Rep. 2017;7:9549. https://doi.org/10.1038/
541598-017-08799-w.

Hu JD, Yang ZD, Wu YZ, Wei YL, Yang HT, Lu DP, et al. Effects of seed dressing
treatment with Trichoderma harzianum on the growth of winter wheat
seedlings, soil borne diseases and rhizosphere fungal community. Plant
Prot. 2021;47(5):35-40. https://doi.org/10.16688/j.zwbb.2020409.

Idnurm A, Beard C, Smith A, Hills AL, Chambers KR. Emergence of Clad-
osporium macrocarpum disease in canola (Brassica napus). Australas Plant
Path. 2021,;50:687-94. https://doi.org/10.1007/513313-021-00819-8.

Jiang C, Song JZ, Zhang JZ, Yang Q. Identification and characterization of
the major antifungal substance against Fusarium sporotrichioides from
Chaetomium globosum. World J Microb Biot. 2017;33:108. https://doi.org/
10.1007/511274-017-2274-x.

Lazar A, Mushinski RM, Bending GD. Landscape scale ecology of Tetracladium
spp. fungal root endophytes. Environ Microbiome. 2022;17:40. https://doi.
0rg/10.1186/540793-022-00431-3.

Lee J,Kim S, Jung H, Koo BK, Han JA, Lee HS. Exploiting bacterial genera as
biocontrol agents: mechanisms, interactions and applications in sustain-
able agriculture. J Plant Biol. 2023;66:485-98. https://doi.org/10.1007/
$12374-023-09404-6.

Li L, Yang YZ, Yang K, Chen K, Wang YL, Li JS. Effect of seed dressing with
Arthrobacter ureafaciens DnL1-1 on wheat grain amino acid and protein.
SciTech Engrg. 2019;19:261-4 (in Chinese).

Li B, Liu XQ, Zhu D, Su H, Guo KW, Sun GY, et al. Crop diversity promotes the
recovery of fungal communities in saline-alkali areas of the Western
Songnen Plain. Front Microbiol. 2023a;14:1091117. https://doi.org/10.
3389/fmicb.2023.1091117.

LiYJ, Bi MY, Sun SQ, Li GS, Wang Q, Ying M, et al. Comparative metabolomic
profiling reveals molecular mechanisms underlying growth promotion
and disease resistance in wheat conferred by Piriformospora indica in the
field. Plant Signal Behav. 2023b;18(1):2213934. https://doi.org/10.1080/
15592324.2023.2213934.

Li M, Chen CJ, Zhang HY, Wang ZS, Song NN, Li JL, et al. Effects of biochar
amendment and organic fertilizer on microbial communities in the
rhizosphere soil of wheat in Yellow River Delta saline-alkaline soil. Front
Microbiol. 2023¢;14:1250453. https://doi.org/10.3389/fmicb.2023.12504
53.

Li ZG, Zu C,Wang C, Yang JF, Yu H, Wu HS. 2016 Different responses of rhizo-
sphere and non-rhizosphere soil microbial communities to consecutive
Piper nigrum L. monoculture. Sci Rep. 6:35825. https://doi.org/10.1038/
srep35825.

Liu BY, Cheng X, He X, Bei QC, Dai YS, Wang YF, et al. Effects of bio-mulching
on wheat soil microbial community and carbon utilization efficiency in
southwest China. CATENA. 2022;214:106260. https://doi.org/10.1016/j.
catena.2022.106260.

Liu T, Wei J, Yang JH, Wang HY, Wu BL, He PC, et al. Polyaspartic acid facili-
tated rice production by reshaping soil microbiome. Appl Soil Ecol.
2023;191:105056. https://doi.org/10.1016/j.apsoil.2023.105056.

Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an
effective distance metric for microbial community comparison. ISME J.
2011;5:169-72. https://doi.org/10.1038/ismej.2010.133.

Lu CY, Zhang ZC, Guo PR, Wang R, LiuT, Luo JQ, et al. Synergistic mechanisms
of bioorganic fertilizer and AMF driving rhizosphere bacterial community
to improve phytoremediation efficiency of multiple HMs-contaminated
saline soil. Sci Total Environ. 2023;883:163708. https://doi.org/10.1016/).
scitotenv.2023.163708.

Ma X, Du ML, Liu P, Tang YQ, Li H, Yuan QH, et al. Alternation of soil bacterial
and fungal communities by tomato-rice rotation in Hainan Island in
Southeast of China. Arch Microbiol. 2021;203:913-25. https://doi.org/10.
1007/500203-020-02086-5.

Makhlouf KE, Boungab K, Mokrani S. Synergistic effect of Pseudomonas azoto-
formans and Trichoderma gamsii in management of Fusarium crown rot
of wheat. Arch Phytopathol Plant Prot. 2023;56(2):108-26. https://doi.org/
10.1080/03235408.2023.2178056.

Page 16 of 17

Mallon CA, Van Elsas JD, Salles JF. Microbial invasions: the process, patterns,
and mechanisms. Trends Microbiol. 2015;23(11):719-29. https://doi.org/
10.1016/j.tim.2015.07.013.

Meng LL, SunT, Li MY, Saleem M, Zhang QM, Wang CX. Soil-applied biochar
increases microbial diversity and wheat plant performance under herbi-
cide fomesafen stress. Ecotox Environ Safe. 2019;171:75-83. https://doi.
org/10.1016/j.ecoenv.2018.12.065.

Merrouche R, Yekkour A, Lamari L, Zitouni A, Mathieu F, Sabaou N. Efficiency of
Saccharothrix algeriensis NRRL B-24137 and its produced antifungal dithi-
olopyrrolones compounds to suppress Fusarium oxysporum-induced wilt
disease occurring in some cultivated crops. Arab J Sci Eng. 2017;42:2321-
7. https://doi.org/10.1007/513369-017-2504-4.

Moody SC, Loveridge EJ. CYP105-diverse structures, functions and roles
in an intriguing family of enzymes in Streptomyces. J Appl Microbiol.
2014;117:1549-63. https://doi.org/10.1111/jam.12662.

Moya-Elizondo EA, Jacobsen BJ, Hogg AC, Dyer AT. Population dynamics
between Fusarium pseudograminearum and Bipolaris sorokiniana in wheat
stems using real-time gPCR. Plant Dis. 2011;95:1089-98. https://doi.org/
10.1094/PDIS-11-10-0794.

Muzammil S, Graillon C, Saria R, Mathieu F, Lebrihi A, Compant S. The Saharan
isolate Saccharothrix algeriensis NRRL B-24137 induces systemic resist-
ance in Arabidopsis thaliana seedlings against Botrytis cinerea. Plant Soil.
2014;374:423-34. https://doi.org/10.1007/511104-013-1864-0.

Ou YN, Shen ZZ,Wang BB, Dong MH, Qiao CC, Li R, et al. Microbial diversity
assembled from series-diluted suspensions of disease suppressive soil
determines pathogen invasion resistance. Pedosphere. 2021;31(1):221-5.
https://doi.org/10.1016/51002-0160(20)60064-9.

Ramadhani |, Sukarno N, Listiyowati S. Basidiospores attach to the seed of Sho-
rea leprosula in lowland tropical dipterocarp forest and form functional
ectomycorrhiza on seed germination. Mycorrhiza. 2018,;28:85-92. https://
doi.org/10.1007/500572-017-0798-4.

Razak NJ, Abass MH. First report of Cladosporium cladosporioides, C. oxysporum,
and C. uredinicola as potential pathogens on tomato shoots system
in Irag. Appl Nanosci. 2023;13:1065-72. https://doi.org/10.1007/
$13204-021-01851-2.

Shade A, Gilbert JA. Temporal patterns of rarity provide a more complete view
of microbial diversity. Trends Microbiol. 2015;23(8):335-40. https://doi.
org/10.1016/j.tim.2015.01.007.

Shi JW, Lu LX, Shi HM, Ye JR. Effects of plant growth-promoting rhizobacteria
on the growth and soil microbial community of Carya illinoinensis. Curr
Microbiol. 2022;79:352. https://doi.org/10.1007/500284-022-03027-9.

Singh R, Dubey AK. Diversity and applications of endophytic actinobacte-
ria of plants in special and other ecological niches. Front Microbiol.
2018;9:1767. https://doi.org/10.3389/fmich.2018.01767.

Stummer BE, Zhang XJ, Yang HT, Harvey PR. Co-inoculation of Trichoderma
gamsii ASMH and Trichoderma harzianum Tr906 in wheat suppresses in
planta abundance of the crown rot pathogen Fusarium pseudogramine-
arum and impacts the rhizosphere soil fungal microbiome. Biol Control.
2022;165:104809. https://doi.org/10.1016/j.biocontrol.2021.104809.

Sui LN, Li JH, Philp J, Yang K, Wei YL, Li HM, et al. Trichoderma atroviride seed
dressing influenced the fungal community and pathogenic fungi in
the wheat rhizosphere. Sci Rep. 2022;12:9677. https://doi.org/10.1038/
$41598-022-13669-1.

Sun Q, Zhang PY, Liu X, Zhang HS, Liu ST, Sun XF, et al. Long-term tillage alters
soil properties and rhizosphere bacterial community in lime concentra-
tion black soil under winter wheat-summer maize double-cropping
system. Agronomy. 2023;13:790. https://doi.org/10.3390/agronomy13
030790.

Telagathoti A, Probst M, Peintner U. Habitat, snow-cover and soil pH, affect the
distribution and diversity of mortierellaceae species and their associa-
tions to bacteria. Front Microbiol. 2021;12:669784. https://doi.org/10.
3389/fmich.2021.669784.

Tibola CS, Guarienti EM, Dias ARG, Nicolau M, Devos RJB, Teixeira DD. Effect of
debranning process on deoxynivalenol content in whole-wheat flours.
Cereal Chem. 2019;96:717-24. https://doi.org/10.1002/cche.10168.

Wang XH, Ji C, Song X, Liu ZY, Liu Y, Li HY, et al. Biocontrol of two bacterial inoc-
ulant strains and their effects on the rhizosphere microbial community of
field-grown wheat. BioMed Res Int. 2021,2021:8835275. https://doi.org/
10.1155/2021/8835275.


https://doi.org/10.1016/j.apsoil.2020.103543
https://doi.org/10.1007/s13213-010-0117-1
https://doi.org/10.1038/s41598-017-08799-w
https://doi.org/10.1038/s41598-017-08799-w
https://doi.org/10.16688/j.zwbb.2020409
https://doi.org/10.1007/s13313-021-00819-8
https://doi.org/10.1007/s11274-017-2274-x
https://doi.org/10.1007/s11274-017-2274-x
https://doi.org/10.1186/s40793-022-00431-3
https://doi.org/10.1186/s40793-022-00431-3
https://doi.org/10.1007/s12374-023-09404-6
https://doi.org/10.1007/s12374-023-09404-6
https://doi.org/10.3389/fmicb.2023.1091117
https://doi.org/10.3389/fmicb.2023.1091117
https://doi.org/10.1080/15592324.2023.2213934
https://doi.org/10.1080/15592324.2023.2213934
https://doi.org/10.3389/fmicb.2023.1250453
https://doi.org/10.3389/fmicb.2023.1250453
https://doi.org/10.1038/srep35825
https://doi.org/10.1038/srep35825
https://doi.org/10.1016/j.catena.2022.106260
https://doi.org/10.1016/j.catena.2022.106260
https://doi.org/10.1016/j.apsoil.2023.105056
https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1016/j.scitotenv.2023.163708
https://doi.org/10.1016/j.scitotenv.2023.163708
https://doi.org/10.1007/s00203-020-02086-5
https://doi.org/10.1007/s00203-020-02086-5
https://doi.org/10.1080/03235408.2023.2178056
https://doi.org/10.1080/03235408.2023.2178056
https://doi.org/10.1016/j.tim.2015.07.013
https://doi.org/10.1016/j.tim.2015.07.013
https://doi.org/10.1016/j.ecoenv.2018.12.065
https://doi.org/10.1016/j.ecoenv.2018.12.065
https://doi.org/10.1007/s13369-017-2504-4
https://doi.org/10.1111/jam.12662
https://doi.org/10.1094/PDIS-11-10-0794
https://doi.org/10.1094/PDIS-11-10-0794
https://doi.org/10.1007/s11104-013-1864-0
https://doi.org/10.1016/S1002-0160(20)60064-9
https://doi.org/10.1007/s00572-017-0798-4
https://doi.org/10.1007/s00572-017-0798-4
https://doi.org/10.1007/s13204-021-01851-2
https://doi.org/10.1007/s13204-021-01851-2
https://doi.org/10.1016/j.tim.2015.01.007
https://doi.org/10.1016/j.tim.2015.01.007
https://doi.org/10.1007/s00284-022-03027-9
https://doi.org/10.3389/fmicb.2018.01767
https://doi.org/10.1016/j.biocontrol.2021.104809
https://doi.org/10.1038/s41598-022-13669-1
https://doi.org/10.1038/s41598-022-13669-1
https://doi.org/10.3390/agronomy13030790
https://doi.org/10.3390/agronomy13030790
https://doi.org/10.3389/fmicb.2021.669784
https://doi.org/10.3389/fmicb.2021.669784
https://doi.org/10.1002/cche.10168
https://doi.org/10.1155/2021/8835275
https://doi.org/10.1155/2021/8835275

Yang et al. Phytopathology Research (2025) 7:47

Wang XH, Jiao YX, Zhao YL, Hui XH, Xu L, Guo L, et al. Field efficacy of different
seed coating agents on wheat crown rot. J Agric. 2023;13(7):7-11 (in
Chinese).

Wang Y, Zhang WT, Li CY, Chang S, Miao Y, Li QX, et al. Nitrogen and phos-
phorus fertilization leads to soil arbuscular mycorrhizal fungal diversity
changes and rainfed crop yield increase on the Loess Plateau of China: a
37-year study. Pedosphere. 2024;34(2):328-38. https://doi.org/10.1016/j.
pedsph.2023.01.009.

Wu XQ, Zhao ZJ, Li Z, Hu JD, Zhao XY, Wang YL, et al. Impact of Trichoderma
wettable powder application on winter wheat field growth. Shandong
Sci. 2015;28:35-42 (in Chinese).

Xie W, Yan L, Tian HY, Li HZ, Feng J, Chen WQ, et al. Comparative analysis
on pathogenicity of Fusarium crown rot of wheat in China. Plant Prot.
2023;49(3):278-84. https://doi.org/10.16688/j.zwbb.2022117.

Xu F, Song YL, Zhou YL, Zhang H, Wang JM, Li YH, et al. Occurrence dynamics
and characteristics of Fusarium root and crown rot of wheat in Henan
province during 2013-2016. Plant Prot. 2016;42(6):126-32. https://doi.
0rg/10.3969/j.issn.0529-1542.2016.06.023.

XuWH, Wang KX, Wang HX, Liu ZP, Shi YR, Gao Z. Evaluation of the biocontrol
potential of Bacillus sp. WB against Fusarium oxysporum f. sp. niveu. Biol
Control. 2020;147:104288. https://doi.org/10.1016/j.biocontrol.2020.
104288.

Yang K, Li HM, Li L, Hu JD, Wei YL, Yang HT, et al. Soil metabolomics reveal com-
plex interactions between Arthrobacter ureafaciens and Trichoderma har-
zianum when co-inoculated on wheat. Pedobiologia. 2021;85-86:150723.
https://doi.org/10.1016/j.pedobi.2021.150723.

Yang K, Chen K, Li HM, Zhao ZJ, Hu JD, Li JS, et al. Biocontrol efficacy and
action mechanism of Trichoderma harzianum LTR-2 and Arthrobacter
ureafaciens DnL1-1 against crown rot of wheat. Acta Agric Zhejiangensis.
2023;35(6):1385-95. https://doi.org/10.3969/j.issn.1004-1524.2023.06.16.

Yin SJ, Zhang X, Suo FY, You XW, Yuan Y, Cheng YD, et al. Effect of biochar and
hydrochar from cow manure and reed straw on lettuce growth in an
acidified soil. Chemosphere. 2022;298:134191. https://doi.org/10.1016/.
chemosphere.2022.134191.

Zhang YL, LiY, Wang SZ, Umbreen S, Zhou CF. Soil phosphorus fractionation
and its association with soil phosphate-solubilizing bacteriz in a chron-
osequence of vegetation restoration. Ecol Eng. 2021;164:106208. https://
doi.org/10.1016/j.ecoleng.2021.106208.

Zhang YJ, Feng YT, Gao Y, Wu JS, Tan LY, Wang HG, et al. Effects of an organic
amendment on Cassava growth and rhizosphere microbial diversity.
Agriculture. 2023;13:1830. https://doi.org/10.3390/agriculture13091830.

Zhang JG, Zhao GQ, Chai JK, Zeng L, Gong WL, Ran F, et al. Occurrence of Clad-
osporium herbarum causing leaf spot on Avena sativa in China. Crop Prot.
2024;177:106555. https://doi.org/10.1016/j.cropro.2023.106555.

Page 17 of 17


https://doi.org/10.1016/j.pedsph.2023.01.009
https://doi.org/10.1016/j.pedsph.2023.01.009
https://doi.org/10.16688/j.zwbb.2022117
https://doi.org/10.3969/j.issn.0529-1542.2016.06.023
https://doi.org/10.3969/j.issn.0529-1542.2016.06.023
https://doi.org/10.1016/j.biocontrol.2020.104288
https://doi.org/10.1016/j.biocontrol.2020.104288
https://doi.org/10.1016/j.pedobi.2021.150723
https://doi.org/10.3969/j.issn.1004-1524.2023.06.16
https://doi.org/10.1016/j.chemosphere.2022.134191
https://doi.org/10.1016/j.chemosphere.2022.134191
https://doi.org/10.1016/j.ecoleng.2021.106208
https://doi.org/10.1016/j.ecoleng.2021.106208
https://doi.org/10.3390/agriculture13091830
https://doi.org/10.1016/j.cropro.2023.106555

	Effects of Trichoderma harzianum and Arthrobacter ureafaciens on control of Fusarium crown rot and microbial communities in wheat root-zone soil
	Abstract 
	Background
	Results
	Effects of T. harzianum LTR-2 and A. ureafaciens DnL1-1 on disease
	Soil physicochemical properties
	Microbial community composition and alpha-diversity
	Soil fungal community composition
	Soil bacterial community composition
	Comparison of microbial community between the different treatment groups
	Identification of keystone taxa under different treatment groups
	Microbial network analysis
	Relationships between soil microbial communities and soil chemical properties

	Discussion
	Effects of T. harzianum LTR-2 and A. ureafaciens DnL1-1 on wheat disease
	Effects of T. harzianum LTR-2 and A. ureafaciens DnL1-1 on soil microbial community structure
	Specific genera occur in the different treatment rhizosphere microbiota

	Conclusions
	Methods
	Strain and culture medium
	Experimental design
	Effects of microbial inoculants on disease
	Analysis of wheat yield and grain deoxynivalenol (DON) content
	Soil sample collection and chemical analysis
	Genomic DNA preparation and Illumina miseq sequencing
	Bioinformatic analysis
	Statistical analysis

	Acknowledgements
	References


