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Featured Application

The research presented in this article demonstrates an important and effective potential for field
application of Pleurotus ostreatus mycelium in sugar beet crops against Heterodera schachtii, as well as
a possible application in other crops, where nematodes are significant pests.

Abstract

Sugar beet (Beta vulgaris L.) is the second sugar crop in the world. One of its pests is Heterodera
schachtii, a root-knot nematode. Protection against this pest is challenging and requires the integration
of various methods, including biological ones. The possibility of using Pleurotus ostreatus as a
biological factor in the protection of sugar beets presents an opportunity. Mycelia of this edible
mushroom were tested in a pot laboratory test, showing a high protective potential. Results obtained
by application to the fallowed soil revealed a 71.3% reduction in the nematode population. When
sugar beets were sown in pots, the results were not as high. However, in this favorable pest
environment, the tested mycelia could inhibit and even decrease the nematode population by up to
32.5%, in contrast to unprotected pots, where an over 200% increase in H. schachtii population was
achieved. In the field experiment, where a single strain was tested, the results were similar; however,
the protective activity of the mycelium was lower. On fallow soil, the reduction was 45.4-48.4%, while
on sugar beet plots no increase in the H. schachtii population was observed, and its reduction was 7.5-
21.4%.

Keywords: sugar beet; cyst nematode control; Heterodera schachtii; Pleurotus ostreatus

1. Introduction

Sugar beet (Beta vulgaris L.) is one of the most important crops in Europe and the second among
the sugar crops in the world [1]. Its production may be disturbed by several pathogens and pests.
Among them, Heterodera schachtii is one of the most important pests in sugar beet production [2,3].
Its control is in many countries, e.g., in Poland, restricted to biological methods only. In Poland, there
are only two officially registered chemical substances to protect crops against nematodes, including
H. schachtii on table beet crops, but not in sugar beet cultivation. The most broadly used agricultural
practices to control this group of pests belong to the integrated methods of plant protection. Among
them, crop rotation, resistant sugar beet varieties against nematodes, and nematocidal plants are the
most used [3]. Thus, searching for a practical and useful method to control sugar beet cyst nematode
is crucial and highly demanded [3].

Pleurotus ostreatus is a mushroom species well known for its nematocidal properties [2]. This
feature was discovered by Prof. G. Barron (University of Guelph) in the 1980s [4]. Vegetative
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mycelium of oyster mushroom produces hyphae knobs, tipped with a drop of a substance that may
paralyze nematodes. Since then, several studies have been conducted that have tested the
nematocidal potential of Pleurotus spp. mycelia; however, a complex field application method has not
been presented [2,5,6]. P. ostreatus, known as the oyster mushroom, is one of the most popular edible
mushrooms in the world, that are industrially cropped. Shortly after the discovery of the nematocidal
properties of oyster mushroom vegetative mycelium, the substance responsible for this property was
discovered. It was identified as (E)-2-decenedioic acid, a ten-carbon hydrocarbonic substance [6,7].
Other studies have shown that this substance is probably not the only one responsible for the
nematocidal activity of Pleurotus sp. [8,9]. In 2023, Lee et al. [10] identified another compound as
responsible for the paralysis nematodes by the mycelium. It was 3-octanone, a very popular in the
fungal world compound that is one of those responsible for a typical mushroom aroma [11,12]. 3-
octanone is a liquid substance with a very strong mushroom scent. This discovery explains why, in
some research, good results were obtained even when parts of fruiting bodies of oyster mushrooms
were used [8,13].

In our research, we decided to test the potential of the vegetative mycelium of the oyster
mushroom in controlling the cyst nematode H. schachtii in the field. In the experiment, we compared
the activity of the mycelium in the fallowed soil with the activity of the mycelium added to the soil
on which sugar beets were sown and cultivated. The two-year experiments were conducted in soil
heavily contaminated with this phytopathogenic nematode, providing an opportunity to test the P.
ostreatus mycelium and its application method selected in previous experiments [14,15].

2. Materials and Methods

2.1. Organisms

Plants used in the experiment were susceptible to nematodes, sugar beet (Beta vulgaris L. subsp.
vulgaris) varieties. In the pot experiment, a variety Fantazja was applied, and in the field experiment
- cv. Janetka. Both cultivars were kindly delivered by Kutnowska Hodowla Buraka Cukrowego
(Kutnowska Sugar Beet Breeding company, Poland).

Mycelia of Pleurotus ostreatus, a wild strain, designated Po4 and its progeny, homokaryotic
(Po4-8, Po4-30) and heterokaryotic (Po4-3dix17, Po4-14x17, Po4-2dix1) crosses, were chosen for
laboratory and field experiments. Based on the results of previous tests, Po4 mycelium was selected
as a model mycelium for field conditions [14,15]. The mycelia used in the laboratory pot experiment
were initially grown on PDA medium, and when they had covered the entire surface of the plate,
autoclaved barley grains were added to them. The grains were incubated until they were overgrown.

The population of Heterodera schachtii was determined according to the methodology
described by Kaczorowski [16]. Before conducting the basic procedure, soil samples were dried at
room temperature and sieved through a 2 mm sieve to remove any straw residues and extracted by
Seinhorst apparatus - a method using soil washing with water and separating the organic and
inorganic fractions based on their weight and ability to float on the water surface.. Cysts obtained in
this procedure were isolated from smaller organic particles by dissecting needle under binocular
(ProLab Scientific Motic SMZ160 Binocular) and then transferred to a microscope slides, crushed with
a metal spatula in a drop of distilled water to obtain a suspension of nematode eggs and larvae, and
counted under the microscope (Nikon Eclipse E200 + Delta Optical 1080 camera; magnification 40x).
The same procedure was used to determine the H. schachtii population at the beginning (Pi) and at
the end of the experiments (Pf), both in the pot and field experiments. Based on the obtained results,
the percentage of decrease/increase in the number of H. schachtii eggs and larvae was calculated.

2.2. Laboratory Pot Experiments

Laboratory pot experiments were conducted in a cultivation chamber. Plastic pots with a
capacity of 1 dm? (dimensions 11 x 11 cm) were filled with an approximately 7 cm layer of turbid soil
(Luvisol soil according to FAO classification) (Table 1). A layer of autoclaved barley straw was
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introduced on the soil surface in each pot. Then, thirty barley grains, overgrown with appropriate
mycelium, were placed on the straw layer in each pot. The straw layers were covered with the
remaining turbid soil, filling the pots. In each pot, six seeds of sugar beet were sown. The pots left
without plants served as control ones (black fallow). Pots were incubated for 90 days in a growing
chamber at 20°C and a relative humidity of approximately 65% under artificial lighting with an
intensity of 1450 Ix. The experiment was performed in three replicates.

At the end of the experiment, the soil was removed from pots to determine the H. schachtii
population (Pf).

The soil used in the pot experiment was characterized by a neutral pH, average nitrogen and
potassium content, and high phosphorus content, with a known initial population of beet cyst
nematode (Pi) (Table 2).

Table 1. Characteristics of soil used in the laboratory experiment.

H 1.0 Salinity N-NOs P K Na Ca Mg
pH e [g-dm?] [mg-dm-]
7,08 1,95 111,5 102 158 54 1326 102

Table 2. Initial H. schachtii population density in the laboratory test.

Number of live eggs and larvae/ 100 g of dried soil
fungus strain Po4-8 Po4-30 Po4 3dix17 Po4 14x17 Po4 2dix1 Control
black fallow 2218 1163 1027 1204 884 1444
sugar beet 760 728 1752 1141 1084 977

2.3. Field Experiments

Field studies were conducted at the Kutnowska Sugar Beet Breeding company (Kutnowska
Hodowla Buraka Cukrowego, Poland), on plots organized in tents used for breeding purposes, where
the levels of soil nematode contamination had been previously determined (Table 3).

The experiment consisted of 4 variants (Table 3) and was conducted on 2 x 2 m plots in partially
open cultivation tents, equipped with an irrigation system. The experiment was conducted in four
replications. The chemical characteristics of the soil are presented in Table 4. Soil inoculation with P.
ostreatus mycelium (Po4 wild strain) was done a day before sowing (Table 1). P. ostreatus Po4
mycelium was introduced as an overgrown straw-composed substrate. The dosage of the straw
substrate was established at a dose corresponding to approximately 18 t/ha. The straw-composed
substrate bales, weighing approximately 13 kg each, were produced by the Rusieccy farm
(https://rusieccy.pl/), in accordance with the rules used in production of oyster mushroom mycelium.
The straw substrate bales containing mycelium were initially crushed by hand and then mixed with
soil using a rotary tiller.

Table 3. Variants of the field experiments.

202 2024
No. Study variant Crop type Sowing Harvesting (1)313 (f)’i
1  black fallow control -- -- 1057 1366
black fallow+ Po4 control -- -- 1099 1146

i 2023.04.1 2023.10.1
3 sugar beet Maincrop  2023.04.13 20231010 0 55

[control] 2024.04.05 2024.10.08

2023.04.13  2023.10.10
4  sugar beet + Po4 Main crop 2024.0405  2024.10.08 1171 1742
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Table 4. Characteristics of soil in the field experiment.

pH  salinity N-NOs P K Na Ca Mg
H.0 [g-dm?] [mg-dm-]
black fallow+ Po4 2023 7,11 1,95 114,0 98 162 49 1332 99
/sugar beet + Po4 2024 7,09 1,90 1155 101 160 51 1333 100
black fallow/sugar 2023 7,19 1,90 1080 130 164 53 1320 97
beet 2024 7,11 1,95 1130 118 163 52 1328 98

Experiment variant year

The fresh mass yield of leaves and roots grown in the experiment was determined by measuring
the biomass collected from 1 m? of each experimental plot. The expected yield of fresh and dry matter
of the aboveground parts and roots was determined (using the drying method). The content of
sucrose and molasses-forming substances (K, Na, and N-a-NH>) in the sugar beet pulp was also
determined using a technological line with a Venema autoanalyzer. Calculations of technological
sugar yield were made using Reinefeld's formula (1) [17]:

TPC = PK/100 [%ZC- 0.012(K + Na) — 0.024 - N-a-NH2 - 1.08] (1)

Where: TPC - technological sugar yield [t/ha]; PK — root yield [t/ha]; %ZC — percentage sugar
content (polarization); K, Na, N-a-NH: — content of molasses-forming substances.

2.4. Data Analyses

Statistical analysis was performed using Microsoft Excel 2010. Mean values and standard
deviations (SDs) were calculated at a 95% confidence level, and results were expressed as mean + SD.

3. Results

3.1. Laboratory Experiments

The laboratory experiments have shown that P. ostreatus myecelia can significantly reduce the H.
schachtii population under the black fallow conditions (without plants sown). In just 90 days of the
experiment, population reductions ranging from 71.3 to 46.9% were obtained, based on the counting
of cysts and larvae in 100 g samples (Figure 1). The experiment was relatively short. This effect was
partially due to the fallowing of the soil, which is one of the known methods for reducing the potential
for H. schachtii occurrence. (Figure 1).

The variants of the experiment with growing sugar beet plants also gave good results. However,
the reduction was not as good as in black fallows, but this part of the test was conducted under
conditions favorable to H. schachtii. The reductions of H. schachtii achieved 32.5 for the homokaryotic
mycelium Po4-8 to 23.3% - for another homokaryon Po4-30. Two heterokaryotic mycelia (Po4-14x17,
Po4-2dix1) resulted in very similar reduction, which was on the level of 26.0%. Heterokaryotic
mycelium Po4-3di x17 did not give good results in the variant with sugar beet plants. The result was
not significant, and in this case, we observed a 20% increase in the nematode population. Although
in contrast with the control variant in which sugar beets were grown (242.7% increase), this result is
still good. The population of the nematode didn’t increase much (Figure 2). Comparing this fungus
activity in the black fallow, it can be seen that the result was the second highest (60.2% of reduction)
(Figures 1 and 2).
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Figure 1. The influence of P. ostreatus mycelium Po4 on the percentage decrease/increase of the H. schachtii

population in the black fallow variants; black fallow control — without mycelium inoculation .
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Figure 2. The influence of P. ostreatus mycelium Po4 on the percentage decrease/increase of the H. schachtii

population under the influence of sugar beet growing; control — without mycelium inoculation.

3.2. Field Experiments

In the field experiment, in which Po4 mycelium served as a model one, we observed good
reduction results in the case of black fallow. The reduction of H. schachtii population reached 45.4%
in 2023 and 48.4% in 2024. These results were significantly higher than those obtained for black fallow
without mycelium and for the variant with sugar beet cultivation. Unlike in the sugar beet plots,
reduction was achieved even when sugar beet was grown simultaneously with mycelium applied to
the soil. In this case, the reduction could be around 20% or unchanged (Figure 3). This experiment
showed that even under favorable conditions for the nematode pest, its population can remain at a
non-increasing level.

The expected sugar beet root yield per 1 ha of area treated with P. ostreatus was at the same level
as for standardly grown sugar beets in 2023, and higher in 2024 (Table 5). A similar result was
obtained for leaf yield and Foliage index, which represents the ratio of leaf to root yield (Table 5).

Other parameters characterizing the yield quality of the crop harvested from plots treated with
P. ostreatus mycelium did not exceed those obtained for plots without mycelium. The exception were
potassium and sodium contents in 2024, which were higher and influenced sugar production. In 2024,
potassium and sodium levels were lower in the mycelium-treated variant (16.62%) than in the control
variant (17.13%), but the Biological sugar yield was higher in this case and was expected to reach 17.1
t-hal(Table 5).
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Figure 3. The influence of P. ostreatus mycelium Po4 on the percentage decrease/increase of the H. schachtii

population in the field experiments.

Table 5. The influence of Pleurotus ostreatus mycelium on the expected yield level of sugar beet and the

technological quality of the obtained roots (data counted according to Reinefeld's formula [17]).

2023 2024
Sugar beet Sugar beet + Po4 Sugar beet Sugar beet + Po4

Root yield [t-ha] 79.2 78.7 84.0 102.8
Leaf yield [t-ha"] 35.3 33.3 35.3 42.0
Foliage index 0.45 0.42 0.42 0.41
Sugar content [%] 15.35 15.59 17.13 16.62
Biological sugar yield [t-ha] 12.2 12.3 14.4 17.1
Potassium (K) 29.4 28.9 39.7 429
[mmol-kg]

Natrium (Na) 6.18 5.43 7.78 8.28
[mmol-kg]

Alpha amino nitrogen (a-N) 10.65 9.88 8.95 8.88
[mmol-kg]

Technological sugar content [%] 13.59 13.86 14.71 15.27
Technological sugar yield [t-ha'] 10.76 10.91 12.82 15.12

4. Discussion

The laboratory and field experiment revealed that P. ostreatus may be useful under natural field
conditions by reducing the H. schachtii population or inhibiting its development. To our knowledge,
it is the first time when that mycelium was introduced into agricultural soil against H. schachtii.
Previously, similar experiments have been conducted in the laboratory to control H. schachtii or to
protect vegetables against other plant pathogenic nematodes [2,18,19].

Laboratory-tested mycelia showed varying levels of nematocidal activity, consistent with our
previous studies [14,15] and expectations. Pineda-Alegria et al. [20] reported similar observations for
Pleurotus djamor against Haemonchus contortus. In this study, one of the tested strains showed lower
anthelminthic activity than others. This research also demonstrated that Pleurotus sp. mushrooms
may produce a wide range of active compounds that may have nematocidal activity and that are
contained in their fruiting bodies. Therefore, the nematocidal activity does not derive solely from the
3-octanone, as suggested by the study of Lee et al. [10]. The results obtained in the laboratory are very
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promising for future research and field applications. However, we expected similarly high results in
the field as in the laboratory, but the results obtained in the field were less effective.

Our expectations were also suggested by the results of Palizi et al. [2]. This difference may be
due to numerous factors affecting the mycelium under natural conditions. In particular, lower soil
water content, higher temperatures, wind, the influence of other microorganisms or plants in the soil,
etc., can significantly alter the field effects observed previously in the laboratory. Another important
factor is the content of organic matter, such as cellulose and lignocellulose (plant residues).
Agricultural soils treated by mineral fertilizers usually do not contain sufficiently high levels of
organic matter [21]. However, the addition of organic matter, such as spent mushroom substrate, can
affect soil structure by increasing porosity in the topsoil and subsoil [22] and by improving mineral
content [23]. Undecomposed organic matter reach in complex compounds like lignin and cellulose,
provides a natural habitat for the P. ostreatus mycelium, and there, the nematodes bodies serve as a
source of supplemental nitrogen for the mycelium [24].

The expected yield quality was comparable to that obtained with standard sugar beet
cultivation. This strongly suggests that the straw with oyster mushroom mycelium can be considered
a good biological nematicide without negatively impacting yield.

Similar results, such as increased biomass yield, were obtained by Tazuba et al. [25] for banana
plants (Musa sp.) and Nyangwire et al. [19] for eggplant (Solanum melongena). However, in both
studies, only pot tests were conducted, in which spent mushroom substrates of P. ostreatus were used
to control Radopholus similis or root-knot nematodes (Meloidogyne spp.). Good results of a field
experiment using spent mushroom substrate were obtained for tomatoes [26]. In field conditions,
when two types of spent compost (on rice or wheat straws) of Pleurotus sajor-caju were used to protect
plants against the root-knot nematode (Meloidogyne incognita), the nematode reduction efficiency
reached 80.2-85.5% at a dose of 1200 g/m? of spent mushroom substrate. Furthermore, a significant
increase in fruit yield and its parameters was observed. The authors recommended treatment with
spent mushroom compost based on wheat straw. Furthermore, greenhouse experiment on control
Meloidogyne javanica with Pleurotus djamor spent mushroom substrate in lettuce cultivation showed a
98.68% reduction in nematode reproduction and a 99.75% reduction in population density [27].
However, due to higher concentrations of spent mushroom substrate, some phytotoxic effects were
observed in lettuce, such as a decrease in vegetative parameters, chlorophyll content, and nitrogen
balance in the leaves, but an increase in anthocyanin content. On the other hand, the results suggest
the induction of lettuce resistance to M. javanica.

5. Conclusions

The two-year field experiments have shown that, under natural conditions in a cultivated field
infested with Heterodera schachtii, it is possible to reduce its population using a natural method
involving vegetative mycelium of Pleurotus ostreatus (oyster mushroom). This method produces good
results, which may provide an alternative to chemical treatments. However, we tested only one strain
of mycelium in the field; the laboratory experiments have shown that individual mycelia may vary
in activity against H. schachtii. Therefore, it is worthwhile to develop this method and search for
effective mycelium.
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