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Abstract: Sustainable plant production requires less use of synthetic chemicals in plant nutrition and
protection. Microbial products are among the most promising substitutes for chemicals. With the
increasing popularity and availability of such products, it has become obligatory to use different
microbes together. The effect of this has been tested in several studies, but their results have sometimes
been contradictory depending on the microbial strains tested and the mode of application. We
tested the effect of two commercially available antagonists and Funneliformis mosseae alone and in
combination on tomato. Mycorrhizal treatment increased plant growth and yield, both alone and
combined with the antagonists; however, mycorrhizal root colonization was not influenced by the
antagonist. This treatment also led to a slight decrease in the occurrence of Trichoderma spp. on
tomato roots but did not impede the colonization of roots by the applied Trichoderma strain. Our
result confirmed that Trichoderma asperellum (T34) and Streptomyces griseoviridis (K61) can be safely
combined with arbuscular mycorrhizal fungi (AMF), namely with F. mosseae.

Keywords: Funneliformis mosseae; antagonist; Trichoderma asperellum; Streptomyces griseoviridis

1. Introduction

Tomato (Solanum Iycopersicum L.) is one of the most important vegetables in the world,
with a total production of about 186 million tons in 2022. Its growing area worldwide is
approximately 4,920,000 hectares, and in the EU, it has varied around 250,000 hectares
in recent years. This cultivation is characterized by intensive growing technology both
in greenhouses and in field conditions [1]. From this area, 1683 hectares were arable in
Hungary in 2022 [2]. This requires regular plant nutrition and plant protection due to
the potential yield loss caused by pests and pathogens. Consecutive chemical treatments
impose a significant risk not only for consumers but also for growers and the environment.
To reduce these potential harms, the use of synthetic chemicals in plant production must be
gradually reduced in the near future [3-5].

This can be achieved through the implementation of integrated pest management
strategies, including the use of biological control agents, using bio-stimulants based on
natural materials that promote plant health and reduce the reliance on synthetic agrochem-
icals [6]. Worldwide, the use of environmentally friendly, pesticide-reducing, beneficial
organisms such as Streptomyces, Trichoderma, and mycorrhizae is becoming increasingly
widespread, with their mechanisms of action requiring further research [7-9].

Various microbial inoculants can serve as effective substitutes for synthetic plant
nutrition and plant protection agents, improving soil fertility, reducing high plant pest
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levels, and decreasing micro-climate change. Plant-beneficial microorganisms (or their
metabolites), with their ability to improve crop productivity and resilience, offer multiple
opportunities to ameliorate agricultural sustainability.

Arbuscular mycorrhizal fungi can improve nutrient and water transport to their
host plant roots, enhancing stress tolerance [10-12]; therefore, mycorrhizal inoculation is
becoming a common practice in the sustainable production of horticultural crops. At the
same time, AMF, as important microbes of the soil ecosystem, can form synergistic and even
antagonistic relationships with other microorganisms, bacteria, and fungi. The external
hyphae of AMF serve as conduits facilitating nutrient exchange between the target plant
roots and soil-inhabiting microorganisms including Trichoderma and Streptomyces spp. [13].

Antagonist microbes such as strains of Trichoderma spp. and Streptomyces spp. could be
used for the control of various diseases of tomatoes, either as a registered plant protection
product or soil inoculant [14-16]. Moreover, their beneficial effects on nutrient mobilization
are also known, thereby increasing the uptake of micro- and macroelements and taking part
in nutrient cycling [17], aiding in the decomposition of organic materials and/or production
of different growth hormones [18] and other active metabolites [19-21].

Arbuscular mycorrhizal fungi typically form synergistic relationships with only a
limited number of Streptomyces and/or Trichoderma spp. underscoring the importance of
investigating such interactions. Designing microbial consortia is a major challenge, as the
cross-compatibility of strains and their additive or synergistic effects on plants must be
taken into account. Based on our hypothesis, we would like to demonstrate that there are
AMF-favorable cooperating strains that are suitable for the production of mixed inoculants,
even among strains that are independently antagonistic and used as biocontrol agents.
Therefore, the objective of this study was to assess the effectiveness of inoculation with AMF
together with other beneficial fungi showing saprophytic and plant-protective abilities.

2. Materials and Methods

Experiments took place in the greenhouse of the Department of Integrated Plant
Protection, MATE, in June 2022. Seeds of the tomato cultivar Moneymaker were sown in a
commercial horticultural substrate (Florimo, 80% white sphagnum peat and 20% frozen
black sphagnum peat, slow-release 14N-16P-18K (w/w/w) fertilizer, pH 6.00). Seedlings
with 34 leaves (BBCH 13-14) were transplanted one by one in 15 cm pots filled with the
mixture of the above horticultural substrate (1/3) and washed sand (2/3), both sterilized
before starting. Microbial inoculants were added to the potting hole before transplantation.
The relative humidity was 60%, plants were irrigated daily, and no additional nutrients
were applied. The temperature in the greenhouse varied between 18 and 33 °C during the
experiment.

2.1. Microbial Inoculant and Measurements during Plant Growth

Plants were treated with two antagonist biocontrol microorganisms (Streptomyces strain
K61, formerly known as S. griseoviridis and T. asperellum T34), both registered in the EU as a
plant protection substance [22] alone or in combination with arbuscular mycorrhizal (AM)
fungi. AM specifically identified as F. mosseae (Glomerales, Glomeraceae) was obtained
from MATE at the Institute of Genetics and Biotechnology. F. mosseae was propagated on
maize (Zea mays L. ‘Golda F1’) growing on sterilized peat (Klasmann TS3, 100 mg L~!
P,05) mixed with sand in a ratio of 1:3 (v/v). This propagation process spanned three
successive cycles, each lasting 5 months. The abundance of infective propagules was
estimated using the Most Probable Number (MPN) technique, yielding approximately
35 infective propagules per gram of substrate, as determined by the method developed
by Feldmann and Idczak [23]. Control plants received the same quantity of sterilized
mycorrhizal inoculant.

The Streptomyces K61 strain (DSM 7206) was cultured on nutrient agar plates (Granu-
Cult) at 25 °C. One-week-old cultures were washed with sterilized tap water and the
resulting suspension was adjusted to 10® cells/mL immediately prior to plant inoculation.
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The T. asperellum T34 strain (CECT No. 20417) was cultured on PDA agar plates (Difco)
at 25 °C for a week until full sporulation. Conidia from the agar plates were washed with
sterilized tap water on the day of plant treatment and the suspension was subsequently
diluted to 107 spore/mL.

An amount of 10 mL of the above suspensions was added to the tomato seedlings
during transplantation, alone or in combination with the mycorrhizal inoculation. The
treatments were as follows: C—control, M—mycorrhizae, T—Trichoderma, S—Streptomyces,
M+T—mycorrhizae and Trichoderma, and M+S—mycorrhizae and Streptomyces. All treat-
ments were conducted in 15 replicates. Pots were arranged in a randomized complete block
design in the greenhouse and left for 60 days.

Plant height was measured on the 30th day post-transplanting (BBCH 34-36), from
the ground to the uppermost node of the stem. The fresh shoot and root weight on five
plants from each treatment were measured at the same time. Shoot weight was measured
immediately after cutting them at the soil surface. Roots were removed from the pots and
washed in tap water to remove soil particles, and the root samples were allowed to dry
on filter paper for an hour before weight measurement. Representative root samples were
used for the determination of AM and Trichoderma colonization rates from each treatment.
Root samples were stored at 4 °C until processing.

The mycorrhizal colonization rate was determined in all treatments. Approximately
0.5 g of fine roots of each sample (5 plants/treatment) was stained with Trypane blue
according to Vierheilig et al. [24]. Internal fungal structures (hyphae, arbuscules, vesicles)
were examined under a stereomicroscope at x 100 magnification and the percentage of root
length colonized was calculated using the gridline intersect method [25].

Root samples for measuring Trichoderma colonization were collected as described
above. Small pieces (2—4 mm long) of the thoroughly washed, fine roots were cut with
a pair of sterilized scissors, and 20 pieces from each sample were evenly distributed in
Petri dishes (90 mm diameter) containing Trichoderma-selective medium [26]. Plates were
incubated at 25 °C and the proportion of root pieces from which Trichoderma colonies
emerged was determined after 5 days.

The yield of 10 plants in each treatment was collected until harvesting (the 90th day
after transplanting). Each fruit was individually measured and the accumulated values per
plant were recorded.

2.2. Measurement of Glutathione-S-Transferase (GST) Activity

Plant leaves (the third leaf from the top of the plant) at 90D were collected from the
greenhouse randomly in five replications and immediately placed in liquid nitrogen. Then,
they were held at approximately —80 °C until enzyme activities were measured. Approx.
500 mg of the leaf was resuspended in 100 uL of Cell Lysis Buffer and homogenized very
quickly following the protocol of the Glutathione-S-Transferase (GST.N CS0410) assay
kit [27].

All data were evaluated by one-way analysis of variance (ANOVA) and Tukey’s Post
hoc test at p < 0.05.

3. Results

Mycorrhizal inoculation increased the development of vegetative parts (shoot and
root) during the first 50 days after inoculation (Figures 1A,B and 2A,B). Both root and shoot
weights of the AMF-treated plants were doubled as compared to the untreated control or to
the plants treated with antagonist microbes only (Figures 1 and 2). The antagonists did not
affect the plant-growth-promoting effect of the AM treatment either. The change in plant
height showed a similar tendency, with the mycorrhizal-treated plants (either alone or in
combination with antagonists) growing higher but with insignificant differences.
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Figure 1. Root (A) and shoot (B) fresh weight of mycorrhizae, Trichoderma spp. and Streptomyces
spp. treated plants after 50 days of treatment (transplanting). Treatments marked with the same
letter are significantly not different (p < 0.05). Vertical bars represent standard deviation. Legend: C—
control, M—mycorrhizal treatment, T—Trichoderma spp., S—Streptomyces spp., M+T—Mycorrhizae
and Trichoderma spp., M+S—Mycorrhizae and Streptomyces spp.
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Figure 2. Root (A) and shoot (B) dry weight assessment following treatment with mycorrhizae,
Trichoderma spp., and Streptomyces spp. over a 50-day period post-transplantation. Treatments labeled
with the same letter are statistically non-significant (p < 0.05). Vertical bars represent standard
deviation. Legend: C—control, M—mycorrhizal treatment, T—Trichoderma spp., S—Streptomyces spp.,
M+T—Mycorrhizae and Trichoderma spp., M+S—Mycorrhizae and Streptomyces spp.

Mycorrhizae could be detected in all mycorrhizal-inoculated plants but not in non-
inoculated plants. Mycorrhizal colonization was not influenced by the Trichoderma or Strep-
tomyces treatments, and the minimal observed differences were not significant (Figure 3A).

Mycorrhizae treatment slightly reduced the Trichoderma colonization of the roots, but
the difference was not significant either. Trichoderma fungi from the natural microbiota of
the horticultural soil also colonized the roots, but at a much lower level than on Trichoderma-
treated plants. In the former case, the mycorrhizae-only treatment significantly reduced
the presence of Trichoderma fungi (Figure 3B). A similar but much weaker, insignificant
inhibition was observed in the Trichoderma-treated plants.

The cumulative yield was significantly increased by all but the Streptormyces-only treat-
ment as compared to the control. The best results were observed in the case of combined
applications, followed by mycorrhizae and Trichoderma treatments alone (Figure 4).
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Figure 3. Mycorrhizae (A) and Trichoderma spp. (B) colonization of the tomato roots. Treatments
marked with the same letter are significantly not different (p < 0.05). Vertical bars represent stan-
dard deviation. Treatments showing 0 colonization were not presented. Legend: C—control, M—
mycorrhizal treatment, T—Trichoderma spp., S—Streptomyces spp., M+T—Mycorrhizae and Tricho-
derma spp., M+S5—Mycorrhizae and Streptomyces spp.
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Figure 4. Cumulative yield of tomato plants during the experiment. Treatments marked with the same
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letter are significantly not different (p < 0.05). Vertical bars represent standard deviation. Legend: C—
control, M—mycorrhizal treatment, T—Trichoderma spp., S—Streptomyces spp., M+T—Mycorrhizae
and Trichoderma spp., M+S—Mycorrhizae and Streptomyces spp.

The GST enzyme activities of all treatments were compared to the control one on
samples on D90. Based on the results, the control plants showed significantly lower
enzyme activities compared to the inoculated ones (‘M’, ‘T’, ‘S’, ‘M+T") except for treatment
‘M+S’. Interestingly, treated plants with separate microorganisms had the highest defense
enzyme concentrations than the plants inoculated with the mixed inoculant (M+T, M+S)
(Figure 5).
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Figure 5. Average GST enzyme (umol ml~ min~1). Treatments marked with the same letter are not
significantly different (p < 0.05). Legend: C—control, M—mycorrhizal treatment, T—Trichoderma
spp., S—Streptomyces spp., M+T—Mycorrhizae and Trichoderma spp., M+5—Mycorrhizae and Strepto-

myces spp.
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4. Discussion

The use of beneficial microbes, including mixed inoculants, in plant production has
become an everyday practice in promoting sustainability and demonstrating more en-
vironmentally friendly farming [2]. Therefore, their interactions as well as the effect of
combined application on the treated plants must be clarified. The present data confirmed
our reinforced hypothesis that although cross-inhibition among biological control agents is
very likely, some of them cooperate well with F. mosseae.

Competition among some Trichoderma spp., Streptomyces spp., and AMF can occur in
nature despite some evidence of peaceful coexistence, and this is worth investigating for
designing the best microbial consortia.

Trichoderma spp. and AMEF interactions in the tomato have been intensively stud-
ied [11,14,28,29] with various results. In some cases, inhibition of the mycorrhizal colo-
nization of roots caused by Trichoderma was recorded [30], and many experiments showed
no inhibition or enhancement in the colonization level [31]. However, many studies have
reported an increase in colonization with the combined application of mycorrhizae and
Trichoderma due to their synergistic effect [28,32]. The effects on the plant development,
yield, enzyme activity, or nutrient content of fruits also differed significantly [11,12].

In this study, mycorrhizal fungus F. mosseae combined with antagonist strains T34 and
K61 showed significant differences in the root and shoot weight compared with the single
inoculated fungus and the control. Similar results were reported in an Italian study wherein
Trichoderma treatment led to a significant increase in dry weight, whereas mycorrhizal
treatment resulted in a significant enhancement in both dry and wet biomass [33]. A positive
effect of AM inoculum alone and in combined treatments (M+T, M+S) was found with all
measured parameters. Dual inoculation with AMF and Trichoderma spp. or Streptomyces
spp. was previously reported to significantly enhance growth compared to if each fungus
was inoculated alone [34], as AMF enhances the effect of Streptomyces and Trichoderma
through its external hyphae. In contrast to our expectations, as S. griseoviridis increases
plant yield, this treatment resulted in a lower yield in our work. These differences can
potentially be attributed to the variations in application timing, method, and the specific
microbial strains used. However, it is worth noting that none of the treatments hindered
plant growth.

Despite previous reports of Trichoderma spp. treatment promoting plant growth [35,36],
we did not observe this effect in our study, only regarding yield quantity compared to the
control one.

Although mycorrhizal colonization did not significantly change with the AM+T and
AMH+S treatments compared to AM alone, it is still reflected in the yield. Increased crop
yields are likely to be due to the nutrient-mobilizing effect of inoculants, facilitated further
by the external hyphae of AMFE. While this transmission occurs only in the presence of both
mycorrhizal and antagonistic agents, its use is preferred. These particularly small consortia
could stabilize self-organization and increase the connectivity of multi-kingdom networks,
thereby increasing yield [37,38].

When stress occurs, whether biotic or abiotic, elevated levels of reactive oxygen species
(ROS) prompt an increase in GST activity. Subsequently, GSTs aid in metabolizing toxic
products of lipid peroxidation, damaged DNA, and other molecules [39-41], offering
beneficial effects to plants.

In this study, GST increased significantly in all treatments except for M+S compared
to the control one. Similar results were reported for mycorrhizal fungi [39,42], Tricho-
derma [43] treatments in tomatoes, as well as Streptomyces treatment in tobacco [44]. Even
though the GST level did not correlate with the other measured parameters, microbes had
a beneficial effect on it in all treatments. Interestingly, dual inoculation caused a decrease in
this defense enzyme compared to single inoculants, suggesting their suppressed influence
on plants as stress factors. This can be attributed to the induction of different defense mech-
anisms in the plant due to the occurrence of various biocontrol agents. Moreover, some
Streptomyces and Trichoderma species produce secondary metabolites, directly inhibiting the
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activity of GST enzymes in the plant [45—47]. These metabolites encompass various classes,
categorized as follows: (a) compounds involved in regulatory activities, which encompass
growth factors, morpho-genic agents, siderophores, and agents promoting plant-rhizobia
interaction; (b) antagonistic agents, consisting of those with antiprotozoan, antibacterial,
antifungal, and antiviral effects; (c) agrobiological agents, including insecticides, pesti-
cides, and herbicides; and (d) pharmacological agents, which comprise neurological agents,
immunomodulators, those with antitumoral effects, and enzyme inhibitors [48]. If these
mechanisms interact in a way that reduces the need for GST activity, it could lead to a
decrease in GST enzyme levels. It is possible that the reduced energy spent on defense
enzyme synthesis of the combined inoculated plants compared to the single inoculation, as
well as the combined effect of the micro-organisms on nutrient uptake, could have resulted
in the increase in yield in our work [49].

These findings underscore the complexity of microbial interactions in influencing
plant growth and yield and highlight the need for further research, such as transcriptomics
and proteomics, to elucidate these relationships.

5. Conclusions

In light of the pivotal and global economic importance of tomatoes, our research con-
centrated on employing environmentally sustainable and biologically driven approaches
to augment productivity. Our findings underscore the compatibility of two antagonists
utilized in our experiments, T. asperellum (T34) and S. griseoviridis (K61), with the F. mosseae
mycorrhizal fungus. Encouragingly, these treatments exhibited notable enhancements
in plant growth and yield without compromising each other’s efficacy. However, it is
imperative to subject these treatments to diverse environmental conditions to discern their
broader applicability in open-field settings. By considering these microbial inoculants
as potential biofertilizers, our study underscores their role in ensuring food production,
safety, security, and agricultural sustainability. Furthermore, future investigations should
delve into elucidating the molecular mechanisms governing the interaction between mycor-
rhizal fungi and beneficial microorganisms, thus providing deeper insights into sustainable
agricultural practices.
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