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Abstract: As critical biocontrol agents, Trichoderma and Metarhizium have demonstrated vast
potential in disease prevention and pest control respectively. Current applications, however, are
predominantly confined to singular use or simplistic combinations of the two fungi. This study
innovatively utilizes Metarhizium and Trichoderma as experimental subjects, employing non-targeted
metabolomics to compare the differences in metabolites between co-culture and separate
fermentation. The metabolite distinctions in co-culture are meticulously analyzed using sample
correlation, least squares discriminant analysis, cluster analysis, and KEGG enrichment analysis.
Metabolome sequencing analysis is then applied to compare the co-culture fermentation filtrate
with Trichoderma atroviride and Metarhizium anisopliae. Differential metabolite analysis found that
co-culture had significantly up-regulated or down-regulated metabolites compared to singular
cultures.However,significant metabolite discrepancies are discovered in singular cultures, notably
the up-regulated metabolites such as osthole and spirocyclic amine, which have documented
antibacterial functions that may prove effective against Fusarium graminearum. Ultimately, the
findings from this research contribute to the exploration of synergistic applications of biocontrol
fungi and serve as a valuable reference for future development of bio-pesticides for disease and pest
control.

Keywords: Trichoderma atroviride; Metarhizium anisopliae; non-targeted metabolomics

1. Introduction

Trichoderma-based bio-pesticides and bio-fungal fertilizers demonstrate significant benefits in
managing soil-borne diseases. Their systematic induction of disease resistance and stress resilience
aids in promoting crop growth and mitigating the challenges related to continuous cropping.
Consequently, they have emerged as the world’s leading biocontrol fungi for plant diseases and
growth promotion. Metarhizium, an entomopathogenic fungus, has a widespread presence in both
soil and insects [1]. Currently, the majority of Metarhizium strains utilized for research have been
isolated from the carcasses of insects they had infected, including species such as scarabs, fall
armyworms, Blattella germanica, and Dichocrocis punctiferalis [2-4]. Characterized by its eco-
friendly nature and potent pathogenicity to its target insects, Metarh-izium has rightfully earned its
status as one of the key biocontrol microorganisms for insect management [5].

Maize, one of the three principal food crops in China, is severely compromised by Fusarium
graminearum. This pathogen is primarily responsible for maize root rot, stem rot, and ear rot. In
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addition, it produces toxins DON and ZEN, significantly impacting both the yield and quality of
maize crops.

The co-culture of Trichoderma in conjunction with fungi or biocontrol fungus has been
demonstrated to play a commendable role in controlling plant diseases. In one study conducted by
Tingting Li and colleagues, Bacillus B22 was co-cultured with Trichoderma 3403 [6] below. The
findings revealed that, in contrast to a single culture, the fermentation broth resulting from the co-
culture showed an upsurge in antifungal and plant growth-promoting metabolites. Similarly, Zhang
[7] and his team discovered that the fermentation broth derived from the co-culture of Trichoderma
and Bacillus Tpb55 remarkably outperformed the single culture, especially in mitigating tobacco
black shank. In another study, Cong Yunzhe [8] determined that the combined fermentation of
Rhizopus nigricans and Trichoderma pseudokoningii exhibited inhibitory effects on an array of plant
soil-borne pathogens, as evidenced through bacteriostatic experiments. Ma [9] revealed that the co-
culture of Bacillus amyloliquefaciens and Trichoderma longibrachiatum substantially heightened the
control effect on tomato Fusarium wilt.

Therefore, in this study, we co-cultured a strain of Trichoderma and Metarhizium anisopliae, and
analyzed the differential metabolism of co-culture compared to single culture.

1. Materials and Methods
1.1. Material

Metarhizium anisopliae (hereinafter referred to as M3) was purchased from Ningbo Mingzhou
Biological Company, and Trichoderma atroviride (hereinafter referred to as Dl)and Fusarium
graminearum were provided by Shanghai Jiao Tong University Culture Collection Center.

Potato dextrose (PD) medium: potato 200 g, glucose 20 g, distilled water to 1 L, pH natural.
Potato dextrose agar (PDA) medium: potato 200 g, glucose 20 g, agar 20 g, distilled water to 1 L, pH
natural.

1.2. Methods

The metabolome detection was conducted through four distinct treatments: Trichoderma
monoculture fermentation filtrate, Metarhizium monoculture fermentation filtrate, a co-cultured
fermentation filtrate of Trichoderma and Metarhizium, and a blank control using 30% PD medium.
Fermentation filtrate was produced by washing the spores of Trichoderma and Metarhizium on the
plate with sterile water and adjusting the spore concentration to 106 spores/ml. The co-culture
medium was formulated by incorporating 1 ml of Trichoderma and Metarhizium into the sterilized PD
medium. This medium was then incubated in a constant temperature shaker set at 28 °C and 180
r/min for a duration of 5 days, with the respective monocultures of Trichoderma and Metarhizium
serving as controls. The resulting fermentation broth was processed through centrifugation at 8000
rpm for 5 minutes, with the supernatant subsequently isolated. The isolated supernatant was filtered
and sterilized via a syringe through a 0.22-micron microporous membrane, yielding the fermentation
filtrate. The filtrate was then rapidly cooled using liquid nitrogen and stored in a refrigerator set at -
80 ° C. Each treatment was replicated at least four times. The samples collected were forwarded to
Shanghai Pasenuo Biotechnology Co., Ltd. for metabolomics sequencing analysis.

2. Results and Analysis

2.1. The Plate Inhibition Rate of Fermentation Broth against Fusarium graminearum

As shown in Table 1, the inhibition rate of D1-M3 on Fusarium graminearum was more than 60%,
so it could be found that D1-M3 have antibacterial effect on Fusarium graminearum.
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Table 1. Inhibition effect of fermentation on the growth of Fusarium graminearum.

Strain Number Antibacterial Rate (%)
D1 51.74+3.63 a
M3 56.0+0.083 a
M3_D1 63.3+5.81 a

2.2. Metabolite Differential Screening Results
2.2.1. OPLS-DA Analysis

As depicted in Figures 1 and 2, the filtrates from co-culture fermentation and single culture
fermentation are distributed across different quadrants. The comparisons of M3_D1 vs M3 and
M3_D1 vs D1 show a larger intergroup variation and a smaller intragroup variation, which were
obtained through the OPLS-DA model. The importance of each variable, denoted as the VIP (Variable
Importance in the Projection) value, holds significant influence and explanatory power over the
classification of each sample group. Significant difference metabolites were screened based on the
criteria of OPLS-DA VIP > 1 and P value < 0.05.
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Figure 1. M3_D1 VS M3 OPLS-DA:(A) M3_D1 VS M3 positive ion OPLS-DA; (B) M3_D1 VS M3
negative ion OPLS-DA.
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Figure 2. M3_D1 VS D1 OPLS-DA:(A)M3_D1 VS D1 positive ion OPLS-DA; (B) M3_D1 VS D1
negative ion OPLS-DA.
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2.2.2. Analysis of Differential Metabolites

As depicted in Table 2, Metarhizium anisopliae served as the control group with the co-culture
acting as the treatment group. A screening process was undertaken, yielding 241 VIPs. The
differentially expressed metabolites (DEMs) that had P values less than 0.05 included 91 metabolites
that were up-regulated and 150 that were down-regulated. Subsequently, with Trichoderma as the
control group and the co-culture as the treatment group, a total of 78 differential metabolites were
screened, all of which had a VIP greater than 1 and a P value less than 0.05. These DEMs comprised
63 up-regulated metabolites and 15 down-regulated metabolites. In an effort to enhance
understanding of the differential metabolites produced by co-culture in comparison to a single
culture, the single culture of M3 was utilized. The metabolites of fermentation and Trichoderma D1
single culture fermentation with significant differences, served as the control group, and the co-
culture as the treatment group, underwent normalization processing. Subsequently, four clustering
heat maps were created.

Table 2. Screening results of metabolome sequencing.

Total number of Significantly up-regulated Significantly down-regulated

Treat significantly total total
different metabolites number of metabolites number of metabolites
M3_D1 VS
M3 241 91 150
M3_D1 VS
_ 7 1
D1 8 63 5

The alterations in M3 _ D1 and M3 metabolites are clearly depicted in Figures 3 and 4. In the
negative ion mode, metabolites such as Azacitidine, 2" -hydroxy-4" -methoxyacetophenone, trans-1,
cyclohexanedicarboxylic acid, and isosulfur were identified. The study also identified 37 other
metabolites, including Cyanate ester, that were significantly up-regulated and 40 metabolites, such
as clofibric acid acyl-B-D-glucuronide, mycophenolic acid, podophyllum acetate, and rhamnetin, that
were significantly down-regulated. In the positive ion mode, short bromide amine, O-toluidine,
cyclohexylamine, indole, y-aminobutyric acid, adenosine, N-a-acetyl-L-ornithine, lupine, among
others, were detected as significantly up-regulated metabolites. In contrast, 110 metabolites,
including trigonelline and pretilachlor, were observed to be significantly down-regulated.

Figures 5 and 6 illustrate the alterations in metabolites between M3 _ D1 and D1. In the negative
ion mode, a significant upregulation was observed in 23 metabolites, including but not limited to
benzoic acid, 4-hydroxybenzaldehyde, 2’ -hydroxy-4’ -methoxyacetophenone, and cyclohexane
aminosulfonic acid. Conversely, a marked downregulation was noted in 4 metabolites, namely
podophylloacetate, thymol-p-d-glucoside, DL-maleic acid, and malonic acid. In the positive ion
mode, there was a substantial upregulation in 40 differential metabolites such as butachlor, lupine,
spirocyclam, deoxyadenosine, y-aminobutyric acid, and dodecacyclomorpholine. Meanwhile, 11
metabolites such as tert-butylamine and isovaletine demonstrated a significant downregulation.

2.2.3. Metabolite Pathway and Classification Annotation

Using the KEGG Pathway database as a resource, an analysis was conducted on the metabolites
of M3_D1 VS D1 and M3_D1 VS M3, following the P value. Post metabolic classification and
annotation, the metabolites of M3_D1 VS M3 were categorized into five distinct groups. The primary
group encompasses metabolism, inclusive of a global overview, amino acid metabolism, biosynthesis
of alternate secondary metabolites, carbohydrate metabolism, metabolism of diverse amino acids,
energy metabolism, and biodegradation and metabolism of varying biomass. Therein, 33 metabolites
participate in the global overview, 32 in amino acid metabolism, 19 in biosynthesis of alternate
secondary metabolites, 8 in carbohydrate metabolism, and 5 partake in the metabolism of diverse
amino acids. Energy metabolism involves four metabolites, while three metabolites are engaged in
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the biodegradation and metabolism of differing biomass. The second category is centered on the
tissue system, comprising the digestive system, endocrine system, circulatory system, and nervous
system, each holding a secondary classification. 17 metabolites are involved in the digestive system,
8 in the endocrine system, 2 in the circulatory system, and 4 in the nervous system. The third division
relates to environmental information processing, embracing membrane transport, signal molecules
and their interactions, as well as signal transduction. Therein, membrane transport involves 20
metabolites, signal transduction 6, and signal molecules and interactions also 6. The fourth grouping
pertains to genetic information processing, encompassing translation, folding, sorting and
degradation. Nine metabolites partake in the translation pathway, and two are involved in the
folding, sorting and degradation pathway. The final, fifth grouping of cellular processes, includes a
secondary classification pathway of cellular communities-prokaryotes, with five associated
metabolites.
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Figure 3. M3_D1 VS M3 negative ion mode differential metabolites.
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Figure 7 depicts a KEGG enrichment analysis that was conducted following the co-culture of
Metarhizium and Trichoderma. The analysis highlights several pathways that exhibited substantial
alterations when compared to the fermentation of Metarhizium in isolation. These changes spanned a
broad range of categories, including: metabolic pathways, environmental information processing,
tissue system, genetic information processing and cellular processes. Within the realm of metabolic
pathways, significant changes were observed in the biosynthesis of amino acids, the metabolism of
alanine, aspartic acid and glutamic acid, the biosynthesis of secondary metabolites, the biosynthesis
of tropane, piperidine and pyridine alkaloids, histidine metabolism, the citric acid (TCA) cycle, and
several other pathways. Environmental information processing changes were notable in areas such
as ABC transporters, neuroactive ligand-receptor interaction, and the mTOR and cAMP signaling
pathways. In the tissue system, changes were detected in the regulation of mineral absorption and
adipocyte lipolysis. Genetic information processing changes were most evident in aminoacyl-tRNA
biosynthesis. Finally, cellular process changes were seen in the Quorum sensing regulatory system.
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Figure 7. M3_D1 VS M3 KEGG enrichment analysis bubble diagram.

The metabolites derived from D1 _ M3 VS D1 can be categorically partitioned into three groups,
according to the annotation classifications of metabolites. The initial category pertains to
environmental information processing, encompassing two sub-classifications: signal transduction,
and interactions of signaling molecules. Within this category, three metabolites partake in signal
transduction pathways, while four additional metabolites are implicated in the interaction across
signaling molecules. The second category, termed as Organismal Systems, incorporates a dual-tier
classification of the Nervous system. Within this context, two metabolites are found to play a role in
the nervous system. The third and final category is Metabolism, which encapsulates 6 secondary
classifications: amino acid metabolism, biodegradation and metabolism of Xenobiotics, carbohydrate
metabolism, metabolism of other amino acids, metabolism of terpenoids and polyketides, as well as
global and overview maps. In this category, six metabolites were found to be engaged in the
metabolic pathway of amino acids, three were associated with the carbohydrate metabolic pathway,
five were linked to the biodegradation and metabolic pathway of heterogeneous biomass, two were
correlated with the metabolic pathway of other amino acids, four were implicated in the global and


https://doi.org/10.20944/preprints202405.0766.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2024 d0i:10.20944/preprints202405.0766.v1

overview map, and two were found to be part of the metabolic pathway of terpenoids and
polyketides.

The findings are depicted in Figure 8. Our KEGG enrichment analysis reveals substantial
alterations in certain metabolic pathways of Trichoderma in isolation, post co-cultivation with
Metarhizium. These include: metabolism of alanine, aspartic acid, and glutamic acid, butyric acid
metabolism, metabolism of cysteine and methionine, degradation of caprolactam, biosynthesis of
amino acid and {-alanine metabolism, degradation of aminobenzoate, and zeatin biosynthesis.
Furthermore, substantial transformations have been observed in environmental information
processing, specifically in the interaction between neuroactive ligands and receptors, as well as the
cAMP signaling pathway. Notably, the synaptic vesicle cycle within the tissue system has also
exhibited significant modifications.
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Figure 8. M3_D1 VS D1 KEGG enrichment analysis bubble diagram.

3. Discussion

In the comparison between the co-culture fermentation filtrate as the treatment group and the
single culture fermentation filtrate of Metarhizium and Trichoderma as the control group,it can be
found that the differential metabolites screened with Metarhizium as the control group are more than
those with Trichoderma as the control group, which indicates that the co-culture process may have a
greater impact on Metarhizium.

Through the analysis of differential metabolites in the metabolome, the focus was placed on the
metabolites with up-regulated relative content after co-culture, and it was found that the content of
some substances with antibacterial activity was up-regulated.In the co-culture and Trichoderma D1
fermentation filtrate metabolome comparison, the metabolite isothiocyanate was up-regulated in the
negative ion mode. Some data showed that isothiocyanate in the key decomposition product of
glucose in rape had the effect of anti-phytopathogenic fungi. Some key steps in the apoptotic pathway
have also been shown to be affected by isothiocyanate: isosulfate may induce apoptosis through the
JNK / MAPK signaling pathway [10]. In this chapter, transcriptome sequencing analysis also found
that co-culture fermentation filtrate treatment caused changes in the MAPK signaling pathway of
Fusarium graminearum ; liu Feng [11] found that curcumin and phloretin synergistic application of
Staphylococcus aureus antibacterial efficacy of scientific research ; in the positive ion mode, the sterol
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biosynthesis inhibitor spirocyclam with internal absorption activity can be used to control powdery
mildew [12], and 12-cyclomorpholine can also be used as a fungicide [13]; dodecanoic acid has a
significant inhibitory effect on the radial growth of mycelia, the production of zoosporangia and the
formation and germination of zoospores [14].

In the co-culture and Metarhizium M3 fermentation filtrate metabolome comparison,in the
positive ion mode: indole can be used as an antibacterial substance against Ralstonia solanacearum
[15]; 4-Aminobutyric acid (Gaba) can be obtained by plant enrichment, microbial fermentation and
other methods. It can be used as a plant growth regulator to help plants resist adversity [16]; as a
mature pesticide currently used in the market, osthole can control peach brown rot [17], rice sheath
blight [18], rice blast [19], wheat powdery mildew [20], cucumber powdery mildew [21]; penicillic
acid has growth inhibitory effect on wheat sharp eyespot and rice sharp eyespot [22]. Studies have
shown that the addition of exogenous betaine can improve the disease resistance of apple to apple
leaf blight [23], indicating that betaine has a certain role in participating in watermelon resistance to
Fusarium wilt [24]. In addition, the contents of metabolites of spirolactam and dodecanoic acid were
up-regulated in the two groups, but there was no research on Fusarium graminearum in the current
literature. How the co-culture fermentation filtrate affects Fusarium graminearum needs further
verification.

Following the KEGG annotation of the metabolites, significant changes were observed in the
metabolic pathways of the co-culture fermentation filtrate, compared to the single culture
fermentation filtrate of Metarhizium, which served as the control group. The pathways encompassed
amino acid biosynthesis, metabolism of alanine, aspartic acid, glutamic acid, and biosynthesis of
various secondary metabolites. This suggests that new secondary metabolites might have been
introduced or created in the co-culture fermentation filtrate when compared to the single culture
fermentation filtrate of Metarhizium. In addition, every metabolite produced by the co-culture and the
single culture of the two strains can be separately identified for a more in-depth exploration of the
changes in secondary metabolites.

Beyond the presence of antibacterial substances, significant changes were identified in the
metabolic pathway - particularly, the synthesis of zeatin - when comparing the monoculture
fermentation filtrate of Trichoderma (used as a control group) with the co-culture group (regarded as
the treatment group). Numerous studies have elucidated that zeatin serves as an effective plant
growth regulator, thus bolstering crop yields and enhancing disease resistance. However, it remains
to be validated whether the co-culture fermentation filtrate contributes positively to the growth of
corn.
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