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Abstract: Among the different strategies of plant protection from phytopathogens, the use
of beneficial fungi has been described as a sustainable, eco-friendly approach. The aim
of the present work was to evaluate the antagonistic activity of beneficial fungal strains
in vitro and in vivo. The studied strains (Beauveria bassiana T7, Beauveria bassiana T15,
Metarhizium robertsii Anl, Talaromyces pinophilus T14) had pronounced antagonistic activity
against three phytopathogens (the growth inhibition was 18.2-51%). In pot experiments,
the studied strains significantly reduced the level of stress in barley plants caused by
phytopathogenic load. The beneficial effect of the strains consisted of an increase in the
morphometric parameters of plants and a positive effect on photosynthetic pigments and
proline levels. The 1-aminocyclopropane-1-carboxylate deaminase level of the strains varied
from 0.95 to 2.73 uM o-KB mg protein ! h~!. The most significant mechanisms of antago-
nistic action of the M. robertsii Anl strain were the following: the production of hydrolytic
enzymes (chitinase and glucanase activity amounted to 0.23 U mL~! and 3.42 U mL"},
respectively) and the synthesis of soluble volatile and non-volatile compounds with anti-
fungal properties, including destruxin E, destruxin A, and hydroxyanthraquinones. The
results obtained revealed the potential of the studied strains for their integration into
a sustainable agricultural system.

Keywords: beneficial fungi; antagonistic activity; phytopathogens; ACC deaminase;
Metarhizium robertsii

1. Introduction

Due to rapid population growth, innovative approaches to modern agriculture and
environmental sustainability are needed to ensure food security [1], which is in line with the
UN'’s Sustainable Development Goal 2, “End hunger, achieve food security and improved
nutrition, and promote sustainable agriculture” [2].

Barley (Hordeum vulgare L.) is one of the most important cereal crops in the world. It is
mainly used as grain for livestock feed, as malt for beer production, and as human food.
The increased interest in barley as a human food ingredient is linked to its special chemical
composition and health benefits. Barley grains are an excellent source of dietary fiber
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(particularly B-glucan), vitamins (particularly vitamin E), and tocols, which are beneficial
to human health [3].

The most important pests of barley are fungal pathogens, which have been estimated
to cause an average annual yield loss of 15% worldwide [4]. The use of fungicides to protect
plants is not always effective due to the spread of resistance in phytopathogenic fungi.
Promising plant protection tools include the application of beneficial microorganisms that
can be used as biocontrol agents to regulate the growth of phytopathogens, enhance plant
growth, and promote plant resistance against adverse factors [5].

Among the various groups of microorganisms, fungi are of particular interest, since
they are one of the main integral structural and functional components of biocenoses. They
also have a number of advantages over other groups of microorganisms. Thus, fungi are
distinguished by a high linear growth rate (1-2 orders higher than that of bacteria), which
enables them to spread over greater distances and colonize the substrate more effectively [6].
In addition, fungi are characterized by extreme metabolic plasticity and high adaptive
potential to the action of unfavorable environmental factors [7]. It is known that fungi in
the soil form more stable interspecies networks [8,9].

It is known that beneficial fungi provide a number of positive effects on plants by
involving the following main mechanisms: the synthesis of phytohormones and signaling
molecules, increased availability of nutrients, protection of plants from abiotic stress fac-
tors, biocontrol of phytopathogens, influence on soil fertility, and induction of systemic
resistance [5,10]. Plant protection from phytopathogens is realized by fungi through the
following physiological and biochemical mechanisms: synthesis of extracellular hydrolytic
enzymes; production of soluble non-volatile substances with antibiotic activity; release of
volatile compounds; competition with phytopathogenic microflora for nutrients and a niche
for colonization; elicitor activity; and the induction of systemic plant resistance [11,12].

The ability of fungal strains to produce extracellular hydrolases (chitinases, chi-
tosanases, glucanases, cellulases, proteases, lipases, xylanases, mannases, etc.) is the
most important mechanism of their antagonistic action against phytopathogenic microor-
ganisms. These enzymes are capable of destroying the structural components of the cell
wall, disrupting spore germination, and lysing germ tubes and hyphae of phytopathogenic
fungi [11,12]. Another key mechanism of biocontrol of phytopathogens is the synthesis of
various non-volatile metabolites with antibiotic properties. These metabolites are a chem-
ically heterogeneous group of organic low-molecular-weight compounds produced by
fungi, which even in low concentrations negatively affect the growth and/or metabolic
activity of other microorganisms [11,12]. Microorganisms, including fungi, are capable
of producing a large number of volatile substances with antimicrobial activity, the vast
majority of which are volatile organic compounds (VOCs) [13-15].

Fungi are able to suppress the development of diseases in plants not only due to
the synthesis of various metabolites with antifungal activity, but also due to an indirect
mechanism—by activating the systemic resistance of plants regulated by signaling com-
pounds (salicylic, abscisic, jasmonic acids, ethylene). An important indirect mechanism
of the anti-stress effect of fungi on plants is their ability to produce 1-aminocyclopropane-
1-carboxylate (ACC) deaminase. This enzyme hydrolyzes the amino acid ACC, which is
a precursor of ethylene, the biosynthesis of which increases significantly under stressful
conditions, including the effect of phytopathogens [16,17]. In addition, the protective
activity of fungi is realized in improving the mineral nutrition of plants (potassium and
phosphate mobilization).

In recent years, numerous reports presented considerable information on the anti-
fungal activity of filamentous fungi against phytopathogens. However, many studies
investigated the antifungal activity of the strains in vitro [18,19], and information on their
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effects on plants is insufficient. Moreover, most of the studies are focused primarily on the
entomopathogenic role of Beauveria and Metarhizium [20-23], and little attention has been
paid to their antifungal activity against phytopathogens. Furthermore, the antagonistic
activity of these fungi against phytopathogens such as Fusarium oxysporum, F. graminearum,
and Botrytis cinerea has been studied the most [19,24,25], while information on the anti-
fungal activity against Alternaria is limited. However, this phytopathogen is one of the
most widespread fungi with wide host diversity in agricultural crops [26]. In addition,
studying the local beneficial fungi may be the most suitable way to control local pathogens
and develop an effective and environmentally friendly biofungicide formula.

Thus, a more detailed study on the characteristics and mechanisms of antagonistic
activity of beneficial fungal strains, as well as their application for protecting plants against
phytopathogens, is needed to expand and deepen existing knowledge.

The present study aimed to evaluate the antagonistic activity of beneficial fungal
strains and reveal the mechanisms of their antagonism against the most significant phy-
topathogens of agriculture. The main objectives of this research are as follows: (1) an evalua-
tion of the antagonistic activity of four beneficial fungal strains in vitro, (2) an investigation
of the antagonistic and plant-growth-promoting properties of beneficial fungi on barley
plants grown under biotic stress conditions caused by the phytopathogen F. graminearum,
and (3) a study of the mechanisms underlying the antagonism of the strain having the
highest level of antagonistic activity in vitro and in vivo.

This study is significant in providing a better understanding of the mechanisms
underlying the antagonistic activity of beneficial fungi. In this work, the ability of fil-
amentous fungi of the species B. bassiana, M. robertsii, and T. pinophilus to synthesize
1-aminocyclopropane-1-carboxylate deaminase was demonstrated for the first time. The
results obtained indicate the potential of the studied strains for their integration into
a sustainable agricultural system.

2. Materials and Methods
2.1. Materials

Strains of beneficial fungi that have phosphate-mobilizing activity, the ability
to synthesize phytohormones and signaling molecules [27], resistance to heavy met-
als [28], and plant-growth-promoting activity in relation to various agricultural crops [29]
were used in the present study. Two of the studied strains were endophytes isolated
from soybean (Glycine max L.): Beauveria bassiana T7 (accession No. MG966197) and
Beauveria bassiana T15 (accession No. MG970260). Two strains were isolated from Kas-
tanozem soil: Metarhizium robertsii An1 (accession No. PQ526686) and Talaromyces pinophilus
T14 (accession No. MT364484). Detailed information on the sampling and identification of
these strains is presented in previous studies [27,28].

Strains of phytopathogenic fungi (Fusarium oxysporum P8, Fusarium graminearum P12,
and Alternaria alternata P15), obtained from the local collection of the Department of Biology
and Biotechnology of Al-Farabi Kazakh National University, were used as test cultures.

2.2. Methods
2.2.1. Study of Antagonistic Activity

Strains of beneficial fungi and phytopathogenic fungi were grown on the surface of
Sabouraud Agar for 5 days; then, plugs of 5 mm in diameter were cut out using sterile
cork borer. In a Petri dish on the surface of the medium, a plug with a phytopathogen
culture was placed on one edge, and a plug of the studied antagonistic strain was placed
on the other edge. The distance between the plugs was 30 mm. Dishes with only the
phytopathogen culture served as a control [30]. The experiment was conducted with five
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replicates. The growth inhibition zone was determined by measuring the size of the zone
where the phytopathogen did not grow. The growth inhibition (GI) of phytopathogenic
fungi was calculated using Equation (1):

_ (R1—-R2)
Gl= R1

x 100% 1)
where GI—growth inhibition, %; R1—size of the phytopathogen colony in the control
variant, mm; R2—size of the phytopathogen colony in the variant with the antagonist, mm.

2.2.2. Pot Experiments

To conduct pot experiments, we used seeds of spring barley (Hordeum vulgare L.
var. Baysheshek), which were pre-sterilized by soaking them in 75% ethyl alcohol for
5 min and in 1% sodium hypochlorite for 10 min, followed by thorough rinsing in sterile
distilled water.

To prepare the fungal inoculum, the fungal strains (each strain separately) were
grown in liquid Sabouraud medium for 7 days at 180 rpm and 25 °C. After incubation,
Tween-80 was added to the medium, and the spores were collected in a test tube with
sterile water. The spore suspension was centrifuged at 9000 g for 1 min, after which the
resulting sediment was resuspended in sterile distilled water. The spore concentration was
brought to 107 spores mL 1.

The soil for pot experiments was classified as Kastanozem and had alkaline conditions
with a pH (H,0) value of 8.4. The soil properties: bulk density of 1.25 g cm~3, total C
of 2.75%, total N of 1.9 g kg !, total phosphorus of 1.8 g kg~!, and CaCO3 of 7.8%. Dry
soil (300 g) was placed in plastic pots (65 x 65 x 100 mm) and moistened to 60% with
distilled water. Seeds were placed in pots (15 seeds per pot, 5 pots for each treatment), and
each seed was inoculated with 1 mL of fungal inoculum. Control seeds were treated with
sterile water.

The conditions of phytopathogenic load for plants were simulated by introducing a sus-
pension of the phytopathogenic fungus F. graminearum P12 with a titer of 10° spores mL~!
into the soil.

The experimental design included 6 treatments: (1) sterile soil without inoculation,
(2) soil with F. graminearum P12 without inoculation with antagonistic strains, (3) soil with
F. graminearum P12 + inoculation with M. robertsii An1, (4) soil with F. graminearum P12
+ inoculation with B. bassiana T15, (5) soil with F. graminearum P12 + inoculation with
B. bassiana T7, and (6) soil with F. graminearum P12 + inoculation with T. pinophilus T14.
The pots were arranged according to a completely randomized design for one variable
(treatment type) with five replicates for each variant. All pots were uniformly moistened
every three days. After incubation for 14 days, the plants were collected and the following
parameters were examined: growth characteristics (length and mass of roots and stems),
biochemical defense reaction (proline content), and activity of the photosynthetic system
(content and ratio of chlorophyll pigments).

2.2.3. Determination of the Content of Photosynthetic Pigments

A sample of leaves (2 g) was thoroughly homogenized, extracted in 10 mL of 96%
ethanol, kept in the dark for 1 h, then centrifuged at 6000x g for 15 min. The resulting
extracts were used for spectrophotometric measurement of absorption at 649 and 665 nm.
The content of chlorophyll was expressed as mg per g of leaf weight [31].

2.2.4. Determination of Proline Content

A sample of leaves (0.5 g) was thoroughly homogenized, extracted in 10 mL of 3%
sulfosalicylic acid, and centrifuged at 11,000 x g for 15 min. Glacial acetic acid and acidic
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ninhydrin reagent were added to the resulting extract in equal volumes. The mixture was
kept in a water bath at 100 °C for 1 h, after which it was used for spectrophotometric
measurement at 520 nm [32].

2.2.5. Determination of ACC Deaminase Activity

To identify ACC-utilizing strains among the studied beneficial fungi, three variants of
the medium were used: with ACC as the only nitrogen source, with NH4NO3 (positive con-
trol), and without adding a nitrogen source (negative control). Petri dishes with inoculated
strains were incubated at 25 °C for 7 days, after which a visual assessment of the growth
intensity of the studied strains was performed. Strains capable of growing on a medium
with ACC and showing more intensive growth on this medium compared to the positive
and negative controls were selected for further determination of ACC deaminase activity.

ACC-utilizing strains were grown on a medium supplemented with ACC at 25 °C and
180 rpm for 5 days. After incubation, the cultures were centrifuged for 15 min at 14,000 g
and 4 °C and washed with 0.1M Tris-HCI buffer (pH 7.5), and the pellet was resuspended
in 0.1M Tris-HCI buffer (pH 8.5). Homogenization was performed in a UD-20 ultrasonic
disintegrator (3 alternating periods of sonication for 60 s at 150 W) at 4 °C. The resulting
suspension was centrifuged for 15 min at 14,000x g and 4 °C, and the supernatant was
used to determine the enzyme activity by the colorimetric method for the formation of «-
ketobutyrate (x-KB) [33]; 0.5M ACC was used as a substrate and the mixture was incubated
for 30 min at 28 °C. The reaction was stopped by adding 1 mL of 0.56M HCl, and the mixture
was centrifuged for 5 min at 14,000x g. Then, 100 puL of 0.56M HCl and 150 pL of 0.2%
2,4-dinitrophenylhydrazine solution in 2M HCl were added to 0.6 mL of the supernatant,
and the mixture was incubated for 30 min at 28 °C. The reaction mixture was neutralized
with 2M NaOH, and the optical density was measured at 540 nm. The protein content was
determined by the Bradford colorimetric method [34]. Enzyme activity was expressed as
the amount (in pM) of x-KB formed per 1 mg of cellular protein over an hour.

2.2.6. Determination of the Activity of Hydrolytic Enzymes

The M. robertsii An1 strain having the highest level of antagonistic activity was grown
in liquid Sabouraud medium (50 mL) with the addition of chitin (for determining chitinase)
or sodium carboxymethyl cellulose (Na-CMC) (for determining glucanase) for 7 days at
180 rpm and 25 °C, after which the cultures were centrifuged at 11,000 g for 15 min.
The supernatant was used to determine chitinase and 3-1,3-glucanase activity. Chitinase
activity was determined spectrophotometrically with dinitrosalicylic acid based on the
amount of N-acetylglucosamine released from colloidal chitin used as a substrate. The unit
of chitinase activity (U) was taken as the amount of enzyme catalyzing the formation of
1 pg of N-acetylglucosamine per minute. The activity of 3-1,3-glucanase was determined
spectrophotometrically with dinitrosalicylic acid based on the amount of reducing sugars
formed as a result of the hydrolysis of Na-CMC used as a substrate. The amount of enzyme
catalyzing the formation of 1 pg of reducing sugars per minute was taken as a unit of
activity (U) of 3-1,3-glucanase [30].

2.2.7. Determination of VOC-Producing Capacity

In one Petri dish, the antagonistic strain was streaked onto the surface of the Sabouraud
medium and incubated at 25 °C for 2 days. In another dish, a 5-day-old 5 mm block of the
phytopathogenic fungus culture was placed on the surface of the medium. Both dishes
were combined in such a way as to avoid direct contact between the cultures, and the
edges were sealed with two layers of parafilm. A pair of dishes served as a control, one of
which was inoculated with the phytopathogen, and the other contained only the Sabouraud
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medium. The dishes were incubated at 25 °C for 3 days [30]. Then, the GI was determined
using the formula described above.

2.2.8. Extraction of Metabolites from M. robertsii Anl Culture and Evaluation of
Antagonistic Activity of Extracts

The M. robertsii An1 strain having the highest level of antagonistic activity was grown
on liquid Sabouraud and Czapek Dox media for 7 days at 180 rpm and 25 °C. At the end of
the incubation, the biomass was separated by filtering the culture through a paper filter
(Whatman No. 2). The metabolites were extracted in an ultrasonic bath for 10 min: from
the filtrate with ethyl acetate and from the dry crushed mycelium with hexane and then
with ethyl acetate. The solvent was distilled off at 40 °C on a Hei-VAP Precision rotary
vacuum evaporator (Heidolph Instruments GmbH & Co KG, Schwabach, Germany), and
the mass of the dry residue was determined. The resulting dry residue was suspended in
sterile water to obtain solutions with a concentration of 5 mg mL~! [35]. The antagonistic
activity of the obtained extracts was assessed using the paper disk method on cultures
of the phytopathogenic fungi F. oxysporum P8, F. graminearum P12, and A. alternata P15.
Pieces of sterile filter paper with diameters of 7 mm were placed on each plate with the
phytopathogen; then, 15 L of extract with a concentration of 5 mg mL~! was added to the
filter paper sheets [36]. After incubation at 25 °C for 5 days, the size of inhibition zone was
observed and the GI was calculated.

2.2.9. Chromatographic Analysis of Extracts

Extracts were separated using an ACQUITY UPLC H-Class (Waters, Milford, CT, USA)
and diode-matrix UV detector on an ACQUITY UPLC BEH C8 reversed-phase column
(50 x 2.1 mm, sorbent particle diameter 1.7 pm) (Waters, Milford, CT, USA). Elution was
performed in an acetonitrile-0.1% formic acid system in the following gradient: 10-30%
acetonitrile for 2 min, 30% acetonitrile for 2 min, 30-100% acetonitrile for 3 min, 100%
acetonitrile for 2 min. The flow rate was 300 puL per min; the column temperature was
40 °C; the injected sample volume was 1 pL of extract. Extract samples were prepared by
dissolving the dry residue in acetonitrile to a concentration of 5 mg mL~!. The detection
of substances was carried out by scanning in the wavelength range from 200 to 800 nm
(using the MaxPlot function of the Empower 3, Waters program 2475). The substances were
compared by retention time and their UV spectra.

2.3. Statistical Analysis

Statistical data processing was performed using the Statistica version 10.0 soft-
ware package (TIBCO Software Inc., Palo Alto, CA, USA). All data are presented as
mean + standard deviation. Prior to analysis, equality of variances and normality of
the data were tested using Levene’s test and a Shapiro-Wilk test, respectively. Data analysis
was performed using one-way analysis of variance (ANOVA) followed by Tukey’s HSD
test for multiple comparisons.

3. Results and Discussion
3.1. Antagonistic Activity of Beneficial Fungi In Vitro

The studied strains had pronounced antagonistic properties against three phy-
topathogenic fungi. The zones of growth inhibition varied in the range from 10 to 28 mm;
the GI was in the range from 18.2 to 51% (Table 1).

According to the nature of interaction with phytopathogenic fungi, two types of
manifestation of antagonistic activity of the studied fungal strains were noted (Figure 1).



Sustainability 2025, 17, 450

7 of 17
Table 1. Antagonistic activity of fungal strains against phytopathogens.
Growth Inhibition, % Size of Growth Inhibition Zone, mm
Antagonistic
Strain Fusarium Fusarium Alternaria Fusarium Fusarium Alternaria
oxysporum P8  graminearum P12  alternata P15  oxysporum P8  graminearum P12  alternata P12
Beauveria 236+ 110 323+£12b 378 £ 16" 13+£04° 214£08¢ 17 £0.7°
bassiana T7
Beauveria 309 £12°¢ 277 £0.8°¢ 22412 17 £07¢ 18 £0.7P 10£042
bassiana T15
Metarhizium 514+ 154 4154114 489 £1.8¢ 284094 274114 22 +08¢
robertsii Anl
Talaromyces 182+£072 204032 35.6+£ 150 104032 13+£052 16 £08P
pinophilus T14

Note: Different letters in the same column indicate statistically significant differences between values according to
Tukey’s test at p < 0.05.

Fungi B. bassiana T7 (Figure 1b) and B. bassiana T15, without contact with phy-
topathogens, completely suppressed their development with the formation of “clean”
inhibition zones. This may be due to the production of extracellular metabolites, which,
diffusing into the thickness of the agar, inhibited the growth of phytopathogens [11,12].

Two other strains, M. robertsii Anl and T. pinophilus T14, characterized by rapid
growth, actively grew, lysing the culture of the phytopathogen in the areas of direct contact
(Figure 1d). This type of interaction may be associated with competition for the substrate,
which is possible due to the rapid growth of fungal strains, which gives them an advantage
in obtaining nutrients. In addition, these strains probably produce hydrolytic enzymes that
degrade the mycelium of phytopathogens, as well as compounds with antifungal activity.

(b)

Figure 1. Cont.
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Figure 1. Antagonism between antagonistic strains and phytopathogenic fungi: (a) phytopathogen
Alternaria alternata (control); (b) Beauveria bassiana T7 against Alternaria alternata; (c) phytopathogen
Fusarium oxysporum (control); (d) Talaromyces pinophilus T14 against Fusarium oxysporum. The left
column represents fungal colonies on the Sabouraud plates. The right column represents microscopic
morphology (x400).

When examined microscopically, changes in the morphological structure of the
mycelium were observed in phytopathogenic fungi under the influence of the studied
antagonistic strains: the suppression of sporulation occurred; the structure of the strands
became sparser and thinner; hyphal cells were noticeably rounded and shortened. It
should be noted that as the antagonist strain colony approached, changes in the structure
of the phytopathogen mycelium were more intense, while outside the zone of action of the
metabolites secreted by the fungi, the pathogens formed a normal mycelium (Figure 1). This
indicates that the degree of antagonistic action of antagonistic fungi on the phytopathogen
is due to the radial gradient of the concentration of extracellular metabolites.

3.2. Antagonistic Activity of Fungal Strains In Vivo

Fusarium graminearum is a major crop contaminant that infects cereals, especially barley.
This ascomycete fungal pathogen is the causal agent of Fusarium head blight in barley. It
leads not only to significant yield losses but also contaminates grains through mycotoxins
that are dangerous to humans and animals [37].

In the present study, when barley grew under conditions of phytopathogenic load
caused by F. graminearum P12, the values of all the studied growth parameters decreased
by 20-32%. Inoculation with antagonistic strains ensured more intensive development of
plants under biotic stress. In the inoculated variants, barley developed a more powerful
and long root system. In addition, the treated plants were taller than the control ones
under phytopathogenic load. In particular, the length of the stem and root increased by
14-25% and 13-19%; the biomass of the aboveground and underground parts exceeded
the non-inoculated variant by 11-12% and 12-14%, respectively. Inoculated plants grown
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on contaminated soil, in terms of growth parameters, were close to plants grown under
normal conditions without exposure to the stress factor (Table 2).

Table 2. Effect of inoculation with antagonistic fungal strains on growth parameters of barley under
phytopathogenic load.

Treatment Shoot Length, cm Root Length, cm Dry Weight of Shoot,g  Dry Weight of Root, g

Sterile soil 171+ 054 794+02¢ 0.045 + 0.0021 © 0.019 + 0.0014 ©
Soil with Fusarium graminearum P12

Without inoculation 131+ 0522 6.3+ 0.052 0.035 + 0.0022 2 0.013 + 0.0014 2
Beauveria bassiana T7 159+ 04°¢ 73+022b 0.041 £ 0.0012 P 0.018 + 0.0013 be
Beauveria bassiana T15 149 + 03P 71+02P 0.039 £ 0.001 b 0.016 £ 0.0012 P
Metarhizium robertsii Anl 16.5 + 0.5 7.5+ 03Pbc 0.042 + 0.002 be 0.018 =+ 0.0009 be
Talaromyces pinophilus T14 152 +02P 714014 0.039 + 0.0013 P 0.016 + 0.0011 P

Note: Different letters in the same column indicate statistically significant differences between values according to
Tukey’s test at p < 0.05.

The amount of photosynthetic pigments in leaves is an indirect indicator of the stress
resistance of a crop, since this indicator changes during plant adaptation to environmental
conditions, including the influence of various stress factors; i.e., it reflects the plant’s
response to growing conditions. The ratio of chlorophylls a/b, which ensures the stability
of the photosynthetic system, is of great importance; a decrease in this indicator and
a decrease in the total chlorophyll content indicate a disruption in the photosynthetic
activity of plants [38].

Under biotic stress conditions caused by the phytopathogen F. graminearum P12, the
total chlorophyll content in barley leaves decreased by 22% compared to this value in plants
grown under normal conditions and amounted to 1.88 & 0.06 mg g~! (Table 3). In addition,
under phytopathogenic load, a decrease in the chlorophyll a/b ratio was observed, indicat-
ing changes in the pigment—protein complexes of light-harvesting antennae and reaction
centers of both photosystems. The use of beneficial fungal strains had a stimulating effect
on the photosynthetic activity of barley when grown in soil with an increased infectious
background. The positive effect of studied strains was expressed in an increase in the
Chl a content in leaves by 11-21%, Chl b content by 9-13%, and total Chl (2 + b) content
by 19-18%. The maximum effect was achieved in the variant with the M. robertsii Anl
strain (Table 3).

Table 3. Effect of inoculation with antagonistic fungal strains on physiological parameters of barley
under phytopathogenic load.

Treatment Chla,mgg1 Chlb mgg! Chl (a +b), mg g1 Chl a/b Proline, pmol g1

Sterile soil 1.76 £ 0.05 4 0.64 +0.02° 2440084 2.7540.1°¢ 1.28 4 0.045 2
Soil with Fusarium graminearum P12

Without inoculation 1.33 £0.052 0.55 4+ 0.012 1.88 +£0.06 2 242 +0.052 2.44 +0.084
Beauveria bassiana T7 1.58 £ 0.06 © 0.61 +0.021° 2.19 + 0.05 be 259 +0.1P 1.96 4+ 0.08 ©
Beauveria bassiana T15 155+£005%  0.62+0.024° 217 £0.1b¢ 2540052 1.88 4 0.06
Metarhizium robertsii Anl 1.61 +0.07 0.6 +0.023° 2.21+0.08°¢ 268 +0.1P 1.65 4+ 0.07 P
Talaromyces pinophilus T14 ~ 1.48 +0.03P 0.56 +0.0122 2.0440.04° 2.64 +0.08° 1.72 4+ 0.052°

Note: Different letters in the same column indicate statistically significant differences between values according to
Tukey’s test at p < 0.05.

In response to stress factors, the plant’s defense system is activated. An increase
in proline content is one of the characteristic plant reactions to various types of stress,
including biotic stress, which ensures the first stage of plant adaptation [39,40]. A higher
level of proline in barley leaves was noted when plants were grown in soil with an increased
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T. pinophilus T14
B. bassiana T7

B. bassiana T15
M. robertsii Anl

infectious background compared to untreated plants in sterile soil. In the non-inoculated
variant, under stressful conditions, the proline concentration exceeded this indicator in
plants grown under favorable conditions by 1.9 times and amounted to 2.44 pmol g~!
of fresh weight. In plants treated with beneficial fungi, the content of proline varied
in the range from 1.65 to 1.96 pmol g_1 depending on the strain (Table 3). The results
obtained suggest that the studied strains significantly reduce the level of stress caused by
phytopathogenic load.

Under stress conditions, the biosynthesis of ethylene is activated in plant tissues. This
is a signal substance that triggers a cascade of non-specific stress reactions leading to the
inhibition of physiological and growth processes in the plant. One of the mechanisms of
positive effects on plants under normal and, in particular, stress conditions is the synthesis
by some microorganisms of the enzyme ACC deaminase, which hydrolyzes the amino acid
ACC, which is a precursor of ethylene, to a-ketobutyrate (x-KB) and ammonium. Due to
the action of ACC deaminase, the level of ethylene in plant tissues is noticeably reduced,
which leads to an increase in plant resistance to biotic and abiotic stress [16,41].

The activity of ACC deaminase in fungi is one of the key factors that facilitates growth
and promotes the stress resistance of plants under unfavorable conditions. In this regard,
an important stage of this work was the revealing ability of the studied strains to synthesize
ACC deaminase.

All four strains studied demonstrated the ability to grow on a medium contain-
ing the amino acid ACC as the only nitrogen source, indicating the synthesis of the en-
zyme ACC deaminase by these cultures. When quantitatively assessing the activity of
ACC deaminase in liquid culture, it was found that this indicator varied from 0.95 to
2.73 uM o-KB mg ! protein h~!. The maximum activity of this enzyme was characteristic
of the strains M. robertsii Anl and T. pinophilus T14 (Figure 2).

L P e M=o

MR A A AR e

T~ =

L I e <

0 1 2 3

ACC deaminaseactivity, uM o-KB mg! proteinh-!

Figure 2. Activity of ACC deaminase in fungal strains. Different letters indicate statistically significant
differences between values according to Tukey’s test at p < 0.05.

The positive role of ACC-hydrolyzing bacteria in the processes of plant growth, de-
velopment, and resistance to biotic and abiotic stresses has been confirmed by many
researchers [41-45]. However, information on plant-growth-promoting fungi containing
ACC deaminase is limited. In this work, the ability of filamentous fungi of the species
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B. bassiana, M. robertsii, and T. pinophilus to synthesize this enzyme was demonstrated for
the first time.

3.3. Study of Mechanisms of Antagonism Against Phytopathogenic Fungi

The strain M. robertsii An1, which exhibited maximum antagonistic activity in vitro
and in vivo, was selected to decipher the mechanisms underlying the antagonism.

One of the important mechanisms involved in the interaction of antagonist strains with
phytopathogens is the production of a complex of specific hydrolytic enzymes that destroy
the structural polymers of the cell wall, which leads to the suppression of development
and/or complete inhibition of the growth of phytopathogens. Chitinases and glucanases
are of primary importance among these enzymes [12].

The M. robertsii Anl strain demonstrated the ability to grow on media containing
colloidal chitin and Na CMC as the sole carbon source. The utilization of these substrates
indicates the ability of the strain to produce chitinase and 3-1,3-glucanase, respectively.
Quantitative assessment revealed a high level of activity of these enzymes: 0.23 £ 0.01 U for
chitinase and 3.42 £ 0.1 U for 3-1,3-glucanase. The data obtained indicate that the synthesis
of extracellular hydrolases is one of the important criteria that determine the antagonistic
properties of the M. robertsii Anl strain. The mechanism of the antagonistic action of these
enzymes is that chitinases cause the degradation of the main structural polysaccharide of
the cell wall of pathogenic fungi—chitin. And glucanases hydrolyze glycosidic bonds in
glucans, which are the second main component of the cell wall of fungi after chitin, and
also play an important role during cell division and vegetative growth. It is also known
that as a result of the action of chitinases, not only the growth of the pathogen is limited,
but also chitooligosaccharides are formed, which are effective elicitors of systemic plant
resistance [11,12].

Another key mechanism for suppressing the growth of pathogenic microorganisms is
the ability of fungi to synthesize substances with antibiotic activity.

VOCs are an important class of substances with antifungal properties. They can
suppress and stimulate the growth of microorganisms, induce systemic resistance in plants,
and act as attractants or repellents for insects, nematodes, and other organisms [13-15]. At
present, VOCs identified in fungi of the genus Metarhizium are mainly characterized by
a modulating effect on insects [15], while information on their effect on phytopathogenic
fungi is extremely limited. The antagonistic activity of VOCs of the strain M. robertsii An1
was studied using the double-plate method against three phytopathogenic fungi. It was
shown that the VOCs of the studied strain exhibited weak antifungal activity only against
two tested phytopathogens, F. oxysporum P8 and A. alternata P15, where the Gl was 12.7%
and 6.7%, respectively (Table 4). The results obtained indicate that VOC production is not
the main mechanism of the antagonistic effect of the studied strain.

Table 4. Antagonistic activity of volatile organic compounds of M. robertsii Anl strain
against phytopathogens.

Phytopathogen Growth Inhibition, %  Size of Growth Inhibition Zone, mm
Fusarium oxysporum P8 127 £ 05 7x1
Fusarium graminearum P12 0 0
Alternaria alternata P15 6.7+0.1 3£05

In addition to VOCs, antagonistic strains synthesize a wide range of non-volatile
organic compounds with antagonistic properties [11,12]. At the next stage of this work,
non-volatile exo- and endometabolites were studied, obtained by extraction from the filtrate
and mycelium of the M. robertsii An1 culture, respectively.
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The yield of extractive substances varied in the range from 0.22 to 0.48 g L™! de-
pending on the localization (filtrate and biomass) and nutrient medium (Czapek Dox and
Sabouraud) (Table 5). Sabouraud medium was more favorable for the formation of endo-
and exometabolites: the yield of extractive substances of the strain on this medium reached
maximum values and amounted to 0.34 + 0.01 and 0.48 4- 0.02 g L™, respectively, while on
Czapek Dox medium, this indicator did not exceed 0.29 + 0.01 g L~! (Table 5). The yield
of extractive substances from the filtrate was significantly higher (p < 0.05) compared to
mycelium, which indicates predominantly extracellular accumulation of metabolites.

Table 5. Yield of extractive substances of the M. robertsii An1 strain.

Extract Type Extractive Substances Yield, g L~1
Czapek Dox medium
Filtrate 0.29 +0.01P
Biomass 0.22 +0.0162
Sabouraud medium
Filtrate 0.48 +0.02°
Biomass 0.34 +0.0152

Note: Different letters in the same column indicate statistically significant differences between values according to
Tukey’s test at p < 0.05.

Analysis of the antagonistic activity of extracts from the M. robertsii An1 strain revealed
a number of features. The most sensitive to the studied extracts were the phytopathogenic
fungi F. oxysporum P8 and A. alternata P15. The GI of F. graminearum P12 was significantly
lower in all variants compared to other test cultures of phytopathogens (Table 6), indicating
the greatest resistance of this pathogen to the metabolites of M. robertsii An1.

Table 6. Antagonistic activity of different types of extracts from the M. robertsii An1 strain.

Growth Inhibition, %

Extract Type
Fusarium oxysporum P8 Fusarium graminearum P12 Alternaria alternata P15

Czapek Dox medium

Filtrate 345+1.1° 27.7£038P 333+£14°

Biomass 20+05% 154+04°7 178+ 05a
Sabouraud Medium

Filtrate 5554+ 1.5P 454+15° 544+ 16"

Biomass 355£0.72 33+£17 36.7£08?

Note: Different letters in the same column indicate statistically significant differences between values according to
Tukey’s test at p < 0.05.

Extracts from the filtrates showed higher inhibitory activity against all phytopathogenic
fungi than similar extracts from the mycelium (Table 6). This result suggests that com-
pounds with antagonistic activity are released to a greater extent by the M. robertsii Anl
strain into the environment, and only some of them accumulate intracellularly.

The composition of the nutrient medium had a significant effect on the degree of
antagonistic activity of the fungal extracts. The antagonistic activity of both endo- and
exometabolites obtained when growing the strain on Sabouraud medium was significantly
higher than when growing the strain on Czapek Dox medium (Table 6). Thus, the most
favorable nutrient medium for the formation of endo- and exometabolites with a high level
of antagonistic activity was Sabouraud medium.

Analysis of the obtained chromatograms of extracts from the M. robertsii An1 culture
showed the multicomponent nature of these fractions (Figures 3 and 4). The metabolite com-
plexes of extracts from the mycelium and culture liquid of the strain differed significantly
in chemical composition.
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Figure 3. HPLC-UV chromatogram of the mycelial extract of M. robertsii An1.
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Figure 4. HPLC-UV chromatogram of the extract from the culture filtrate of M. robertsii An1.

As can be seen from the data presented in Figure 3, in the extract from the mycelium of
the strain, the main compounds had absorption spectra in the far region of the UV spectrum
(A max = 196.7 nm, 193.2 nm, 190.9 nm, 194.4 nm, 192.0 nm), which is typical for aliphatic
compounds, including those with multiple isolated bonds.

In the extracts from the culture filtrate of the M. robertsii Anl strain, absorptions
were recorded in the range from 230 to 290 nm (Figure 4), which indicates the presence
of substances with conjugated diene and polyene bonds. At the same time, the detected
absorptions in the UV spectrum at A from 230 to 250 nm indicate the presence of heteroan-
nular cyclic systems, and those from 265 to 285 nm indicate homoannular cyclic systems.
In addition, absorption in this region of the UV spectrum is characteristic of substances that
have single C—C bonds in the structure and polar chromophore groups conjugated with
each other.

In the extract from the culture filtrate, the compound with the retention time
tR = 5.33 min is probably destruxin E, since it has a similar retention time and the charac-
teristic absorption maximum in the UV spectrum at A 271.2 nm for this destruxin. Also,
another major substance in the extract from the culture liquid with tR = 7.48 min and a UV
spectrum with an absorption maximum at A max = 290.2 nm is destruxin A (Figure 4).
These destruxins, which belong to cyclic depsipeptides, are found in various strains of
Metarhizium and have pronounced insecticidal, antibiotic, and cytotoxic properties [46—48].
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Analysis of the metabolite profiles of the extracts showed that in addition to de-
struxins, the strain produces yellow pigments that are not related to aurovertins. These
pigments, judging by the UV spectra and retention time, most likely belong to the group of
hydroxyanthraquinones [49,50].

The obtained data are consistent with previous studies. Thus, a number of authors
report a high level of antagonistic activity of extracts obtained from cultures of vari-
ous Metarhizium species. The extracted metabolites were characterized by antifungal
properties against the phytopathogenic fungi Verticillium dahliae, Phytophthora megasperma,
Fusarium oxysporum, Cladosporium herbarum, and Curvularia clavata [35,51,52]. Unlike pre-
vious studies, this work not only examined the antimicrobial activity of volatile and
non-volatile metabolites of M. robertsii Anl, but for the first time demonstrated another
mechanism of the antagonistic action of the strain—the synthesis of hydrolytic enzymes.

4. Conclusions

The ability of beneficial fungal strains to suppress the growth and development of
phytopathogenic fungi has been demonstrated. The complex nature of the antagonism of
the M. robertsii Anl strain has been revealed. The production of extracellular hydrolytic
enzymes (chitinases, glucanases) and the synthesis of non-volatile soluble compounds
with antimicrobial activity (mainly destruxins) are the most significant mechanisms of the
antagonistic action of this strain. Also, a certain role in the manifestation of antagonism is
played by the emitted VOCs with antifungal properties. The results of the studies suggest
that one of the mechanisms involved in protecting plants from phytopathogens is the ability
of beneficial fungi to synthesize ACC deaminase.

The results obtained indicate the prospects for the use of beneficial fungi to enhance
plant adaptation and improve their growth under the influence of biotic stress factors.
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