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Abstract: Waste-based fertilizers provide an alternative to fertilizers made from non-renewable
phosphate rock. Fungal communities colonizing the grain of spring wheat fertilized with
preparation from sewage sludge ash and dried animal blood (Rec) and the same fertilizer activated
by Bacillus megaterium (Bio) were evaluated against those resulting from superphosphate (SP) and
no phosphorus (control, C0) treatments. The Illumina MiSeq sequencing system helped to group
fungal communities into three clades. Clade 1 (communities from CO0, Bio 60 and 80, Rec 80 and SP
40 kg P20s ha™' treatments) was characterized by a high prevalence of Alternaria infectoria,
Monographella nivalis and Gibberella tricincta pathogens. Clade 2 (Bio 40 kg, Rec 40 and 60 kg, and SP
60 kg P20s ha™) was characterized by the lowest amount of the identified pathogens. Commercial
SP applied at 80 kg P20s ha™ (clade 3) induced the most pronounced changes in the fungal taxa
colonizing wheat grain relative to non-fertilized plants. The above was attributed mainly to the
lower amount of A. infectoria and higher counts of species of the family Nectriaceae, mostly epiphytic
pathogens Fusarium culmorum and Fusarium poae.
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1. Introduction

Spring wheat (Triticum aestivum L.) is infected by several dozens of pathogenic fungi. Species
such as Mycosphaerella graminicola, Pyrenophora tritici-repentis, Tilletia caries, and Ustilago tritici, as well
as numerous species of the genus Fusarium are the most dangerous pathogens of wheat that are
transmitted with grain [1]. Fungal species of the genera Alternaria, Cladosporium, and Epiccocum are
regarded as weak pathogens or saprotrophs [2]. Research has demonstrated close interactions
between plants and microbes [2]. Wheat grain is infected by fungal pathogens, but it is also colonized
by non-pathogenic fungi which inhibit the proliferation of pathogens and promote the growth and
development of wheat plants [3,4]. The interactions between these fungal groups determine grain
health and improve the consumer value of grain by reducing its mycotoxin content [3,5,6]. Growing
conditions and nutrient availability can exert both positive and negative effects on the occurrence of
pathogenic and non-pathogenic fungi [5-7].

Phosphorus is essential for root growth, healthy development of stems and ears, a desirable
growth rate, high yield and quality, and resistance to abiotic and biotic stress factors [8]. Among the
latter, fungal pathogens deserve special attention. A high supply of plant-available phosphorus has
been linked with increased levels of fungistatic components, such as phenolic compounds and
flavonoids, in different plant parts [9]. The indirect effect of phosphorus on increased plant growth
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seems to outweigh the direct effect of fungi by increasing the synthesis of phenolic compounds which
contribute to resistance against fungal pathogens [10]. Since the natural amount of available
phosphorus in arable soils does not fully cater to the nutritional needs of plants [11], crops have to be
fertilized [12]. Phosphate rock is the raw material for the production of phosphorus fertilizers [13]
which are indispensable in modern agriculture [14].

Rational phosphorus management poses a contemporary global challenge [15-17]. Primary
sources of phosphorus are being massively wasted in the production process and it is estimated that
only 20-25% of mined phosphorus reaches the produced food [17]. The above raises significant
concerns about the availability of phosphorus for agriculture in the future [16]. Global phosphorus
resources have not yet reached critical levels [18], but they are undeniably limited and non-
renewable. Phosphate rock is distributed unevenly around the world [18] and many countries are
dependent on phosphorus imports [19]. This problem applies to the European Union, which has
recently added phosphate rock to the list of 20 critical raw materials [20].

Recycled phosphorus provides an alternative to non-renewable phosphate rock deposits [14].
The most abundant secondary sources of phosphorus include sewage and sludge from municipal
and industrial wastewater treatment plants [21,22] and waste products from the meat processing
industry [23].

Unprocessed phosphorus compounds from both primary and secondary sources are
characterized by low solubility [24]. Fertilizer efficiency can be improved through the use of
phosphorus solubilizing microbes (PSMs) which transform insoluble phosphorus compounds (PO+*")
into highly bioavailable forms (HPO#- and H2POx") [4,25,26]. PSMs are a natural component of the
soil edaphon [11]. Bacillus megaterium is one of the most effective PSMs [27]. These bacteria solubilize
phosphorus by producing weak organic acids (gluconic, lactic, acetic, and succinic) [28]. Through
solubilization and other biological mechanisms, PSMs can also act as plant growth-promoting
microorganisms (PGPMs) [25,29]. It could be expected that by solubilizing phosphorus from soil and
fertilizers, PSMs could contribute to a reduction in the fertilizer rate. The production of phosphorus
biofertilizers from cheap renewables resources by PSMs promotes sustainable phosphorus
management [16] and contributes to a circular economy [30].

Research into the production of phosphorus biofertilizers has been conducted by a Polish
scientific consortium established by the Wroctaw University of Science and Technology, the New
Chemical Syntheses Institute in Putawy, and the University of Warmia and Mazury in Olsztyn [31].
Innovative biofertilizers are expected to deliver similar yield-forming effects to chemical fertilizers
and to guarantee the safety of the produced crops. One of the most recent research concepts
postulates the use of sewage sludge ash, dried animal blood, and B. megaterium in the production of
biofertilizers.

This research aimed to determine the effect of the fertilizers produced from sewage sludge ash
and dried animal blood on the species composition and structure of fungal communities colonizing
wheat grain. The recycled fertilizer (Rec) and biofertilizer (Bio), i.e., Rec activated by B. megaterium,
were assessed against commercial superphosphate. Mycological analyses were conducted using
culture-dependent methods based on fungal sporulation as well as next-generation sequencing in the
[Nlumina MiSeq system.

2. Materials and Methods

2.1. Field Experiment

A field experiment was carried out in 2016 in Batcyny (Poland, 53°60" N, 19°85" E). The
experimental plant was spring wheat (Triticum aestivum ssp. vulgare) cv. Monsun sown on 21 April at
450 plants m?, at a depth of 34 cm, at a row spacing of 15 cm.

The experimental factor was phosphorus fertilization (Table 1). Granular recycled phosphorus
fertilizer (Rec) and biofertilizer (Bio) were compared with commercial superphosphate (SP; Gdanskie
Zaktady Nawozéw Fosforowych Fosfory Sp. z 0.0., Gdanisk, Poland). Phosphorus fertilizers were
applied before sowing at 40, 60, and 80 kg P2Os per ha. The fertilizers from recyclables (Rec and Bio)
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were produced by the New Chemical Syntheses Institute in Putawy based on the formula developed
by the Department of Advanced Material Technologies of the Wroctaw University of Science and
Technology. Sewage sludge ash was obtained from the Lyna Municipal Wastewater Treatment Plant
in Olsztyn, and dried animal blood was obtained from the meat industry. The bacterial strain of B.
megaterium was obtained from the Polish Collection of Microorganisms of the Institute of
Immunology and Experimental Therapy of the Polish Academy of Sciences in Wroctaw (Poland). The
procedure of obtaining fertilizer formulations was described by Rolewicz et al. [32].

Table 1. Elemental composition of phosphorus fertilizers.

P-Fertilizer P20s Rate, Treatment Fertilizer Characteristics
kg ha Symbol (Elemental Composition of Fertilizers)
Control 0 Co No P fertilization
40 SP40  Fosdar™40 commercial superphosphate fertilizer (P20s
Superphosphate 60 SP60 40%; CaO 10%; SOs 5%; trace presence: Fe, Zn, Cu, B,
80 SP80 Co, Mn, Mo) !
40 Rec40  Granular fertilizer made from ash from the incineration
60 Rec60  of biological sewage sludge (third level of treatment),

and dried animal blood (P205 19.9%; N 2.89%; K-O
1.31%; CaO 18.71%; MgO 2.56%; SOz 1.40%; C 13.92%,
Fe27 gkg™; A123.8 gkg™; Zn 3.14 g kg™; As 31.39 mg
kg1, Cd <LD; Cu 777.7 mg kg'; Ni 54.78 mg kg, Pb
19.91 mg kg; B 71.27 mg kg™1; Ba 349.6 mg kg; Co
14.02 mg kg™'; Min 561.7 mg kg!; Mo 35.31 mg kg™) 2
40 Bio40  Granular biofertilizer made from sewage sludge ash (as
60 Bio60  above), dried animal blood, and cultured Baccilus
megaterium (P205 21.9%C; N 2.87%; K20 1.40%; CaO
Recycled 20.51%; MgO 2.82%; SOs3 1.40%; C 13.92%; Fe 29.0 g
biofertilizer 80 Bio80 kg; A125.5 g kg™; Zn 3.29 g kg'; As 19.99 mg kg™; Cd
0.345 mg kg1; Cu 850.1 mg kg; Ni 62.65 mg kg'. Pb
21.76 mg kg™1; B 74.12 mg kg'; Ba 381.5 mg kg. Co
16.19 mg kg'; Mn 609.4 mg kg1, Mo 23.75 mg kg)?

1 according to the information provided on the label, 2 according to the Department of Advanced

Recycled fertilizer
80 Rec80

Material Technologies of the Wroctaw University of Science and Technology, LD —level of detection.

The field experiment had a randomized block design with four replications. The experimental
plots had an area of 20 m? each. Winter oilseed rape was the preceding crop. In addition to
phosphorus fertilization, wheat in all plots was fertilized with nitrogen at 130 kg N ha' (34%
ammonium nitrate, Grupa Azoty Pulawy, Poland) and potassium at 100 kg K2O ha! (60% potash salt,
Luvena, Lubon, Poland). Potassium was applied at a single rate before sowing, and nitrogen was
split into three applications: 60 kg before sowing, 50 kg in the stem elongation stage (BBCH 30) [33],
and 20 kg in the heading stage (BBCH 55).

Wheat was protected against diseases, weeds, and pests (Table 2) and was harvested with a plot
harvester on August 12.

Table 2. Plant protection treatments applied in the field experiment.

Pesticide Trade Name Active Ingredient Rate Application Time
Type (Manufacturer) (g dm) (dm? ha?)
Herbicides Mustang 309 SE Florasulam (6.25) + 2,4-D (300) 0.5 Flag leaf stage
(Dow AgroSciences ') (BBCH 39; 29 May)
Fungicides Yamato 303 SE Thiophanate-methyl (233) + 1.5 Early boot stage

(Sumi Agro ) Tetraconazole (70) (BBCH 41; 9 June)
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Amistar 250 SC Azoxystrobin (250) 0.8 End of flowering

(Syngenta 1) (BBCH 69; 8 July)

Insecticides Karate Zeon 050 CS Lambda-cyhalothrin (50) 0.1 Early boot stage
(Syngenta 1) (BBCH 41; 6 June)

1I'Warsaw, Poland.

2.2. Soil and Meteorological Conditions

Wheat was grown on luvisol [34] formed from sandy clay loam. The arable layer was slightly
acidic (average pH of 6.28 in 1 M KCl). At the beginning of the experiment in 2016, soil contained 8.53
g kg1C, 142 g kg™ N, 2975 mg kg K, and 607 mg kg P (total content). Soil phosphorus content
after spring wheat harvest is presented in Table 3.

Table 3. Total P content of soil after spring wheat harvest (mean + standard error).

P-Treatment Total P, mg kg!

Co 540.3 £5.9
SP40 590.7 +18.1
SP60 603.1+9.7
SP80 612.9+23.9
Rec40 604.3 +4.7
Rec60 613.2+11.9
Rec80 626.3 +36.6
Bio40 597.4+17.7
Bio60 611.2+16.4
Bio80 621.5+13.7

Abbreviations are explained in Table 1.

Mean annual precipitation was 62.5 mm, with 66.3 mm in June, 138.6 mm in July, 71.9 mm in
August, and 17.1 mm in September. Mean annual temperature was 8.8 °C, and the mean monthly
temperature ranged from -3.8 °C in January to 18.5 °C in July.

2.3. Isolation of Fungi from Grain

Grain was harvested in the over-ripe stage (BBCH 92) with a plot harvester on 12 August 2016.
Fungal colonization of grain was analyzed, and fungal DNA was isolated immediately after harvest.
Grain samples of 10 g each were placed in 250 cm? flasks containing 90 cm? of sterile water and 0.01
cm? of Tween ® 40 (Merck, Darmstadt, Germany). The flasks were shaken for 60 min on an Elpin Plus
358 S table shaker (180 rpm, Elpin Plus, Lubawa, Poland) to remove microorganisms from grain.
Using a pipette, 0.1 cm? of the propagule suspension was transferred to Petri plates with a diameter
of 9 cm and flooded with selective Martin medium [35] cooled to 42 °C. The experiment was
conducted in four replications. Yeasts and filamentous fungi cultured on the Martin medium were
incubated at 24 °C in darkness for 7 days (En 120 Incubator, Nuve, Ancara, Turkey). Yeast and fungal
colonies were counted on plates, and different colonies of filamentous fungi were transferred to Petri
plates filled with potato dextrose agar (PDA, Merck, Warsaw, Poland) for species identification under
a microscope. The number of colony forming units (CFUs) was log-transformed (CFU+1). One
hundred disinfected and non-disinfected kernels from each treatment were placed on PDA. Kernels
were disinfected by immersion in 1% sodium hypochlorite (NaOCl, ABO, Gdansk, Poland) solution
for 5 min and they were then rinsed three times in sterile water and dried on blotting paper. Colonies
of filamentous fungi were identified at the species level based on the sporulation characteristics
described in the literature [36,37].
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2.4. Isolation of Fungal DNA and PCR Amplification

Fungal DNA was isolated directly from grain with the Bead-Beat Micro AX Gravity Kit (A&A
Biotechnology, Gdynia, Poland) according to the manufacturer's protocol. The quantity and quality
of the isolated DNA were tested by measuring absorbance at 260 and 280 nm (NanoDrop 2000,
Thermo Scientific, Wilmington, DE, USA). A metagenomic analysis of the fungal community was
carried out in the ITS2 hypervariable region. The selected region was amplified and the library was
prepared with the use of three specific primer sequences: fITS7 (GTGARTCATCGAATCTTTG), ITS4
(TCCTCCGCTTATTGATATGC) and an additional adapter sequence at the 5 end. PCR was
conducted with the Q5 Hot Start High-Fidelity 2X Master Mix under the conditions recommended
by the manufacturer. The Nextera Index Kit was used to add specific index adapter sequences to both
ends of the analyzed DNA fragment.

2.5. lllumina MiSeq Sequencing

The samples were sequenced in the Illumina MiSeq system (Poland) in paired-end (PE) mode, 2
x 250 nt, with the Illumina v2 kit (Genomed S.A., Warsaw, Poland). A preliminary analysis of the
results was performed automatically in the MiSeq system with MiSeq Reporter (MSR) v2.6 software
(Ilumina, USA). The analysis was conducted in two steps: (1) automatic demultiplexing of samples,
and (2) generation of fastq files with raw read data. A bioinformatics analysis with operational
taxonomic unit (OTU) picking was conducted in the QIIME (Quantitative Insights Into Microbial
Ecology) program based on the reference sequences in UNITE v7 [38]. The bioinformatics analysis
was conducted in the following steps: (1) analysis of read quality and removal of low-quality
sequences (quality < 20, minimal length—30)—cutadapt, (2) joining pair-ended sequences—fastq-
join, (3) clustering based on a selected database of reference sequences—uclust, (4) removal of
chimeric sequences with the usearch61 algorithm [39], and (5) taxonomic identification based on the
UNITE-BLAST [40].

2.6. Statistical Analysis

The analysis of variance (ANOVA) was performed in the Statistica 13 program [41]. The
significance of differences between mean values was determined by the Newman—Keuls test or
Tukey's test (p < 0.01). The taxonomic status of fungi obtained by sequencing in the Illumina MiSeq
system was presented in heat maps for each product [42]. Hierarchical cluster analysis was carried out
on In-transformed DNA data for OTU 1-10. The Ward clustering method [43] was used based on a
dissimilarity matrix representing Euclidean distances between OTUs relative to their prevalence in seed
samples of different origin. To examine the correlations between OTUs more closely, the DNA data for
OTU 1-10 were subjected to principal component analysis (PCA), and the results were visualized in a
biplot.

3. Results

3.1. Fungal Colony Counts on Wheat Grain

Five pathogenic species of the genus Fusarium (F. culmorum, F. poae, F. graminearum, F. avenaceum
and F. solani), species of the genus Alternaria (Alternaria sect. alternata and Alternaria sect. infectoriae)
and, sporadically, Pyrenophora- tritici-repentis and Rhizoctonia cerealis were isolated from wheat grain
(Table 4). The CFUs of epiphytic Alternaria spp. were significantly higher in nearly all grain samples
(excluding grain from treatments fertilized with SP60, Rec60, and Rec80) relative to control grain (CO)
where the above pathogen was not detected. The colony counts of Alternaria spp. were highest in
wheat kernels from treatments supplied with the biofertilizer (Bio40). Fusarium culmorum and F.
graminearum were detected in eight out of the 10 analyzed grain samples. Fusarium culmorum was the
predominant species in treatments with the highest rate of the commercial fertilizer. The colony
counts of F. graminearum were significantly higher in treatments supplied with the biofertilizer (Bio40,
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60, and 80), Rec80, and SP60 than in the control treatment. The pathogenic species P. tritici-repentis
and R. cerealis were identified only in the Bio80 treatment.

Table 4. Pathogens contaminating wheat grain.

P. Alternaria  Fusarium  Fusarium Fusarium Fusarium Fusarium solani Other !
Treatment spp- culmorum poae graminearum  avenaceum  Species Complex
Log (CFU +1) per 1 g of grain

Co 0d 0c¢ 1.282 0.35 be 0c 0 ob
SP40 1.23 abe 0.84 abe ob 0.94 26 0.35 be 0 ob
SP60 0.44 o 0c 1.42 1.192 0c¢ 0 (I
SP80 1.38 abe 1.572 ob 0.35 be 0c 0 ob
Rec40 1.23 abe 1.04 ob 0c 0¢ 0 ob
Rec60 0.35¢ 0.69 abe ob 0c 0c 0 ob
Rec80 0.44 « 0.35 be ob 1432 0c 0.44 ob
Bio40 1.642 0.88 abe 0b 1.492 0.69 a& 0 ob
Bio60 1.03 abe 1.19 2 o®b 1.332 0c¢ 0 ob
Bio80 1.482 0.35 be 0P 1.402 1.042 0 1.14 2

1 Pyrenophora tritici-repentis, Rhizoctonia cerealis. Values in columns that did not differ significantly in
the Newman-Keuls test (p <0.01) are marked with identical letters; values not marked with letters do
not differ significantly (abbreviations are explained in Table 1).

The most prevalent non-pathogenic fungi were yeasts (2.34-2.87 Log(CFU + 1)) and
Mycosphaerella tassiana (2.05-2.71 Log(CFU + 1)) (Table 5). Yeast counts were significantly higher on
grain harvested from treatments fertilized with Bio40 and Bio80 in comparison with the SP80
treatment. Species of the genus Acremonium were also relatively abundant in all analyzed grain
samples. The colony counts of Penicillium spp. were significantly higher in treatment SP80 than in the
control treatment (C0). The method of isolation from non-disinfected grains allowed to detect huge
yeast communities and six species of pathogenic fungi.

Table 5. Non-pathogenic fungi colonizing wheat grain.

Mycosphaerell Acremonium Aspergillus  Penicillium

P-Treatment Yeasts a tassiana spp. Mucor spp. spp- spp.
Log (CFU +1) per 1 g of grain

C0 2.58 a0 247 abe 1.55 abe 0 0.44 > (0
SP40 255 2.56 abe 1.76 abe 0.34 1.04- ob
SP60 2.64 2.33¢ 1.84 abe 0 0.35¢b ob

SP80 2340 2.05¢ 0.94 < 0 (L 221a
Rec40 2754 220¢ 1.97 0 (I (I
Rec60 2.62 2712 1.38 abe 0 (O (I
Rec80 2.79 @ 2.35¢ 2332 0 (O (I
Bio40 2.842 2.56 abc 1.18 be 0 O® (0
Bio60 2.79 % 2.64 2342 0 O® (0
Bio80 2.872 2.54 abe 1.92 ab 0 0.35°b 0P

Values in columns that did not differ significantly in the Newman-Keuls test (p < 0.01) are marked
with identical letters; values not marked with letters do not differ significantly (abbreviations are
explained in Table 1).

3.2. Percentage of Pathogenic and Saprotrophic Fungi Colonizing Grain on PDA

Dark fungal colonies of the genus Alternaria were prevalent on non-disinfected kernels cultured
on PDA, and they were identified in 14.81% of grain samples from treatments SP80 and Rec40 to
27.78% of grain samples from treatment Rec80 (Table 6). Fusarium fungi were encountered most
frequently on kernels from plots fertilized with superphosphate (SP) and control plots (C0). Four
Fusarium species—F. avenaceum, F. graminearum, F. poae, and F. sporotrichioides—were identified on
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14.82% of control kernels. Three Fusarium species were also abundant on grain samples from
treatments supplied with the commercial phosphorus fertilizer (14.82% in treatment SP40, 12.96% in
treatments SP60 and SP80). The second method of isolation from disinfected grain appeared to yield
more Fusarias.

Table 6. Percentage of non-disinfected wheat grain colonized by epiphytic fungi.

P- Alternaria Fusarium  Fusarium  Fusarium Fusarium Epicoccum Botrytis
Treatment spp.  avenaceum graminearum  poae  sporotrichioides mnigrum  cinerea
Co 20.37 5.56 1.85 5.56 1.85 1.85 0
SP40 16.67 5.56 0 1.85 7.41 0 1.85
SP60 24.07 1.85 0 3.70 7.41 0 0
SP8o 14.81 3.70 3.70 5.56 0 1.85 1.85
Rec40 14.81 1.85 0 5.57 1.85 3.70 0
Rec60 25.93 3.70 0 0 3.70 0 0
Rec80 27.78 0 1.85 3.70 1.85 0 0
Bio40 25.93 0 0 1.85 3.70 0 0
Bio60 22.22 0 0 1.85 0 5.56 0
Bio80 20.37 0 0 3.70 0 0 0

No significant differences between treatments (abbreviations are explained in Table 1).

The percentage of disinfected kernels contaminated with fungi of the genus Alternaria ranged

from 18.52% (SP60, Bio40) to 31.48% (Rec40) (Table 7). Fusarium fungi colonized less than 4% of
disinfected kernels. The only exception was disinfected grain from treatment Bio40 which was
colonized by F. sporotrichioides at 5.56%.

Table 7. Percentage of disinfected wheat kernels colonized by endophytic fungi.

Fusarium

P- Alternaria Fusarium Fusarium Fusarium Fusarium  solani Pusurilurrf . Epicoccum Botrytis
Treatment spp- avendaceum graminearum oxysporum  poae Species P 0r0;r1ch101 nigrum cinerea
Complex o
Co 27.78 0 3.70 0 1.85 0 0b 1.85 0
SP40 24.07 1.85 1.85 0 0 0 1.854ab 1.85 1.85
SP60 18.52 0 0 1.85 0 1.85 0b 0 1.85
SP80 2222 3.70 0 1.85 0 0 0b 0 0
Rec40 31.48 3.70 0 0 0 1.85 0b 0 0
Rec60 29.63 0 0 0 3.70 0 0b 0 0
Rec80 29.63 1.85 0 0 0 0 1.852b 0 0
Bio40 18.52 0 0 0 0 0 5.56 2 1.85 0
Bio60 25.93 0 0 0 1.85 0 0b 0 0
Bio80 24.07 1.85 1.85 0 1.85 0 1.852b 0 0

Values in columns that did not differ significantly in Tukey's test (p < 0.01) are marked with identical

letters; values not marked with letters do not differ significantly (abbreviations are explained in Table

1).

3.3. Structure and Composition of Fungal Communities

The biodiversity of fungal communities was analyzed by next-generation sequencing in the

[Nlumina MiSeq system. The sequence of the ITS region was compared with the sequences from the
UNITE-BLAST database to reveal that fungi of the phylum Ascomycota predominated in all grain
samples and accounted for 91.99% (Bio40) to 98.92% of OTUs (Rec40). Fungi of the phylum
Basidiomycota accounted for 0.38% (Rec60) to 1.7% (SP60) of sequence reads. Species of the genus
Alternaria, family Pleosporaceae, order Pleosporares, class Dothideomycetes accounted for 58.06%
(SP80) to 95.35% (Rec60) of reading frames in the ITS2 region. A very high percentage of Alternaria
fungi were classified as A. infectoria (43.41-92.79%), whereas only 2.43-16.3% were identified as A.
betae-kenyensis (Figure 1).
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Fungi of the genus Gibberella, family Nectriaceae, order Hypocreales were identified in all grain
samples (Table 8, Figure 1). They were represented mainly by the pathogenic species Gibberella
tricincta which was most abundant in grain samples from treatments SP80 (4.5% OTUs), Bio60 (4.5%),
and Bio80 (5.48%). Grain samples from treatments C0, SP60, and Bio40 were also colonized by
unidentified Gibberella species. Unidentified pathogenic species of the genus Fusarium (family
Nectriaceae) were identified in grain samples from treatments SP40 and Bio40. The pathogenic
species Monographella nivalis of the order Xylariales, class Sordariomycetes was detected in seven
grain samples, excluding samples from treatments SP40, Rec40, Rec60. Monographella nivalis
accounted for 11% reading frames in control grain (C0). The pathogenic species P. tritici-repentis of
the family Pleosporaceae, order Pleosporales, class Dothideomycetes was detected in grain from
treatments Rec40 (1.73% OTUs), Rec80 (3.33% OTUs), Bio40 (2.41% OTUs), Bio60 (5.89% OTUs), and
Bio80 (2.46% OTUs). A metagenomic analysis also demonstrated the presence of biotrophic species
of the genus Ustilago, family Ustilaginaceae, order Ustilaginales, class Ustilaginomycetes, phylum
Basidiomycota (Table 8, Figure 1). These fungi were identified only on grain from treatment Rec80
(0.41% OTUs). Fungi of the genus Ustilago cannot be isolated on synthetic media in a laboratory. The
saprotrophic species M. tassiana of the family Mycosphaerellaceae, order Capnodiales, class
Dothideomycetes colonized seven out of the 10 analyzed grain samples, and it accounted for 0.6%
(Rec60) to 8% (Bio80) of reading frames. Unidentified species of the genus Mycosphaerella represented
1.6% (SP80), 0.6% (Bio40), and 1% (Bio60) of reading frames.
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Figure 1. Heat map of operational taxonomic units (OTUs) in each experimental unit, classified at the
class, order, family, genus, and species level (abbreviations are explained in Table 1). Red corresponds
to high amount and green to low amount. Scale: -0.4—>5.6% OTUs, 0.1—5.7-12.6% OTUs, 0.6 —12.7-
27.6% OTUs, 1.1—27.7-49.8% OTUs, 1.6 —49.9-58.0% OTUs, 2.1—58.1-68.2% OTUs, 2.6 —68.3-93.6%
OTUs, and 3.1—<93.7% OTUs. Dendrogram from hierarchical cluster analysis (Ward method using a
dissimilarity matrix of Euclidean distances) on In-transformed DNA-data of OTU 1 to OTU 10
combined for (a) fungi and (b) type of phosphorus fertilizers.

Table 8. Structure of fungal genera in wheat grain (percentage of OTUs).

Phylum Class Order Family Genus C0* SP40 SP60 SP80 Rec40 Rec60 Rec80 Bio40 Bio60 Bio80
Alternaria  67.58 78.49 83.75 49.99 89.68 9535 66.21 81.5 70.61 71.05
Pleosporales Pleosporaceac Pyrenophora 033 0 054 259 173 0 333 241 589 246
Dothideomycetes Bipolaris 0o 17 0 0 0 0 0 0 0 0
Stemphylium 0 0 0 512 0 0 0 0 0 0
Capnodiales Mycosphaerellaceae Mycosphaerella 2.15 122 149 1.64 111 0.61 558 0.66 1.01 8.23

A t:

scomycota Xylariales Amphisphaeriaceae Monographella 1197 0 182 417 088 027 714 257 285 0
. . Gibberella 16 122 094 45 306 062 29 062 445 549

Sordariomycetes Nectriaceae )
Hypocreales Fusarium 0 056 0 0 0 0 0 076 0 0
Cordycipitaceae  Lecanicillium 0 05 0 0 0 0 0 0 0 023
Leotiomycetes Helotiales Sclerotiniaceae Botrytis 0 0 0 0 0 0.08 0 0 0
Tremellomycetes Filobasidiales  Filobasidiaceae Filobasidium 0 0 0 0 0 0 0 0 0 0.19
Basidiomycota L L L Ustilago 0 0 0 0 0 0 0.41 0 0 0
Ustilaginomycetes Ustilaginales  Ustilaginaceae Anthracocystis 076 0 072 0 034 041 0 0 0 0

*—abbreviations are explained in Table 1.

The fungal community colonizing wheat grain from the treatment fertilized with
superphosphate (clade 3, SP80) differed from the fungal communities identified in the remaining
treatments (Figure 1). This difference was attributed to the lower amount of A. infectoria, sporadic
appearance of Stemphylium herbarum, and higher amount of species of the family Nectriaceae. Fungal
communities from the remaining treatments were grouped in two clades. Clade 1 was composed of
fungal communities from treatments C0, Rec80, SP40, Bio60, and Bio 80, and clade 2 comprised fungal
communities from treatments SP60, Rec40, Rec60, and Bio40. Clade 1 was characterized by a high
frequency of A. infectoria and M. nivalis (CO, Rec80), and G. tricincta (Bio60, Bio80). The identified
pathogens were less abundant in the communities forming clade 2. The method of next-generation
sequencing in the Illumina MiSeq system allowed to identify of rare species and biotrophic fungi
unable to grow on agar media.

The applied phosphorus fertilization modified the amount of fungal genera, as demonstrated by
the PCA biplot (Figure 2). Treatments Rec40, Bio40, and Bio60 were grouped closest to the Tukey
median (in the bagplot), and treatments SP60, SP80, Rec60, and Rec80 were located further away (in
the bagplot cover region). An analysis of the PCA biplot revealed that the control treatment was
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separated by a significant distance from the Tukey median, and it was located in the opposite
direction from treatments SP40 and Bio80.

10 0 0.6

Alt

Pyr

Myc F~ 7

0.4
v il 1 15\ \ 4 08
Ant Bip Fus
Lec Mon

Figure 2. Principal component analysis (PCA) biplot of the microbiome in wheat grain based on fungal
genera. The dark blue square denotes the Tukey median, the blue square is the bagplot, the light blue
square is the bagplot cover. Alt— Alternaria spp., Pyr— Pyrenophora spp., Myc—Mycosphaerella spp.,
Ant— Anthracocystis spp., Lec—Lecanicillium spp., Bip—Bipolaris spp., Mon—Monographella spp.,
Fus— Fusarium spp.; C0, SP40, SP60, SP80, Rec40, Rec60, Rec80, Bio40, Bio60, Bio80—abbreviations
are explained in Table 1.

4. Discussion

Although only a small percentage (0.1-10%) of microorganisms can be grown on synthetic media
in a laboratory, they can be predominant in the analyzed microbial communities [44,45]. The results
of the culture-dependent method, as well as the modern high-throughput sequencing approach,
indicate that wheat grain is an ecological niche which is colonized by relatively few fungal species
with low amount [1]. The genera of filamentous fungi, Alternaria, Cladosporium, Epicoccum, Botrytis,
and Fusarium, as well as yeast genera Cryptococcus and Sporobolomyces are characteristic of this
environment [1,46,47]. In the present study, the co-existence patterns could be condensed into three
distinct clusters of OTUs. Clade 1 was composed of fungal communities colonizing grain from non-
fertilized plants and grain from plants supplied with the recycled biofertilizer with the addition of B.
megaterium (Bio) bacteria at 60 and 80 P:0s ha™!, recycled biofertilizer at 80 kg ha (Rec), and
superphosphate (SP) at 40 kg ha™!, and was characterized by higher counts of pathogenic species
Monographella nivalis and G. tricincta, as well as species of the genera Pyrenophora and Mycosphaerella.
Clade 3 comprised a fungal community colonizing grain from plants fertilized with the highest
superphosphate rate (80 kg ha™), characterized by above-average proportions of pathogenic species
of the genus Fusarium, unidentified species of the class Sordariomycetes, with the possible presence
of the pathogenic genus Claviceps, and the saprotrophic species Stemphylium herbarum. Clade 2
grouped fungal communities colonizing grain from treatments with low and moderate fertilizer rates
(Bio 40 kg, Rec 40 and 60 kg, and SP 60 kg P-Os ha™). The fungal communities in clade 2 were
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characterized by a very high prevalence of A. infectoria, while the proportions of the remaining
pathogens were low. In a study by Suproniené et al. [48], fungi of the genus Fusarium were more
prevalent in wheat grain grown in non-fertilized treatments and treatments fertilized with a
moderate rate of NPK than in grain from treatments fertilized with a high rate of NPK. According to
the literature, nitrogen fertilization exerts a negative effect on the health status of wheat plants and
contributes to grain colonization by pathogens. The above can be attributed mainly to changes in
stand structure: fertilized stands are dense, and they retain more moisture, which promotes the
growth and sporulation of pathogenic fungi [49]. Higher rates of nitrogen fertilizers also prolong
flowering and plant maturation, and wheat is most susceptible to infections during flowering [49].

The influence of phosphorus fertilizers on plant health is significantly more complex. In a study
by Karimzadeh et al. [50], wheat plants fertilized with phosphorus were characterized by higher root
and above-ground biomass, higher chlorophyll and proline concentrations in tissues, as well as
higher yields than plants not fertilized with this nutrient. Proline is an amino acid with a secondary
amine that functions as an osmolyte during stress and plays a significant role in protecting plants
against stress related to the infection process [51]. Phosphorus uptake by plants from soil is also
modified by bacteria and soil moisture content [51]. In the work of Arif et al. [52], phosphorus uptake
was significantly higher in soybean plants inoculated with Bacillus cereus GS6 than in control plants.
In the present experiment, recycled phosphorus fertilizers were as effective sources of plant-available
phosphorus in soil as superphosphate.

Phosphorus fertilizers probably enhanced plant growth and increased stand density, but they
also promoted the production of compounds which increased wheat resistance against pathogens.
However, the influence of the tested types of phosphorus fertilizers, including those containing B.
megaterium that can act as PGPM [26], on the prevalence of pathogens in the field was sometimes
ambiguous and modified by other factors. Similar results have never been reported in the literature,
and further research is needed to explore these ambiguities.

In this study, wheat grain was mainly colonized by fungi of the genus Alternaria. High-
throughput sequencing in the Illumina MiSeq system revealed that Alternaria fungi accounted for 45—
95% of OTUs (subject to treatment). The colony counts of Alternaria grown on PDA ranged from 0.35
to 1.48 Log(CFU + 1) per 1 g of grain. Alternaria fungi were also isolated from 14.81-31.48% of wheat
kernels plated on PDA. Dark colonies growing on PDA and the Martin medium were identified as
A. alternata, and similar observations were made by other authors [46,47]. Alternaria alternata is a
ubiquitous saprotroph which infects cereal spikes and causes black scab and black point disease in
cereals [53]. The species produces more than 10 allergizing proteins (www.allergen.org). The most
frequently described protein Alta 1 (AAM90320.1. NCBI. Protein Database [54] has been linked with
asthma. Alt a 1 is a glycoprotein with a molecular mass of 29 kDa. Alternaria alternata also produces
around 70 secondary metabolites, including mycotoxins that are potentially dangerous for humans
and animals [55].

In traditional analyses of the plant microbiome, microorganisms are isolated and cultured on
various media with the use of different methods. However, microbial communities isolated from
wheat by culture-dependent methods are characterized by lower diversity than those detected with
the use of culture-independent molecular techniques [53]. In the present study, a higher number of
pathogenic fungi, in particular pathogens of the genus Ustilago, were obtained by next-generation
sequencing in the Illumina MiSeq system. Ustilago tritici causes loose smut which is widely
distributed with grain and can decrease wheat yields by up to 40%. The disease is particularly
dangerous for seed farms and undressed grain [56].

In the current study, several pathogenic species that are sporadically carried by wheat grain or
are less frequently isolated from grain were obtained with the use of culture-dependent methods.
Rhizoctonia cerealis, a fungus which causes sharp eyespot, was first identified in Poland in the late
1990s [57]. Pyrenophora tritici-repentis, the causal agent of tan spot, was isolated from 21.31% of kernels
by Bankina et al. [46]. Next-generation sequencing also supported the identification of the slow-
growing pathogen M. nivalis which is not detected with the use of culture-dependent methods.
Kernels infected with M. nivalis and Fusarium species are characterized by lower plumpness and pink
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discoloration. Fusarium fungi can cause head blight and stalk rot when distributed with infected
grain. Fusarium fungi obtained by the culture-dependent method in this study are characteristic of
the cooler regions of north-eastern Europe and Canada, and F. culmorum was the predominant species
[3]. Fusarium graminearum is most prevalent in warmer, humid areas of the world such as North
America, Europe, and South America [58], and it was also relatively frequently isolated in this study.
The growing season of 2016 was characterized by favorable weather conditions for the growth of
spring wheat, but high precipitation during grain setting and filling (total precipitation in July was
71% higher than the long-term average) delayed ripening. The above contributed to the spread of
infections caused by Fusarium fungi.

Fungi colonizing crops can exert both positive and negative effects on the growth of host plants.
The former include secreting plant growth hormones and producing compounds that inhibit the
development of pathogens and increase plant resistance to infections [59,60]. In the current study, the
cultured yeast communities were not significantly influenced by the tested fertilizers. The authors’
previous research demonstrated that yeasts inhibit the development of Fusarium pathogens [3].

High-throughput sequencing in the Illumina MiSeq system supports more detailed analyses of
the structure and diversity of microbial communities than conventional isolation techniques. Fungi
respond more rapidly to environmental changes than other living organisms [61,62], and changes in
the structure and diversity of microbial communities influence plant health. In this study, the
structure and diversity of fungal communities colonizing spring wheat grain were influenced by
changes in soil P content caused by the tested fertilizers. However, the observed changes were
determined mainly by the P-rate rather than fertilizer type. The highest rate of commercial fertilizer
induced the most adverse changes in the balance between pathogenic and non-pathogenic fungi. In
a study by Eschen et al. [61], the composition of endophytic fungal communities colonizing the leaves
and stems of Cirsium arvense varied subject to soil P content. The above authors attributed these
changes to differences in fungal species' demand for leaf nutrients which can be affected by the
availability of soil nutrients. Pellissier et al. [62] analyzed the composition of fungal communities in
grain dust and aerosols released during wheat harvest and did not report significant correlations
between total soil P and the taxonomic and phylogenetic beta diversity of fungi.

5. Conclusions

Recycled phosphorus fertilizers can at least partly replace commercial fertilizers in wheat
production. They are less abundant in phosphorus than commercial mineral fertilizers, but they
contain numerous macronutrients and micronutrients. Lower rates of recycled phosphorus fertilizers
are adequate sources of plant-available phosphorus in soil, and they exert a beneficial impact on the
structure of fungal communities colonizing the grain. Wheat grain from the treatments supplied with
recycled fertilizer at 40 and 60 kg P20s ha™ and the B. megaterium biofertilizer at 40 kg P-Os ha!, was
colonized by fungal communities with the most desirable composition and the lowest proportion of
plant pathogens. However, the influence of recycled fertilizers on the physiology of field-grown
plants and possible interactions with other environmental factors have not been fully elucidated and
require further research.
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