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Abstract: Combating soil pathogens that disable plant emergence is among the most difficult chal-
lenges of global agriculture. Legumes, preferred in sustainable cultivation systems, are particularly
sensitive to pre-emergence damping-off of seedlings. Seed dressing is therefore a very important
element in the cultivation technology. The aim of this study was to compare the impact of bio-
logical (Pythium oligandrum) and chemical (carboxin + thiuram) seed dressing on the quantitative
and qualitative composition of microorganisms participating in the epidemiology of this disease,
under specific hydrothermal conditions and chemical properties of the soil (pH, humus, macro-, and
micronutrient). Microorganism identification was done using the MALDI-TOF MS (Matrix Assisted
Laser Desorption/Ionization Time-of-Flight Mass Spectrometry) technique. Species were assigned
to frequency groups, and populations of pathogens, saprophytes, and antagonists were identified.
The biodiversity of these communities was expressed with Simpson’s Reciprocal, Shannon-Wiener,
and Evenness (Shannon) indices. In individual variants of seed pre-treatment, the correlations
between individual edaphic factors and the suppression of pre-emergence damping-off, the number
of isolates obtained from infected seedlings, and the share of individual trophic groups of fungi
were assessed. The main causes of pre-emergence damping-off of broad bean seedlings are Ilyonec-
tria destructans, Globisporangium irregulare, Fusarium equiseti, Rhizoctonia solani, and Fusarium solani.
Eliminating seed treatment results in a seedling mortality rate of 33.5-42.5%. The effectiveness of
the chemical protection product is 44.2% and 25.9%. Carboxin and thiuram reduce the diversity of
microorganisms involved in the pathogenesis of pre-emergence damping-off and limit the presence
of antagonistic fungi. Under the influence of P. oligandrum, there was a five-fold increase in the
population of antagonists. An increase in humus in the soil reduces the percentage of diseased broad
bean seedlings.

Keywords: soil-borne and non-pathogenic fungi; carboxin + thiuram; soil chemical properties;
biodiversity; pre-emergence damping-off; sustainable development

1. Introduction

The broad bean (Vicia fabae L. var. major L.) belongs to the Fabaceae family and is grown
throughout the world. This species plays an important role in the sustainable development
of agriculture. It derives nitrogen through the biological binding of atmospheric nitrogen
(N2) and its conversion to NHj3 [1,2]. Thus, it is possible to minimize or completely eliminate
the use of industrial nitrogen fertilizers in broad bean cultivation. The low C:N ratio in
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organic residues contributes to the integrated management of soil fertility, which has a
beneficial effect on successive crops [3]. Therefore, it is a very important element in crop
rotation, reduces production costs, protects the environment, and serves food security [4,5].

Broad bean seeds are rich in lysine protein, oligosaccharides, macronutrients, choline,
folic acid, lecithin, B vitamins, fluorine, and mineral salts [6-9]. In addition, the broad bean
is a source of bioactive compounds: Phytoestrogens, phytohemogluteins, saponins, and
polyphenolic compounds that protect the human body against inflammation, metabolic
disorders (diabetes), coronary heart disease, and high blood pressure [10-12].

The global increase in the area of broad bean cultivation is associated primarily with
the global demand for high-quality protein and functional food ingredients in the human
diet [4,13]. China, with its longest recorded tradition of broad bean consumption, is a
leader in broad bean cultivation [14,15]. According to Turco et al. [9], broad beans have an
important place in the Indian, Mediterranean, English, African, Middle Eastern, and South
American diets.

In all climatic zones, damping-off diseases are an important factor limiting the yield
and quality of legumes, including broad beans, peas, beans, lentils, soybeans, chickpeas,
lupine, and lupins [16-20]. According to many authors, the damping-off of seedlings
(which is caused mainly by soil fungi) is the most troublesome problem in the global
production of agricultural and forestry plants [21-24]. In addition, the shredded mycelium
or fruiting bodies of fungi of the genera Fusarium, Phoma, and Alternaria wintering in the
infected seeds may be an important source of infection [25-27]. The critical period of disease
development is in the first weeks after sowing and is determined by environmental factors.
At low temperatures, which delay emergence, soil fungi can colonize seeds faster. As a
result of their activity, the seeds and sprouts break down—they die. This kind of damping-
off, which is very difficult to diagnose, is referred to as pre-emergence damping-off.

Numerous epidemiological reports indicate that fungi-like organisms (oomycetes)
represented by the genus Pythium, Phytophthora, and Aphanomyces euteiches participate in
the pathogenesis of pre-emergence damping-off [28-30]. In the etiology of legume seedling
damping-off, P. ultimum and P. irregulare have been identified most frequently [31]. In
legume cultivation, yield losses caused only by Pythium spp. are estimated at 50% [21].
Under high soil moisture content, species classified in oomycetes develop rapidly, and their
oospores move in the soil easily, infecting germinating roots and the hypocotyl.

The species most frequently determined at various study sites were Fusarium solani
(Mart.) Sacc. and F. avenaceum. The pathogenic complex causing pre-emergence damping-
off of broad bean and field bean also includes F. oxysporum, F. acuminatum. F. equiseti, F.
graminearum, F. semitectum, F. tricinctum, and F. culmorum [19]. Furthermore, in the case of
bean and soy cultivation, significant contributions of Macrophomina paseolina and Sclerotinia
rolfsii have been reported [22,32]. M. paseolina has many host plants, and it proves bur-
densome on plantations of not only legumes, but also vegetables and fruit trees [33]. The
complex etiology of pre-emergence damping-off, the polyphagous nature of the majority
of its pathogens, and their survival in the soil in the form of robust structures make the
disease very difficult to fight; whereas, within Oomycetes, pathogenic species belonging
to Pythium and Phytophthora, live intercellularly and penetrate the plant cells through
the suction cups [34]. In the conventional cultivation system, synthetic fungicides (seed
treatment) and soil fumigants are frequently used, but their efficiency is not always satis-
factory [17,35]. This is because frequent fungicide application creates favorable conditions
for the immunization of pathogens [36,37]. The use of multiple fungicides during the
growing season causes severe consequences to soil and aquatic ecosystems. Unfortunately,
apart from target organisms, they also eliminate useful microorganisms, macrophytes,
invertebrates, and vertebrates from these environments. The loss of biological diversity of
the soil environment is a global problem [38—41]. Its direct effect is the reduction of soil
biological activity as well as deterioration of plant, animal, and human health.

The restoration of biodiversity constitutes the basis for ecological programs for inte-
grated disease management implemented for the development of sustainable agriculture.
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Organic fertilization plays a key role in stimulating soil biological activity and creating
ecosystem balance [42-45]. The relative balance in the soil between groups of parasitic,
saprophytic, and antagonistic microorganisms ensures better plant health.

Replacing chemical protection with biological agents enables the avoidance of negative
consequences for the environment. To deal with pathogens, Bacillus subtilis strain QST
713, Pseudomonas clororaphis strain MA342, Streptomyces K61 bacteria as well as Trichoderma,
Gliocladium, Fusarium, and Oomycetes—Pythium fungi are used [46—49]. Many researchers
have expressly recommended Pythium oligandrum Drechsler for agricultural use [48,50-52].
The phytosanitary benefits for plants primarily stem from the rapid colonization of roots
by P. oligandrum and the synergistic effect of its mechanisms: Antagonism towards soil
pathogens, plant immunity induction, and stimulation of the production of precursors for
auxins responsible for plant growth. With the latest advances in molecular technology, these
mechanisms are very well understood; nevertheless, little is known about the interactions
between P. oligandrum and the ecosystem. The effects of the chemicals used are also very
rarely assessed at the ecosystem level [53]. The impact of agricultural management systems
(crop rotation, cultivation, fertilization, and conservation measures) on soil microbial
diversity is relatively well understood [54]. However, we still lack a broader ecosystem
approach in which microbial populations are assessed in a non-soil environment [55]. Thus
far, it has not been examined whether (and if so, to what degree) practices of biological
and chemical seed treatment translate into diversity in microorganism communities that
contribute to pre-emergence seedling death. Partially, this gap is being addressed by our
3-year study. Considering the above aspects, we selected the two most popular cultivars of
broad beans in Poland and one two-component fungicide (carboxin + thiuram; among the
two recommended agents for seed treatment) and the biological agent P. oligandrum.

The objective of the study was to determine the effectiveness of broad bean seed
treatment with Pythium oligandrum as well as carboxin + thiuram in the protection against
pre-emergence damping-off of seedlings. Learning about microorganisms involved in the
epidemiology of this disease was another objective that in the future would enable the
formulation of an optimal strategy for the management of pre-emergence damping-off of
seedlings. That is why in our study we analyzed whether the selected seed treatments
influence the changes in communities (total population) of these microorganisms: (a) Their
belonging to the group of eudominants, dominants, subdominants, recedents, or sub-
recedents; (b) trophic structure: Percentage of pathogenic, saprobiontic, and antagonistic
microorganisms; and (c) biodiversity. The significant impact of edaphic factors on the
studied features of microorganism populations as well as the occurrence of pre-emergence
damping-off of broad bean seedlings were expressed by the correlation coefficient.

2. Materials and Methods
2.1. Field Experiments

A 3-year field experiment was established at the Experimental Station of the University
of Agriculture in Krakow located in Prusy (20°4'21.007"" E, 50°6'48.403" south-eastern
Poland). A two-factorial experiment with the most widely grown broad bean cultivars in
Poland—Windsor Bialy and Hangdown Bialy—and seed treatments with Polyversum WP
and Vitavax 200 FS (fluid suspension concentrate) SL was carried out in three replications
using the random sub-block method. The size of the plot for observation and harvest was
20 m?, and the paths between the plots were 1 m wide. Cereals (winter wheat in 2014, oat
in 2015, spring barley in 2016) were used each year as a forecrop for broad beans. Before
sowing, broad bean seeds were treated with the following preparations:

Biological: Polyversum WP (powder for suspension in water), which contains 106
oospores of P. oligandrum fungus in 1 g of the preparation. According to the labels, 10 g
biopreparation per kg of seeds was used for seed soaking.

Chemical: Vitavax 200 FS (carboxin, a compound of the carboxyanilide group, 200 g;
thiuram, a compound of the dithiocarbamate group, 200 g in 1 L of the preparation), in
4mL-kg~! of seeds.
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The control consisted of untreated seeds.

The sowing of broad bean seeds took place in the first or second decade week of April,
with 50-cm spacing between rows of 10 cm each. The seeds were placed in the soil at a
depth of 6 cm. During the growing season, weeds were controlled mechanically in all
combinations and no additional protection against pathogens and pests was applied.

2.2. Characteristics of Soil and Climatic Conditions

The soil at the site of the experiment is degraded chernozem, formed from loess, with
a granulometric composition of silt loam (SiL) [56,57]. Prior to broad beans sowing, the
pH was determined in soil samples by the potentiometric method; the nitrate nitrogen
content was determined by the colorimetric method using a spectrophotometer (or by
ion-selective electrode); the humus content by the Tiurin method; and the content of
absorbable macroelements (P, K, Ca, and Mg) by methods commonly accepted at Chemical-
Agricultural Stations. Furthermore, the content of microelements was determined in the
soil by commonly used methods.

The soil was slightly acidic (pHpp0o = 6.56) (Table S1). The arable layer of the soil was
rich in macroelements; it contained, on average, 15.67 mg N-NOj3, 73 mg P, 115.33 mg K,
596 mg Ca, and 65.33 mg Mg in 100 g. The humus content was 2.28%.

In the analyzed growing seasons, the period from sowing to emergence (April-May)
was characterized by variable hydrothermal conditions (Table S2). In general, temperatures
and rainfall in April and May in all seasons exceeded the multiannual means recorded
for them. The exception was 2015 when, in relation to the multi-annual period, lower
precipitation in April and a 1.1 °C temperature fall in May were recorded, accompanied by
more than four times higher precipitation (and the Sielianiov coefficient K = 7.5 indicated
extreme humidity). In turn, May 2017 was very dry (K = 0.5) and warm (15.0 °C). The best
hydrothermal conditions for broad bean emergence were in 2016. During this season, both
April and May recorded the highest temperatures (10.2 °C and 18.7 °C, respectively), and
precipitation of 138 mm provided optimal moisture (Table S52).

2.3. Evaluation of Pre-Emergence Damping-Off of Broad Bean Seedlings

After the emergence of broad bean in the BBCH (scales used in EU countries to
identify phytophenological phases of crops, the abbreviation BBCH comes from German:
Biologische Bundesanstalt, Bundessortenamt und CHemische) 11-13 phase (BBCH 11—
first leaf unfolded; BBCH 13—the 3rd leaf phase), evaluation of seedling infection by
pathogenic fungi that contributes to their complete death was carried out. The missing
plants (empty places) were counted in the rows of each plot, which was the evidence for
pre-emergence blight (foot-rot) of broad bean seedlings. The severity of this disease was
evaluated using the following formula:

Disease incidence = Number of diseased seedlings/Total number of seedlings x 100 (1)

In turn, the effectiveness of the applied seed treatments was calculated according to
Abbott’s formula [58].
E=(A - B)/A x 100% )

where E is the effectiveness, A is the infection in the control combination, and B is the
infection in the protected combination.

2.4. Isolation and Identification of Fungi Colonizing Pre-Emergence-Infested Seedlings

The material for mycological analysis was obtained immediately after the field health
status evaluation. Infected non-germinated or poorly germinated seedlings (lack of formed
organs above the soil surface) were dug from the central rows of the plots. In accordance
with the adopted phytopathological procedure, 40 seedlings were collected from each
combination and surface cleaned under running water. With a sterile scalpel, they were
cut into 10 pieces at the site of pathological changes. From the border between the healthy
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tissue and the diseased tissue, 2-3 mm fragments were cut out and disinfected for 30 s
in 0.5% sodium hypochlorite (Javel, Warszawa, Polska). They were rinsed three times in
sterile distilled water and dried on sterile gauze. Sets of 10 pieces were placed onto PDA
(Potato Dextrose Agar) solidified in Petri dishes (150 mm in diameter), with 0.05 g-L !
chloramphenicol. Four hundred fragments were taken from each combination. The dishes
were incubated at a temperature of 23 °C for 5-10 days with a 12 h light cycle. The
appearing cultures of fungi were subcultivated on PDA (potato peptone 4 g-L~!; glucose
20 g-L.71; agar g-L ') and WA (water agar). The number of isolates obtained was counted
in each combination.

Species identification in pure fungal cultures was done by the matrix-assisted laser des-
orption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) technique, defining
the protein profiles of ribosomes for which the reference spectral database is available in
the Bruker Daltonics GmbH library [59]. Specimens of filamentous fungi were prepared for
identification according to the standard procedure developed by Bruker Daltonics GmbH
&Co. KG, Bremen, Germany. A small amount of 3-day fungal hyphae was transferred
to test tubes with an 8 mL modified liquid medium (cat. no. 221014; Becton Dickinson).
They were tightly closed with a cap and placed in the SB2 rotator (cat. no. Y552; Carl Roth
GmbH & Co. KG, Bremen, Germany). These were incubated at the top with mixing until a
sufficient amount of biological material was found.

The solution of alpha-cyano-4-hydroxycinnamic acid was prepared—HCCA matrix
(cat. no. 8255344). To the tube containing HCCA, 250 pL of standard solvent was ad-
measured (50% acetonitrile, 47.5% water, 2.5% trifluoroacetic acid; cat. no. 19182, Sigma-
Aldrich). The contents of the tubes were shaken on the vortex at room temperature until
the solution became clear. The tubes with fungal culture were pulled out of the rotator,
placed on a table, and left for approximately 10 min until the precipitate settled to the
bottom. Then, 1.5 mL of the precipitate was transferred to the Eppendorf tube, which was
centrifuged for 2 min at 13,000 rpm (table centrifuge, Biofuge fresco; cat. no. 75005510,
Thermo Scientific). The resulting supernatant was removed, and the mixture in the tube
was supplemented with 1 mL deionized water and centrifuged again. Thereafter, 300 puL
water and 900 uL absolute ethanol (EtOH) were added to the washed precipitate lump.
The whole formula was shaken on the vortex and then centrifuged at maximum speed
(13,000 rpm). The supernatant was removed very carefully with the pipette, centrifuged for
several seconds, and the remaining ethanol was then completely removed. The precipitate
lump was left to dry for a few minutes. Then, depending on the amount of precipitate,
10-20 pL 70% formic acid was added (in the case of a large lump, a maximum of 100 uL
was used). The tube was supplemented with the same amount of acetonitrile and carefully
mixed, then centrifuged for 2 min at approximately 13,000 rpm.

In the next step, 1 uL crude protein extract (supernatant) was pipetted onto a MALDI
steel plate and allowed to dry at room temperature. Then, 1 uL. HCCA solution was applied,
and it was also allowed to dry at room temperature.

The plate was placed in a MALDI Biotyper microflex spectrometer, computer-linked
to the database of reference spectra for fungi contained in the Filamentous Fungi Library
1.0 (Bruker Daltonics GmbH & Co. KG, Bremen, Germany). The Maldi biotyper miroflex
software, which allows the identification of fungi, is MBT Compass Ruo, version 4.1.
(Bruker Daltonics GmbH & Co. KG, Bremen, Germany). The identification of each isolate
was carried out twice, and results were expressed in logarithmic values. Regarding the
values of identification indices, 2.3-3.00 indicates a reliable diagnosis of the fungal species;
2.0-2.29 indicates reliable identification to the level of the genus and probable identification
to the species level; 1.7-1.99 indicates the probable result to the level of the genus; and
0.00-1.69 indicates an uncertain result of identification.

Correct identification at the species level was obtained for 17 cases, the genus was
correctly determined in eight cases, and the result was unreliable (or complete lack of
identification) in seven cases. All fungal cultures with an index lower than 2.3 were identi-
fied using a standard phytopathological method. Pure fungal cultures were identified on
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the basis of morphological characteristics, determined Macroscopically (color, structure,
height, density, aerial mycelium and reverse, and colony shape). The Nikon Eclipse E-200
MV optical microscope (Tokyo, Japan) with a magnification of 200x with computer image
analysis was used to observe and evaluate the vegetative and conidia-forming hyphae and
spores (asexual and sexual characteristics of color, shape, and size). The following species
were identified using mycological keys as well as numerous monographic studies [60-63]:
Ascochyta fabae, Clonostachys rosea, Fusarium avenaceum, F. poae, F. sporotrichioides, Globispo-
rangium irregulare, llyonectria destructans, Juxtiphoma eupyrena, Mortierella alpina, Ulocladium
consortiale, Sclerotinia sclerotiorum, Trichoderma harzianum, and Verticillium albo-atrum.

2.5. Statistical Analysis

The results concerning the occurrence of seedling blight were subjected to three-
way ANOVA, and the significance of differences was verified by the Student’s t-test at
a significance level of o = 0.05 using the STATISTICA version 10.0 package (StatSoft,
Krakow, Poland). For the analysis of linear correlation, Pearson (rxy) was used to assess
the relationship between:

(1) The number of isolates obtained from infected seedlings, independent variable
(x), and the percentage of broad bean seedlings damping-off was adopted as a dependent
variable (s).

(2) Content of particular macroelements, microelements, pH, and humus in the soil
(independent variables, x), and dependent variables (y):

The number of seedlings that died due to pre-emergence damping-off, the number
of isolates obtained from seedlings dead due to pre-emergence damping-off, the share of
pathogens, and saprophytic and antagonistic fungi in communities colonizing the infected
seedlings—in particular, variants of pre-sowing treatments of broad bean seeds.

2.6. Descriptive Statistics

Fungal communities colonizing dead broad bean seedlings in specific combinations of
the experiment were characterized using the following population parameters:

The incidence of individual species C = a/b x 100%, where:

a is the number of occurrences of a given species and b is the number of all isolates
(100%).

On this basis, fungi were assigned to attendance groups: Eudominants, more than
10.0% of total isolated fungi; dominants, 5.1-10.0%; subdominants, 2.1-5.0%; recedents,
1.1-2.0%; and sub-recedents, less than 1.0%.

The percentage share of pathogens and potentially pathogenic, saprotrophic, and
antagonistic species was isolated in the fungal community structure. The classification
was preceded by pathogenicity tests. In terms of diversity indices, species richness (S)
is the simplest and most basic criterion for biodiversity assessment. This factor assigns
equal significance to all species, thus characterizing biodiversity in an insufficient manner.
The Evenness (Shannon) Index (Jiy/) constitutes a supplement, the values of which range
from 0 to 1 and inform of the evenness of distribution of a species in a given population (1,
complete evenness). The relationship between evenness and species richness is expressed
by the Simpson’s Reciprocal (1/D), the minimum value of which is 1, meaning that a
species represents a community. The Shannon-Wiener index (H') is the most useful one for
comparative assessment, and its values increase with the increase of species contribution
uniformity. Indexes of the biodiversity of microorganism communities were calculated
according to the patterns in Gardi and Jeffery [64].

Simpson’s Reciprocal Index(1/D) as D = (¥_(i = 1)"SKn_i (n_i—1)))/(N(N-1)),

where S is the number of species, n is the number of individuals of the given species,
and N is the total number of individuals of all analyzed species.

Shannon-Wiener index (H') as HY = —Y_(i=1)"Siip_i Info (p_i )

pi is the relative abundance of each species. This is the calculated proportion of
individuals in a species relative to the total number of individuals in the community: ni/N.
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Evenness (Shannon) (Jiy) as Ji = H'/H_max where H_max = Inf;S

3. Results and Discussion
3.1. Pre-Emergence Damping-Off of Seedlings Depending on the Examined Factors

When assessing the biodiversity of microorganism communities colonizing pre-
emergence infected seedlings, we focus our attention on the entire ecosystem: The plant,
soil environment, hydrothermal conditions, and seed-treatment procedure. A strongly
infected seedling is treated as a microhabitat, which, in a given growing season, transforms
into a non-being that is manifested by seedling death. However, these remain in the soil,
and may constitute an infectious inoculum for plant roots, or negatively increase the nat-
ural biocontrol potential. This is determined by the percentage of seedlings covered by
pre-emergence damping-off as well as the biodiversity of microorganisms that colonize
them, and the direct interactions between them. Our study is pioneering in this respect,
and the absence of literature in this field constitutes strong proof of this fact.

Despite the fact that our discussion concentrates on the pre-emergence damping-off
of broad bean seedlings, we do notice similarities between the epidemiology of this disease
in other more frequently studied legume species. The complexity of etiological factors, and
their varying environmental preferences, means the disease is capable of developing under
any conditions. However, in cultivation areas with different climatic conditions, disease
severity is observed in areas with very high humidity and lower temperatures [21,28,29,31].
This has been corroborated by our study, where an extremely humid and cool emergence
period in 2015 led to the highest mean seedling reduction of 30.6% (DI) (Figure.la). In the
growing seasons 2016 and 2017, characterized by similar hydrothermal conditions, almost
the same intensity of broad bean pre-emergence damping-off was found. The applied
seed treatments significantly and strongly limited the development of pre-emergence
damping-off. However, a nearly twice lower share of dead seedlings was recorded after
seed treatment with carboxin + thiuram. The tested broad bean cultivars showed similar
resistance to this disease. At the same time, seed-treatment procedures showed significantly
higher effectiveness with respect to the Hangdown Bialy variety (Figure 1b). In turn, their
13.5% lowest effectiveness was found in the first year of the study and was almost four times
higher in subsequent years. Irrespective of the growing season and broad bean cultivar,
seeds treated with carboxin + thiuram, compared to P. oligandrum, gave approximately 20%
better protective effects.

A significant interaction between the incidence of seedling pre-emergence damping-off
and the effectiveness of seed treatment was found between the type of applied preparations,
the growing season, and broad bean variety (Table 1). The highest rate of seedling infection
(42.7%) was recorded in the last year of the study for an unprotected (controlled) Hangdown
Biaty variety. The treatment of the Windsor Biaty cultivar seeds with P. oligandrum in 2016
and 2017 compared to the second variety resulted in a significant reduction in the share
of seedlings with the symptoms of pre-emergence damping-off. However, significantly
higher effectiveness (45.4%) was demonstrated only for 2016. An impressive protective
effect of 78.4% by carboxin and thiram was obtained for this cultivar in 2017, which was
characterized by the most favorable hydrothermal conditions.

3.2. Qualitative Analysis of Fungi and Oomycota Colonizing the Seedlings That Died Due to
Pre-Emergence Damping-Off

Irrespective of the broad bean variety and the type of preparations used for seed
treatment, 32 species of fungi and Globisporangium irrequlare (syn. P. irregulare), an oomycete
representative, participated in the process of pre-emergence damping-off of the seedlings
(Table 2).
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Figure 1. (a) Pre-emergence damping-off of broad bean seedlings depending on the examined factors.
(b) Protective efficacy of the applied seed treatments. * Means within a category followed by the
same letter are not significantly different (LSD, & = 0.05).

Table 1. Increase in pre-emergence damping-off of the Broadleaf seedlings (DI—disease incidence) and effectiveness of seed

treatment.
DI—Disease Incidence % E-effectiveness of Protection in %
Treatments Cultivars
2015 2016 2017 2015 2016 2017
Puthium oliecandrum Windsor Biaty 30.1gh* 213 ¢ 225cd 10.1b 454 f 34.6e
Y 8 Hangdown Biaty 32.1hi 32.1 hi 27.3 fg 6.0a 339e 36.1e
Carboxi hi Windsor Bialy 284 ¢ 16.7b 23.4 cde 15.2 ¢ 572¢ 325e
arboxin + thiuram  pp o down Bialy 25.3 ef 149b 92a 25.8d 595¢ 784h
C | Windsor Biaty 33.51 379k 34.8 ijk
ontro Hangdown Bialy 34.2 ij 37.14k 1

* Means in each column followed by the same letter are not significantly different (LSD, « = 0.05).

The only eudominant in the population of isolated fungi was Ilyonectria destructans
(syn. Cylindrocarpon destructans), whose share constituted 10.2%. In turn, the group of
dominants with a total share of 29.6% included pathogens such as G. irregulare (syn. P.
irregulare), F. equiseti, R. solani, and F. solani. Moreover, subdominants constituted quite an
abundant group in the pathogen community (22.5%), and were most abundantly repre-
sented by Botrytis cinerea, Ascochyta fabae, F. proliferatum, F. culmorum, Fusarium oxysporum,
and F. avenaceum. Parasitic recedents included Alternaria alternata, Didymella glomerata
(Phoma glomerata), Juxtiphoma eupyrena (syn. Phoma eupyrena), and F. sporotrichoides. Of
the remaining six species included in the sub-recedents, a steadiness of occurrence was
demonstrated for Sclerotinia sclerotiorum, F. poae, and Verticillium albo-atrum. The saprobiont
community was most abundantly represented by Epicoccum nigrum (4.2%), Mortierella
alpina (3.8%), Cladosporium cladosporioides (3.6%), and Aspergillus niger (2.4%), whereas the
group of antagonistic fungi was represented by two species belonging to Trichoderma and
Clonostachys rosea (syn. Gliocladium roseum), which constituted 6.9% in total.
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Table 2. Frequency of fungi isolation from dead seedlings due to pre-emergence damping-off. Trophic structure and biodiversity of microbial populations isolated.

Cultivar Year Seed Dressing
Species of Fungi Mean Group of Attendance
Windsor Bialy =~ Hangdown Biaty 2015 2016 2017 Control  Biological Chemical
Pathogenic fungi
Ilyonectria destructans 9.4 11.2 9.3 9.1 12.0 10.2 10.6 9.6 10.2 Eudominants (10.2)
Globisporangium irregulare 8.1 9.5 16.3 7.1 5.7 8.3 8.3 13.4 9.6
Fusarium equiseti (2.54) * 8.4 8.4 7.7 10.2 7.7 8.6 8.4 8.8 8.5 Dominants (29.6)
Rhizoctonia solani (2.80) 6.2 5.2 6.8 6.9 3.7 25 6.3 10.7 6.0 ’
Fusarium solani (2.47) 6.0 45 6.1 5.9 5.0 7.3 4.7 44 55
Botrytis cinerea (2.92) 4.5 59 4.0 4.1 6.5 5.6 4.8 39 5.0
Ascochyta fabae 49 4.0 3.1 5.2 4.5 4.4 43 41 43
Fusarium proliferatum (2.72) 3.9 3.8 45 4.1 3.2 42 3.2 44 3.9 .
Fusariumpculr]:zomm (2.51) 47 26 24 37 49 33 35 47 37 Subdominants (22.5)
Fusarium oxysporum (2.83) 2.6 3.5 42 29 2.3 3.6 2.6 3.0 3.1
Fusarium avenaceum 3.4 1.8 3.0 3.4 1.7 3.6 2.3 1.5 25
Alternaria alternata (2.96) 1.7 1.7 1.2 1.6 22 3.1 0.1 1.4 1.6
Didymella glomerata (2.39) 1.7 1.6 2.6 1.6 1.0 1.9 1.9 13 1.7
Juxtiphoma eupyrena 1.0 14 1.0 1.2 14 1.5 1.0 1.1 1.2 Recedents (56)
F. sporotrichioides 1.0 1.3 1.7 0.6 1.0 0.4 24 0.6 11
Phoma herbarum (2.77) 1.0 1.1 0.9 1.6 0.6 0.9 1.2 0.9 1.0
Sclerotinia sclerotiorum 1.2 0.7 1.0 0.6 1.2 1.4 0.6 0.7 0.9
Fusarium poae 1.0 0.9 0.7 0.9 1.0 1.0 0.6 0.8 0.9 Subrecedents (4.3)
Ulocladium consortiale 1.0 0.8 - 1.1 1.5 1.6 0.2 0.5 1.0
Verticillium albo-atrum 0.6 0.5 0.3 0.5 0.7 0.3 1.0 0.2 0.5
Total 724 70.7 77.2 725 67.8 73.6 67.9 76.2
Nonpathogenic fungi
Saprotrophic fungi
Epicoccum nigrum (2.93) 1.5 7.2 21 3.7 6.6 3.7 5.7 31 42
Mortierella alpina 5.7 2.7 3.3 4.2 3.7 4.0 3.7 3.4 3.8
Cladosporium cladosporioides (2.61) 3.8 4.2 2.6 4.7 3.6 4.6 3.9 1.7 3.6 Subdominants (16.1)
Aspergillus niger (2.93) 2.3 22 1.9 1.7 32 13 0.9 59 2.4
Rhizopus stolonifera (2.58) 31 1.2 2.1 2.4 21 3.5 1.1 15 2.1
Penicillium expansum (2.49) 1.3 2.0 1.7 1.1 2.0 2.1 0.4 24 1.6
Mucor spp. 1.4 14 14 14 15 0.7 22 15 14 Recedents (4.1)

Sarocladium strictum (2.74) 1.5 0.5 0.9 1.4 0.9 1.3 0.1 1.8 1.1
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Table 2. Cont.
Cultivar Year Seed Dressing
Species of Fungi Mean Group of Attendance
Windsor Bialy =~ Hangdown Biaty 2015 2016 2017 Control  Biological Chemical
Penicillium spp. 0.5 0.4 - 0.9 0.4 0.3 0.9 - 0.4
Acremonium rutilum 0.1 0.0 - 0.1 - - 0.1 - 0.03 Subrecedents (0.43)
Total saprotrophic fungi 21.2 21.8 16.0 21.6 24.0 21.5 19.0 21.3
Antagonistic fungi
Trichoderma koningii (2.69) 32 2.8 3.7 29 2.8 1.5 7.0 0.7 3.1 .
Trichoderma harzianum 1.9 2.8 1.7 15 3.4 2.4 2.8 13 22 Subdominants (5.3)
Clonostachys rosea 1.3 1.9 14 1.5 2.0 1.0 3.3 0.5 1.6 Recedents (1.6)
Total antagonistic fungi 6.4 7.5 6.8 5.9 8.2 49 13.1 2.5
Number of isolates 1341 1255 919 1285 1308 1702 1150 1041
The species richness (S) 33 32 30 33 32 32 32 31
Simpson’s Reciprocal Index (1/D) 18.43 16.95 14.82 19.43 18.82 19.25 18.93 14.90
Shannon-Wiener index (H’) 1.28 1.30 1.11 1.39 1.37 1.39 1.34 1.14
Evenness (Shannon) (Jyy) 0.39 0.40 0.35 041 0.42 041 0.42 0.35
* Score value MALDI-TOF MS—reliable fungi species identification (2.30-3.00)
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The infected seedlings of the Hangdown Biaty variety were more often colonized by
pathogens such as 1. destructans, G. irregulare, Botrytis cinerea, and F. oxysporum, and this
occurred four times more often by the saprophytic species Epicoccum nigrum (Table 2). In turn,
the seedlings of the Windsor Bialy variety were colonized by R. solani, F. solani, and Ascochyta
fabae, and among the non-pathogenic species, by Mortierella alpina and Rhizopus stolonifer.

The pre-sowing treatment of the seeds with both biological and chemical preparations
resulted in a reduction of most species isolation frequencies. However, a four-times-higher
share of R. solani and 5.1% of G. irregulare was found in a batch of infected seedlings originating
from the carboxin + thiuram-protected variants as compared to the control. In addition, this
type of seed treatment was most favorable for the colonization of infected seedlings by
A. niger. Similarly, after applying the biological protection of broad bean seedlings, the R.
solani pathogen was noted twice as often, and F. sporotrichioides infested the plants five times
more often. Furthermore, the share of T. koningii was ten times higher than in the case of
chemical protection (Table 2).

Furthermore, variability in the frequency of individual species occurrence was noted
in the analyzed growing seasons. Markedly high soil moisture content does not favor
legume seed germination, as rapid water uptake results in the loss of membrane integrity
and cotyledon damage [29,65]. This facilitates seed and germ infection by soil pathogens.
P. ultimum and P. irregulare have been the most common pathogens found on legume
seedlings [28,66,67]. However, in the present study, it was only G. irrequlare (syn. P.
irregulare; Table 3). In the combination with chemical seed treatment, we observed both the
lowest (4.9%) incidence of the species in the dry period as well as the highest (27.4%) in
the period with the highest rainfall. In the control, and with biological seed treatment, the
stress associated with excess water content in soil increased the frequency of G. irregulare
determinations from infected seedlings two-fold, on average. We have determined that,
at the lowest air temperature (10.9 °C) and highest (6.98) soil pH, G. irregulare is the
predominant culprit in broad bean pre-emergence damping-off. This is confirmed in
the study of Alcala et al. [31]. On the other hand, in 2017, I. destructans fungus was
the sole dominant, probably due to higher temperature (15 °C) and lower rainfall levels
(Table 3). Within all combinations, Botrytis cinerea and antagonistic T. harzianum were
isolated at a higher frequency. The saprophytic Epicoccum nigrum species was ranked as
dominant. Thus, in various areas of legume cultivation, the paradigm for determining
the preference of the disease via hydrothermal requirements of pathogens transferred via
soil is valid [16,19,68]. Moreover, we draw attention to the fact that, independently of the
used treatments, the contribution of I. destructans, compared to G. irrequlare, was more
stable within the years, and it was determined as dominant by as many as five times. The
literature lacks information on the share of this species in a complex causing pre-emergence
damping-off of legume seedlings. There are reports indicating the high pathogenicity of C.
destructans toward underground parts of numerous plant species [24,69-72]. We predict
that climate warming may lead to an increase in the soil density of G. irregulare.

Garbeva et al. [54] emphasize that the plant species (cultivar) and protective treatments
constitute a significant factor that determines the composition of soil microorganisms. With
the statistically non-differentiated intensity of pre-emergence damping-off of seedlings be-
tween cultivars (Figure 1a), a smaller number of isolates were obtained from infected broad
bean seedlings of the Hangdown Bialy cultivar (Table 2); nevertheless, the frequency of the
major pathogens, G. irregulare and I. destructans, was higher than for the Windsor Biaty.

In our study, fungi represented by 32 species constituted 72.6% to 95.1% of total isolates
obtained from seedlings infected by pre-emergence damping-off (Table 4). Their more
intensive occurrence in the 2016 and 2017 seasons may have stemmed from acidic soil pH
(pH 6.01 and 6.25, respectively). Among the pathogens, F. equiseti and R. solani (Teleomorph:
Thanatephorus cucumeris) exceeded the threshold of 10% contribution on two occasions.
Various Fusarium species constitute a constant component of the pre-emergence damping-
off complex of legume seedlings [19]. On the other hand, R. solani is the most dangerous
bean pathogen [73,74] of 15 other alimentary plant species [75]. It is surprising that, in
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2016, these species colonized infected broad bean seedlings originating from a combination
of chemical seed treatment at the highest frequency (Table 3). This indicates the lack of
efficiency of the carboxin + thiuram mixture against these pathogens. Exceptional immunity
to synthetic fungicides is demonstrated by R. solani [22,75]. In such a situation, the use of
bioagents constitutes an alternative method of reducing the frequency of occurrence of
pathogens and disease severity, without a negative impact on the environment.

Table 3. Impact of seed treatment and growing season on frequency, biodiversity, and the trophic structure of microorganisms

colonizing infected broad bean seedlings.

Biological Seed Dressing Chemical Seed Dressing Control
2015 2016 2017 2015 2016 2017 2015 2016 2017
Pathogenic Fungi
Ilyonectria destructans 11.8 8.2 11.7 7.0 10.5 11.4 8.9 9.0 12.6
Globisporangium irregulare 12.4 6.0 6.4 27.4 8.0 4.9 11.8 7.5 5.5
Fusarium equiseti 8.4 8.2 8.5 5.7 13.0 7.6 8.4 10.2 7.2
Rhizoctonia solani 6.7 7.1 5.0 11.5 12.0 8.6 3.8 3.6
Fusarium solani 4.5 49 4.6 3.2 4.5 54 9.3 7.5 52
Botrytis cinerea 4.5 34 6.4 1.9 4.0 59 5.1 4.8 6.9
Ascochyta fabae 3.4 6.3 3.2 2,5 5.5 43 3.4 4.2 5.7
Fusarium proliferatum 2.8 3.0 3.9 5.1 5.0 3.2 5.5 4.5 2.6
Fusarium culmorum 1.7 4.5 43 4.5 25 7.0 1.7 3.9 43
Fusarium oxysporum 34 22 2.1 4.5 3.0 1.6 4.6 3.3 29
Fusarium avenaceum 22 41 0.7 2.5 2.0 3.8 3.6 3.4
Alternaria alternata 0.4 0.6 25 1.1 25 24 43
Didymella glomerata 3.9 1.5 0.4 1.3 2.0 0.5 25 1.5 1.7
Juxtiphoma eupyrena 1.1 0.7 1.1 0.6 1.0 1.6 1.3 1.8 1.4
Fusarium sporotrichioides 4.5 0.7 21 1.3 0.5 0.6 0.6
Phoma herbarum 1.1 2.2 0.4 0.6 2.0 0.8 0.9 1.1
Sclerotinia sclerotiorum 0.7 1.1 0.6 1.0 0.5 2.1 0.3 1.7
Fusarium poae 11 0.7 1.3 11 0.8 1.2 11
Ulocladium consortiale 0.7 0.5 1.1 1.8 2.9
Verticillium albo-atrum 1.5 1.4 0.6 0.4 0.6
Including the type of Fusarium 27.5 28.7 26.9 28.1 30.5 259 34.1 34.8 27.3
Total 76.6 67.0 64.4 82.9 79.5 65.9 76.7 724 71.7
Saprotrophic Fungi
Epicoccum nigrum 89 49 8.2 1.3 1.5 6.5 1.3 42 5.5
Mortierella alpina 2.8 3.7 4.6 1.9 4.0 43 4.6 4.8 2.6
Cladosporium cladosporioides 2.2 5.6 3.9 2.5 2.7 4.6 5.4 3.7
Aspergillus niger 1.5 1.1 5.1 4.0 8.6 1.3 0.6 2.0
Rhizopus stolonifer 1.1 0.7 1.4 1.3 1.0 2.2 34 4.5 2.6
Penicillium expansum 0.4 0.7 2.5 2.5 22 2.5 0.9 29
Mucor spp. 22 1.9 2.3 2.3 1.0 1.1 1.2 0.9
Sarocladium strictum 0.4 13 2.0 2.2 1.3 1.8 0.9
Penicillium spp. 1.9 0.7 0.6 0.3
Acremonium rutilum 0.4
Total 12.2 21.4 23.1 15.9 18.5 29.8 19.1 24.0 21.5
Antagonistic Fungi
Trichoderma koningii 9.0 6.0 6.0 0.6 1.0 0.5 1.7 1.5 1.4
Trichoderma harzianum 1.7 3.0 3.6 0.6 0.5 2.7 25 0.9 37
Clonostachys rosea 4.5 2.6 2.8 0.5 1.1 1.2 1.7
Total 15.2 11.6 12.5 1.2 2.0 43 4.2 3.6 6.8
Number of isolates 1175 1250 1025 1025 900 1200 1700 1380 2025
Indicators of the Biodiversity of Fungal Communities
The species richness (S) 23 31 29 28 29 27 27 31 31
Simpson’s Reciprocal Index (1/D) 16.24 2227  18.26 9.66 16.40 18.62 18.55 19.62 19.56
Shannon-Wiener (H') 1.05 1.62 1.35 1.01 121 121 1.28 1.33 1.56
Evenness (Shannon) (Jiy/) 0.33 0.47 0.40 0.30 0.36 0.37 0.39 0.39 0.45
Group of Attendance >10% -Eudominants | 5.1-10% -Dominants 2.1-5.0%  -Subdominants
1.1-2.0% -Recedents <1.0% -Subrecedents




Agronomy 2021, 11, 1889 13 of 20

Table 4. Relationship between the structure of a microorganism community colonizing infected seedlings, biodiversity indices, assimilable macro- and micronutrient forms, and the
incidence of pre-emergence damping-off and its associated microorganisms (correlation coefficients).

Dependent Variables (y)

. Share
Independent Variables Disease Incidence Number of Isolates — "
(£9) Pathogens Saprobiontic Antagonists
B* CH C B CH C B CH C B CH C B CH C
pHH;O —0.05 0.15 —0.50 —0.10

Humus content —0.50 0.42 0.64 0.63

N 0.31 —0.33 0.34 —0.05
P —0.45 —-0.15 0.42 —0.31 0.33 —0.34 0.05
K —0.20 0.22 —0.44 0.17
Ca 0.37 —0.28 —0.19

Mg —0.25 0.34 0.42

Cu —0.44 0.45

Zn —0.56 —0.26 —0.42 0.43

Mn 0.70

Fe —0.04 —0.05 —0.14

Participation:

Pathogens - Explanations: Very strong dependence
Saprobiontic - Quite strong dependence
Antagonists 04 <ryy <07 Moderate dependence

The species richness (S) 02 <ryy <04 Weak dependence
Simpson’s Reciprocal Index (1/D) —0.54 rxy < 0.2 No dependency

Shannon-Wiener (H’)

Evenness (Shannon) (Jyy) 0.70

* B—Biological seed dressing; CH—Chemical seed dressing; C—Control.
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3.3. Biodiversity and Trophic Structure of Microbial Populations Isolated from
Pre-Emergence-Infested Broad Bean Seedlings

Among the analyzed factors, environmental conditions in individual growing seasons
determined this character to the greatest degree, altering the counts (richness) of species
within the range of 30 to 33 (Table 2). In our study, its value ranged from 0.35 to 0.42. The
lowest value indicated that the total number of microorganisms is least evenly distributed
between species isolated from seedlings infected in 2015, and in the subjects of chemical
seed treatment. The highest uniformity (0.42) was observed with the same species richness
of 32 characterized communities of microorganisms colonizing infected seedlings from
biologically protected seeds, as well as from the growing season of 2017.

The vegetative season of 2016 was most favorable for the diversity of microorganism
communities colonizing broad bean seedlings (19.43) (Table 2). On the other hand, carboxin
+ thiuram treatment of seeds and environmental conditions in 2015 restricted biodiversity
to an equal extent. Adequately, the highest diversity was characterized by microorganism
assemblages with the highest evenness and richness. Variable hydrothermal conditions
and chemical properties of soils in the studied growing seasons clearly modified the trophic
structure of these microorganisms. The population of pathogenic organisms increased
with the increase of the Sielianinow coefficient (K). Its highest value (7.5) noted in May
2015 (extreme wetness, accompanied by low temperatures) corresponded to a 77.2% share
of pathogens (Table S2 and Table 2), whereas the shift of this index (1.4) in the direction
optimal for plant development resulted in a 4.7% increase in non-pathogenic fungi share,
with a concurrent reduction in the pathogen population. In turn, very dry conditions (K =
0.4) in 2017 moved this limit by another 4.7%, which was reflected in the reduction of the
population of pathogens to 67.8%.

Under the influence of broad bean seed treatment with P. oligandrum oospores, the
pre-emergence infected seedlings with the highest frequency (13.1%) were colonized by
antagonistic fungi (T. koningii, T. harzianum, and Clonostachys rosea syn. Gliocladium roseum),
which were more than five-fold less abundant in the chemically protected plot (2.5%);
(Table 2). This also reduced the contribution of R. solani (Table 3). Moreover, BroZova [76]
states that not only does P. oligandrum reduce the density of R. solani, Fusarium spp.,
and many other important pathogens in the soil, but it also increases the antagonist
population. The antagonism of Trichoderma fungi against R. solani has been determined
in Mayo et al.’s [73] studies. Other mechanisms, such as food competition and immunity
gene induction, have also been demonstrated [51,73,77]. C. rosea has a high potential of
combating plant disease and, in particular, the mycoparasitism against S. sclerotiorum that
was demonstrated in a study by Sun et al. [78]. Our studies confirm this fact because, at
the highest concentration of 4.5%, C. roseum and S. sclerotiorum were completely absent
from the community of fungi colonizing infected seedlings (Table 3). According to Koutb
and Ali [79], Epicoccum purpurascens (syn. E. nigrum), which colonizes legume seedlings, is
an antagonist to P. irregulare and is capable of efficient reduction of its pathogenic activity.
The increased frequency of E. nigrum determinations was associated with the reduction
of G. irregulare population, which was particularly well marked in the object without the
use of seed treatments (Table 3). In the preceding study, saprophytic fungi—E. nigrum,
C. cladosporioides, Penicillium spp., Mucor, and antagonistic Trichoderma and Gliocladium—
restricted the infection of potato tubers by a pathogenic fungi complex [44]. Furthermore, in
the present study, independently of seed treatment, the elevated total share of saprophytes
and antagonists was reflected by the improved health of broad bean seedlings.

Assemblages of microorganisms inhabiting pre-emergence damping-off of infected
broad bean seedlings from objects with chemical seed treatment in the 2015 and 2016
seasons had the highest share of pathogens (82.9% and 79.5%); in 2015, a record frequency
of saprophytes of 29.8% with dominant A. niger (8.6%) and E. nigrum (6.5) was observed
(Table 3). According to Anil Kumar and Rajkumar [80], in an in vitro test, A. niger inhibited
the surface growth of Fusarium oxysporum by as much as 80.3%. We believe that the lowest
frequency of occurrence of F. oxysporum (1.6%) recorded, as well as the elimination of F.
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avenaceum, could have stemmed from the activity of A. niger, among other things. The
lack of adequate studies in the literature suggests careful conclusions and to abandon the
assessment of individual interactions between microorganisms for the sake of a holistic
approach. The study demonstrated the interaction of weather factors and seed treatment
in shaping the community of microorganisms contributing to the pre-emergence death
of broad bean seedlings (Table 3). It is worth noting that the most stable system between
pathogens and non-pathogenic fungi was created by fungal communities that colonized
the infected seedlings of the control object. The share of pathogens was in the range of
71.7-76.7% and non-pathogenic fungi were in the range 28.3-23.3%. A slightly wider
(8% for pathogenic organisms and 8.2% for non-pathogenic organisms) range of changes
between the seasons was recorded in a batch of infected seedlings from plots where the
seeds had been treated with biopreparation. In addition, this type of treatment in each
year of the study generated the largest proportion of antagonistic fungi, with the largest
share (15.2%) recorded in 2015 (Table 3). In this case, T. koningii was in the dominant
rank, accounting for as much as 9% of the total number of isolated microorganisms. At
the same time, the smallest and least diverse population of saprotrophic fungi was found
(12.2%), as well as the eudomination of pathogens such as G. irregulare and I. destructans. In
subsequent growing seasons, T. koningii also dominated with a constant 6% share. Overall,
the proportion of antagonistic fungi decreased to 11.6% and 12.5%, respectively, but almost
double the proportion of saprotrophs was recorded compared to 2015.

It was observed that the greatest changes in the communities of fungi isolated from
diseased seedlings occurred under the influence of chemical treatments. Carboxin + thiram
eliminated antagonistic fungi from them. Contrary to biological protection, their strongest
exclusion was recorded in 2015 (a very wet and cold May favored the development of
pre-emergence damping-off of seedlings). The total share of subrecedents T. koningii and T
harzianum was only 1.2%. The combination had the highest proportion of pathogens, as
high as 82.9%, and among them, a record 27.4% proportion of G. irregulare. On the other
hand, in the extremely dry, yet warm May 2017, 29.8% of the saprotrophic fungi were
recorded. Among them, A. niger (8.6%) and E. nigrum (6.5%) were dominant.

3.4. Assessment of the Relationship between Fungal Communities Colonizing Infected Broad Bean
Seedlings, Soil Chemical Properties and Disease Severity

We are the first to assess the relationship between the share of individual groups of
fungi colonizing infected seedlings in determined edaphic conditions with seed treatment
and DI Our hypothesis that seed treatment with a mixture of carboxin and thiram reduces,
to a greater extent than P. oligandrum, the biodiversity of microorganism communities colo-
nizing infected broad bean seedlings, has been confirmed (Table 3). However, the results of
correlation between indices of this biodiversity, trophic groups of the microorganisms, and
DI were surprising. In general, with the exception of two cases, values of these correlations
in objects with seed treatment were of a negative nature and were exactly opposite to those
observed in the control (Table 4).

Within biological seed treatment, the increase in pathogen contribution was accompa-
nied by the intensification of seedling pre-emergence damping-off, and this relationship
was very strong (r = 0.99). In the control, this relationship had an exactly opposite character
of a negative variable (r = —0.99). The increased share of saprophytes corresponded to a
reduced amount of DI; a very strong relationship was found in biological seed treatment
(r = —99), moderate in the chemical (r = —0.61), and a positive variable (r = 0.70) in the
control. The literature provides convincing information on the positive correlation between
microorganism diversity and soil capacity to inhibit plant diseases [54]. By transferring
this to our study, this is confirmed only in combinations with seed treatment; lower DI
values correspond to increased biodiversity indices.

In the 3-year experiment with regard to the majority of distinguished edaphic factors,
no increased variability was observed (Table S1). However, independent variables assumed
in the study had variable effects on the tested parameters (Table 4). Values of correlation
coefficients indicate that not all factors are significant, and the type of seed treatment
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used may additionally modify those interactions. With the increase of humus content in
the soil, the percentage of seedlings infected by pre-emergence damping-off decreased,
and it remained stable in all seed-treatment variants. Moreover, better health could have
stemmed from the reduced share of pathogenic organisms, particularly with the lack of
seed treatment or use of biological treatment, the use of which additionally increases
saprophyte population. An increase in humus content in soil (for instance, via organic
matter supplementation) constitutes a significant factor in the restoration of the microbial
balance and the alleviation of the influence of soil-transferred pathogens [44,45,54].

With increased soil pH (range 6.01-6.98) and the available Ca and Mg forms, together
with the lack of seed treatment, seedling damping-off suppression, an increased share
of pathogens, and reduced contribution of saprophytes were observed. However, a very
strong positive variable was observed after seed treatment. These relationships fully reflect
the environmental preferences of the previously presented microorganism communities.

A poor relationship between macronutrients such as nitrogen, phosphorus, potassium,
and the number of seedlings dying from infection (DI) has been demonstrated. However,
their relationships with the number of isolates obtained from infected seedlings were found
to be strong, yet variable. Increased soil phosphorus and potassium content contributed to
increased total microorganism populations colonizing infected seedlings that originated
from control fields and from chemical protection. On the other hand, a very strong negative
correlation between these variables was found in the presence of biological seed treatment
(Table 4).

Based on our study, we conclude that the biodiversity of microbial communities associ-
ated with pre-emergence damping-off of broad bean seedlings is moderately dependent on
soil pH, humus content, the availability of different forms of Ca and Mg, and microelements
such as Fe, B, and Mn (Table S3). On the other hand, it does not depend on the content of
macroelements N, P, and K, nor microelements Cu and Zn. The correlation coefficients
indicate that any treatment aimed at increasing soil pH including calcium and magnesium
fertilization may result in a reduction in the biodiversity of endophytic microorganisms of
diseased seedlings. Similar effects can also be expected in soils rich in boron or fertilized
with it. In our experiment, a positive moderate relationship was found between the listed
biodiversity indices and the humus content of the soil. Our previous publications and
those of other authors indicate that this soil component plays a key role in shaping soil
biodiversity [42-45,54]. In light of the above, ensuring an adequate level of humus in the
soil may be one of the more effective methods for improving plant health.

4. Conclusions

Each vegetative season, between 33.5% and 42.7% broad bean seedlings die due to
pre-emergence damping-off. On average, seed treatments with P. oligandrum reduce this
index to 26.2%, and with the carboxin + thiuram mixture, it is further reduced to 19.2%.
Hydrothermal conditions determine the efficiency of biological protection to a greater
extent than that of chemical protection. Moreover, edaphic factors such as pH, humus
content, and available macro- and micronutrient forms determine the structure of soil
microorganisms, which in turn influence the degree of seedling infection (DI). The quanti-
tative and qualitative composition of microorganisms that infect and colonize seedlings
is the reflection of the phytosanitary state of the soil and the suppression of individual
microorganisms under the influence of seed treatments. We would like to emphasize that
the total CFU count isolated from 1 g of infected seedlings moderately correlates with
the DI. With the same values of macronutrients (N, P, and K) and micronutrients (Cu and
Zn) available in the soil, the type of applied treatment considerably changes the nature of
interactions with the amount of isolated CFU. In the case of carboxin + thiram mixtures,
the correlation was positive and, with regard to P. oligandrum, it was negative.

Nineteen pathogenic fungi species, as well as G. irregulare, an Oomycota representative
that was isolated at the frequency of 9.6%, participated in the process of pre-emergence
damping-off. The stability of occurrence and highest frequency were found in I. destructans
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(10.2%), E. equiseti (8.5%), R. solani (6.0%), and F. solani (5.5%). Infected broad bean seedlings
further constitute a habitat for ten saprophytic and three antagonist fungi species. P. oligan-
drum, contrary to carboxin + thiuram, does not reduce the biodiversity of microorganism
communities colonizing on—and in—the infected seedlings. Indeed, chemical treatment
protects seedlings against pre-emergence damping-off over 18.3% more efficiently, on aver-
age; nevertheless, it favors their colonization by pathogens, with concomitant reduction
of antagonistic fungi population. Dead seedlings with dominant pathogen communities
remaining in the soil in the given vegetative season, without environmental resistance,
constitute an infectious inoculum for the root system of the cultivated plants as well as
the successive crops. On the other hand, under the influence of P. oligandrum, there was
a five-fold increase in the population of antagonist fungi: T. koningii, T. harzianum, and C.
rosea may contribute to the reduction of the infectious potential of soil and improved plant
health.

These study results can be treated as a predictive basis for the determination of both
the soil infectious potential and biocontrol.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11091889/s1, Table S1: Chemical analysis of arable soils during the studied growing
seasons, Table S2: Weather conditions in the region of experiment in the years 2015-2017, Table S3:
Relationship between the assimilable macro- and micronutrient forms, and biodiversity indices of
microorganism community colonizing infected seedlings (correlation coefficients).
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