
 

 

Article 

Combined Fungicide Treatment Affects Soil Microbial Community and Incidences of Fungal 

Diseases on Wheat 

Alexey S. Vasilchenko1*, Darya V. Poshvina1, Mikhail V. Semenov1,2, Vyacheslav N. Timofeev3, Artyom A. Stepanov1, 

Arina N. Pervushina1 and Anastasia V. Vasilchenko 1 

 
1Laboratory of Antimicrobial Resistance, Institute of Environmental and Agricultural 

Biology (X-BIO), Tyumen State University, Tyumen, Russian Federation 

2 Dokuchaev Soil Science Institute, Moscow, Russian Federation 

3 Scientific Research Institute of Agriculture for Northern Trans-Ural Region - Branch 

of Tyumen Scientific Centre SB RAS 

 

* Correspondence: avasilchenko@gmail.com 

Abstract: Pesticides are widely used in agriculture as a pest control strategy. Despite the benefits of pesticides 

on crop yields, the persistence of chemical residues in soil have an unintended impact on non-targeted micro-

organisms. In this study, we evaluated the impact of the combined fungicide (difenoconazole, epoxiconazole, 

and kresoxim-methyl) on fungal and bacterial communities of Phaeozem. In the fungicide-treated soil, the 

Shannon index of both fungal and bacterial communities was decreased, while Chao1 index did not differ 

compared to the control soil. Among bacterial taxa, the relative abundance of Athrobacter, Sphingomicrobium, 

and Sphingomonas increased in fungicide-treated soil due to their ability to utilize fungicides and other toxic 

compounds. Rhizopus and plant-beneficial Chaetomium were the dominant fungal genera, which increased 2-

4 times in the fungicide-treated soil, while the relative abundance of Mortierella and Talaromyces decreased. 

Fusarium acuminatum was the most abundant phytopathogenic fungus that causes root rot disease of wheat, 

but applied fungicide treatment decreased their diversity in the soil 2 times, which is consistent on the observed 

plants.   
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1. Introduction 

Every year up to 2.5 million tons of pesticides get into the environment, and then 

pesticide residues are found in soils. Only a small dose of pesticides reaches target organisms 

[1], while a significant part of them negatively affects beneficial organisms. Exposure of soil 

to pesticides could lead to negative effects on soil microbial communities and microbial 

processes, consequently reducing the soil quality [2]. The final effect on the soil microbiome 

after the application of pesticide may be positive, negative, or neutral depending on soil 

properties, pesticides chemical nature, and others.  

The negative effects of herbicides were showed for Rhizobium, Chlamydomonas, 

Azotobacter, Azospirillum, and heterotrophic S-oxidizing and S-reducing bacteria [3,4]. At the 

same time, insecticides carbofuran, carbosulfan, thiomethoxam, imidacloprid, chlorpyrifos 

did not significantly change the abundance of Rhizobium and phosphorus solubilizing bacteria 

[5]. Despite the fact that fungicides contribute to more than 35% of the global pesticide market 

[6] their impact on ecosystems has received less attention compared to herbicides and 

insecticides. Among fungicides, triazoles and stroiblurins account for the largest part.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 September 2022                   doi:10.20944/preprints202209.0177.v1

©  2022 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202209.0177.v1
http://creativecommons.org/licenses/by/4.0/


 

 

Triazoles were introduced into practice in the 70s of  last century, since then their 

market share has been increasing annually. Triazole fungicides disrupt ergosterol 

biosynthesis in fungal cells by inhibiting the enzyme lanosterol 14α-demethylase, and do not 

prevent  spore germination and early germ-tube growth [7]. In turn, strobilurins were 

administered in the German market in 1996 [8]. Strobilurins are the QoI fungicides which bind 

to the quinol oxidation (Qo) site of cytochrome b and inhibit mitochondrial respiration [9].   

Although triazoles and strobilurines are well known to be effective for major groups 

of plant pathogenic fungi, little is known about their effects on prokaryotes. Bacteria do not 

have sterols or mitochondria, so the usage of triazoles and QoI fungicides is assumed to have 

no effect on them. However, it was found that triadimefon (triazole) had long-term inhibiting 

effects on soil bacterial community [10]. Triticonazole and tebuconazole increased the number 

of soil bacteria and stimulated the dehydrogenase activity [11], while two other sterol-

targeting fungicides (fenpropimorph and propiconazole) inhibited overall bacterial activity 

[12]. Metagenomic analysis showed that some soil microbial genera belonging to 

Proteobacteria and Firmicutes decreased significantly, while the abundance of Actinobacteria 

increased when strobilurins are present in the soil [13]. Often, pesticides and their 

decomposition products serve as carbon sources for soil microorganisms. However, there is 

insufficient data on the predominance of pesticide-degrading microorganisms that affect soil 

quality. In addition the use of fungicides leads to the problem of the emergence of resistant 

pathogens [14].  

Agricultural practices based on using combined fungicides will minimize resistant 

pathogen clones. Mixing or rotating fungicides with different modes of action is considered 

to be an effective approach to slowdown the development of field resistance [15]. Strobilurin 

and triazole fungicides have been widely used for plant-protection for several decades. These 

fungicides have a wide spectrum of activity and their combination significantly reduces 

resistance of phytopathogens.  

In this study, we used the fungicide mixture which combined strobilurin kresoxim-

methyl and two triazoles (difenoconazole and epoxiconazole). Our primary objective was to 

assess the post-treatment effects of the combined fungicide on the fungal and bacterial 

communities of Phaeozem. The questions which were answered are included various aspects 

of soil health changing under the treatment.  Does a fungicide combining strobilurin with 

triazoles affect the bacterial community? What is the functional potential of the taxa whose 

abundances have been changed? How has the diversity and the abundance of pathogenic 

bacterial and fungal taxa changed and is there a relationship with incidences of diseases in 

wheat? 

2. Results 

 2.1. The shift of bacterial taxa under fungicide treatment 

Estimation of amount of dominant bacterial taxa in the soils revealed a remarkable 

shift in bacterial communities under the fungicide application. The most abundant bacterial 

phylum in the control soil sample was Actinobacteriota; Proteobacteria and Acidobacteria 

were the second and the third dominant phyla, respectively (Figure 1).  The bacterial 

community of the fungicide treated soil was represented by the same dominant phyla, but 
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their abundances changed.  The application of the combined fungicide resulted in an increase 

in the number of Actinobacteriota and Proteobacteria, while a decrease in Acidobacteriota and 

Verrumicrobiota compared to the control soil. (Figure 1).  

 

 

Figure 1. The relative abundances of bacterial phyla (a) and families (b) in the control 

and the fungicide-treated soils.  

 

At the family level, the most affected taxa were represented by Micrococcaceae, 

Sphingomonadaceae and Nocardioidaceae, which abundances increased in fungicide-treated soil, 

while abundances of Gaiellaceae, Xanthomonodaceae and Pyrinomonadaceae decreased (Figure 1)  

Five genera, including Arthrobacter, Sphingomicrobium, Sphingomonas, 

Bradyrhizobium, and a genus of uncultivated bacteria belonging to the Sphingomonadaceae, 

have been shown to constitute a major group in the soil bacterial community. All of these taxa 

were found to be significantly more abundant in the fungicide-treated soil compared to 

untreated one. (Figure 2 a).  

Moderately presented genera (500–1000 16S rRNA reads) (Figure 2 b) were composed 

by 8 genera; they predominated in the soil treated with the fungicide. The minor taxa (< 500 

16s rRNA reads) composed by 14 genera, and 5 among them have been less abundant in the 

fungicide-treated soil (Figure 2 c). Twelve bacterial genera have been found to be unique to 

the each of studied soils (Table S1), however, most of them are unclassified taxa.  
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Figure 2. Changes in the number of bacterial taxa in the soil treated with fungicide 

compared to the control soil. The differences in the abundance of the taxa that comprise the 

dominant group (а), the moderately presented one (b), and the minor group (c).  

 

2.2. Alpha diversity of bacterial community 

It has been discovered that the Shannon index in the fungicide-treated soil turned out 

to be significantly lower than those of the untreated soil (p-value < 0.05) (Figure 3 a).  Chao1 

index has shown no statistically significant difference between the fungicide-treated and the 

control soils (p-value 0.8273) (Figure 3 b). 

 

 

Figure 3. The Shannon and Chao1 alpha-diversity indices of bacterial communities of 

the fungicide-treated and the control soils 
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2.3. Functional potential of bacterial community 

The reconstruction of metabolic pathways revealed 393 MetaCyc pathways, wherein 

31 of them were differentially represented between the control and the fungicides-treated 

soils. The bacterial community of the fungicides-treated soil has been characterized by the 

prevalence in relative abundance of the predicted biological pathways (Figure 4). Among 

them, 12 pathways are associated with biosynthesis of vitamins, carbohydrates, amino acids, 

while 17 pathways are involved in degradation and assimilation processes.  

 

 

Figure 4. Pathways that were at differential relative abundances between the control 

and the fungicides-treated soils. Corrected p-values were calculated based on Benjamini–

Hochberg FDR multiple test correction. p-value < 0.05 has been considered to be significant. 

The analysis was based on 16S rRNA sequencing data. 

 

The relative abundances of 5 pathways were significantly increased in the control soil 

comparing to the fungicides-treated one. These pathways were mannan degradation, L-valine 

degradation I, L-glutamate degradation VIII, biotin biosynthesis II and peptidoglycan 

biosynthesis II (Figure 4).  

 

2.4. Shift of fungal taxa under the fungicide treatment 

The fungal community in the untreated soil was represented by dominant phyla 

Ascomycota, Mortierellomycota and Basidiomycota (Figure 5). In the fungicide-treated soil, 

the dominant phyla were Ascomycota, Mucoromycota, and Mortierellomycota (Figure 5).  

At the family level, Rhizopodaceae, Chaetomiaceae, and Aspergillaceae 

predominated in the fungicide-treated soil (Figure 5), while the abundance of Mortierellaceae, 

Hypocreaceae, Trichocomacea were lower compared to the control soil. 

Changes in the number of fungi at the genera level were estimated by Log2Fold 

values (Figure 6 a). It has been found that Rhizopus sp. was represented moderately in the 

untreated soil, while in the fungicides-treated soil its abundance has increased by 8 times 

(+4.22 Log2Fold) (Figure 6 b). In a similar way have increased the abundances of Chaetomium 
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(+2.06 Log2Fold), Penicillium sp. (+0.64 Log2Fold), and Setophoma (+0.61 Log2Fold) (Figure 6 

b). 

 

Figure 5. The relative abundance of fungal phyla (a) and families (b) in the control 

and the fungicides-treated soils. 

 

The most abundant genera in the untreated soil were Mortierella, Talaromyces, 

Fusarium, Trichoderma, Trichocladium, and Monocillium. However, in the fungicides-treated soil 

the abundances of Talaromyces (-1.43 Log2Fold), Mortierella sp (-1.03 Log2Fold), Trichocladium 

(-0.72 Log2Fold), Trichoderma sp. (-0.65 Log2Fold), and Monocillium sp. (-0.62 Log2Fold) 

reduced by several times, compared to the intact soil (Figure 6 a). Among the dominant taxa 

of the control soil, phytopathogenic Fusarium genus (subsequently was identified as Fusarium 

acuminatum) has been found, while in the fungicide-treated soil its abundance was less  

for2times (-0.95 Log2Fold). 

The moderately presented part of fungal soil community (500-1000 ITS reads) in the 

control soil was composed by 5 genera .  All these genera have increased their abundance in 

the fungicide-treated soil (Figure 6 b). Among them, Lachnum was the most abundant genus 

(+3.79 Log2Fold), while the abundance of 4 others genera has increased insignificantly (from 

+ 0.40 to + 0.15 Log2Fold). 

The most pronounced shift has occurred with genera that are related to the minor part 

(<500 ITS Reads) of the fungal community. It has been found that the abundance of 4 genera 

increased in the fungicide treated soil, and 8 genera have decreased (Figure 6 c). The most 

pronounced increase in the abundance was undergoing with unidentified genus (related to 

Pezizaceae) (+ 4.7 Log2Fold), while genus Hypoxylon was the most reduced in their abundance  

(- 5.7 Log2Fold) (Figure 6 c). 
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Figure 6. Changes in the number of fungal taxa in the soil treated with fungicides 

compared to the control soil. The differences in the abundance of the taxa that comprise the 

dominant group (а), the moderately presented (b), and the minor group (c). 

 

Within the minor part of fungal community, the following pathogenic fungi have 

been found: Septoriella hirta (-3.9 Log2Fold), Aspergillus crustosus (-1.1 Log2Fold), Alternaria 

tricina (-0.15 Log2Fold), Alternaria alternata (0.28 Log2Fold) Bipolaris sorokiniana (0.08 

Log2Fold). 

Six fungal genera were discovered to have completely disappeared following 

fungicide application, while 2 fungal genera were new for the fungicide-treated soil (Table 

S.1). 

 

2.5. Alpha Diversity of fungal community 

The diversity of fungal community in the control Phaeozem was quite high, while the 

fungicide application significantly reduced the Shannon index (p-value < 0.05) (Figure 7 a), 

while the Chao 1 diversity indices were found not to different between the compared soils (p-

value 0.8273) (Figure 7 b). 
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Figure 7. The Shannon and Chao1 alpha-diversity indices of fungal communities in 

the fungicide-treated and the control soils. 

 

2.6. Functional potential of fungal community 

Using the ITS sequencing data, 66 MetaCyc pathways were completely restored. 

Wherein, 51 were differently represented between groups (p-value < 0.02). Only 7 pathways 

which are related with ubiquinol and nucleic acids biosynthesis were discovered to be more 

abundant in the fungicide-treated soil (Figure 8).  

 

Figure 8. Pathways that were at differential relative abundances between control and 

fungicides-treated soils. Corrected p-values were calculated based on Benjamini–Hochberg FDR 

multiple test correction. p-value < 0.05 has been considered to be significant. The analysis was based on 

ITS sequencing data. 

 

 

2.7. Effect of soil management on fungal disease manifestation 
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Analyzing of wheat at the beginning of the growing season, we have found that up to 

8.25  % of growing plants which does not protected by the combined fungicide showed 

symptoms of root rot. At the end of growing season, the number of affected plants increased 

up to 14.52 ± 0.18 % (Figure 9). At the same time, the applied scheme for fungicide treatment 

protected 100% of the plants in the tillering phase, and up to 96.8 ± 0.27 % at the end of 

growing season (Figure 9).  

 

 

Figure 9. Manifestation of the wheat diseases in the control and the fungicide-treated groups. 

Data presents mean ± standard deviation (n=50). * p<0.05 (pair sample t-test). 

 

The manifestation of leaf spot disease caused by Septoria trici was found to be 

insignificant. The percentages of affected leaf surface were 5.11 ± 0.50 % in the control group 

and 0.21 ± 0.07 % in the fungicide-treated group. The absence of fungicide in the plant-

protection scheme resulted in the appearance of ear spot disease caused by Stagonospora 

nodorum. The manifestation of symptoms in the control group was 3.03 ± 0.10%, and the use 

of fungicide reduced the percentage of damaged wheat ears to 0.22 ± 0.05% (Figure 9). 

  

3. Discussion 

Recent studies have shown that regardless of soil type the overall effect of 

difenoconazole/epoxiconazole application led to a decrease in soil microbial biomass and soil 

enzymatic activity [1]. Apparently, the effect on microorganisms depends on soil type, since 

difenoconazole at concentration of 5 mg/kg did not cause significant changes in 

microbiological parameters of clay-loam soil [16], while in loamy-sand soil difenoconazole 

concentration of 0.04 mg/kg reduced microbial biomass [17]. At the same time, there are no 

available data concerning the effects of kresoxime-methyl on the soil microbial community. 

We found that the combined fungicide affected both bacterial and fungal 

communities. In soil, bacteria and fungi depending on their number were clustered into the 

three conditional groups: dominant, moderately and minor presented taxa. There were a few 
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features of microbial response to this treatment. Firstly, bacterial and fungal diversity has 

decreased under the influence of fungicide.  Besides, bacterial and fungal communities 

differed in their response to the treatment. Finally, when treated with the fungicide, all 

dominant taxa remained similar to those in the untreated soil, but their abundances changed.  

 In the fungicide-treated soil, the abundance of Arthrobacter genus increased. This 

bacterial genus is known for its ability to decompose strobilurins as the source of carbon [18]. 

The numbers of Sphingomonas and Sphingomicrobium had also increased. The member of 

Sphingomonadaceae are known to have the ability to degrade a variety of aromatic compounds 

[19]. Many Sphingomonads have been isolated from environments contaminated with 

pesticides, herbicides, and other xenobiotics, which сan be used by bacteria as a sole carbon 

source [20]. Recently, two strains of Sphingomonas spp. were isolated from wheat grain and 

demonstrated the ability to degrade propiconazole [21]. Thus, at least three bacterial genera 

found in the studied soils could be biodegrading strobilurins and triazoles. This may explain 

the increase in their abundance in the fungicide-treated soil. 

In the fungicide-treated soil, there was a slight increase in the relative abundance of 

Bradyrhizobium which has a high potential as remediators for fungicide polluted soil [22]. For 

example, Bradyrhizobium japonicum bacteria are able to detoxify hexaconazole, colonize plant 

tissues and secrete PGP bioactive molecules, even under fungicide pressure [23].  

The most pronounced shifts occurred with minor taxa, some of which completely 

disappeared in the fungicide-treated soil, while others appeared instead. However, most of 

these taxa belong to non-classified uncultivated genera, and their environmental role is 

unknown.  

The fungal community was affected the most by the fungicide combination. The 

abundance of Mortierella sp. decreased twice; fungal species belonging to Mortierella are 

known to have positive effect on the crop protection, and involved in the reduction of soil 

contamination by chemical fertilizers and pesticides [24]. The abundance of Talaromyces has 

also been halved, these fungiare known to be effective in preventing the incidence of 

Fusarium wilt disease [25].  

Rhizopus was the most abundant taxon of fungal community, and its abundance in 

the fungicide-treated soil has increased significantly. Rhizopus spp. are known as soil sapro-

trophs, capable to sorption of various toxicants [26]. Since the abundance of this taxon in-

creased by more than 8 times, Rhizopus spp. probably play a more specific ecological role 

which are related with fungicide application.      

Another fungal taxon which abundance was significantly increased in the fungicide-

treated soil, was Chaetomium genus. This genus is known to be plant-beneficial. For example, 

several Chaetomium species are known as biocontrol agents of various phytopathogenic fungi, 

such as Fusarium, Helminthosporium, Pythium, Alternaria, and Phytophthora  [27-30].  

The infection of common root rot of wheat is facilitated by the presence of pathogenes 

on seeds and in a soil, and the intensity of damage to the root system can vary under the 

influence of weather conditions (precipitation, temperature), agrotechnical measures for soil 

preparation.  

Phytopathogens such as Septoriella hirta, Myrothecium, Alternaria were found in the 

fungicide-treated soil in lower shares or were even absent compared to the control one. 
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Septoriella hirta is considered as an economically important secondary pathogen that increases 

the cost of harvesting and declines the quality of the grain [31]. However, the relative 

abundances of all of these fungi were insignificant (less than 100 ITS reads).  

On the contrary, Fusarium acuminatum was found to be the most abundant 

phytopathogen (>1000 ITS reads) which was presented in the soil without fungicide. This 

fungal species colonizes the lower stems (crowns) of bread and durum wheat and mostly 

related to crown rot [32, 33]. Moreover, F. acuminatum produces toxins bowericin, fusarin C, 

moniliformin [34]. In our study, the relative abundance of F. acuminatum has decreased twice 

when fungicide was applied, and this correlates with twice reduction in root rot incidents. 

The description of functional changes in microbialcommunities under the fungicide-

treatment could be based on the assessment of their biosynthetic potential. There was an 

increase in the abundance of bacterial metabolic pathways, which are associated mainly with 

the conversion of various xenobiotic. The functional change in the fungal community has 

shown the opposite trend. The abundance of metabolic pathways was decreased in the 

fungicide-treated soil. 

 

4. Materials and Methods 

4.1. Site and sampling 

Soils have been sampled on the territory of the experimental field of the Research 

Institute of Agriculture of the Northern Trans-Urals (Coordinates: 57.094, 65.376). 

Geographical zone: subtaiga subzone of the Tavda province (Turin subprovince). The relief 

of the territory is a gently sloping plain with pine-birch and birch grassy forests. The studied 

plots were located on arable soil under spring wheat crops (Tríticum durum Desf.). The soil 

type under the study was Luvic Phaeozems. Before sowing wheat, the special agrotechnical 

process was applied, by first plowing in autumn of 2019 and then plowing in early spring of 

2020, followed by 3-fold cultivation during the summer of 2020. Sowing of spring wheat was 

done in May 2021.  

The applied fungicide preparation was “Terapevt-Pro”, (Zemlyakoff, Russia). 

Terapevt-Pro contains (gram per liter): difenoconazole – 80; kresoxim-methyl – 125; 

epoxiconazole – 125. Terapevt-Pro. The fungicide was applied once during the earing phase 

of wheat on 7th July 2021 at the rate of 0.7 L per ha. The control (untreated with fungicide) 

group of soil was located at a distance of 20 m.  

Soil sampling was carried out in September 2021 after wheat harvest. Soil samples 

were collected using the checkerboard sampling method. Three spatially distant plots (1 m2) 

were randomly laid in each studied area.  Samples were taken from 0-5 cm of the upper 

humus soil layer at four points in the corners and one in the center of the plot. For each plot, 

a pooled sample was prepared by mixing incremental samples. The maximum time from the 

moment of sampling to their arrival at the laboratory was no more than 2 hours. The soil 

samples were sieved with a mesh size of 2 mm and stored at the temperature of minus 80°C. 

Thus, the three bags of soil were collected at each area.  

The relative humidity of the soils was 13.37±1.65 %, acidity (pH) – 7.06. The texture of 

the studied soils was presented by clay (28 %), silt (26 %) and sand (clay loam) (46 %). Soil pH 
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was measured according to the international standard ISO 10390. The pHKCl value was 

determined potentiometrically in a 1 M KCl solution and the pHH2O value was determined in 

an aqueous solution at a soil:solution ratio of 1:5 using a pH-meter Orion Star A 111 (Thermo 

Scientific, US) [35]. 

 

4.2. Phytosanitary control of spring wheat 

The development of common root rot was determined twice during the growing 

season in the tillering phase and before harvesting the crop [36]. 

The development of aerogenic infections (foliar and blotch disease of wheat) was 

monitored from the tillering phase to milky ripeness. Plant material for analysis was taken 

from wheat field at three (root rot) and five (aerogenic infections) spatially distant points. The 

degree of damage to the leaf surface caused by Septoria trici (foliar disease of wheat) or damage 

to the wheat ear caused by Septoria nodorum was expressed in percentage using the universal 

scale [37].   

 

4.3. Total soil DNA isolation and sequencing 

Total soil DNA was isolated from 0.5 g of soil using the FastDNA™ Spin Kit for Soil 

DNA Extraction (MP Biomedicals, USA) according to the manufacturer's protocol. DNA was 

extracted from three technical replicates per sample to minimize the DNA extraction bias (9 

samples of DNA were obtained in total). To assess the yield of total soil DNA , the absorbance 

was measured at 230, 260, and 280 nm using NanoPhotometer N120 (Implen, USA). Quality 

of total soil DNA was estimated using absorbance ratio as A260 nm/230 nm (DNA/humic acid) 

and A260 nm/280 nm (DNA/protein). DNA yield was also quantified fluorometrically with  

Qubit 4.0 fluorometer (Thermo Fisher Scientific, USA). Both NanoPhotometer N120 and Qubit 

were used according to manufacturer’s protocols. The extracted DNA was stored in a  

freezer (-80 °C) until further analyses.  

The libraries for sequencing were created using “xGen™ Amplicon Core Kit” with 

primers “xGen™ 16S Amplicon Panel v2” for bacteria identification and “xGen™ ITS1 

Amplicon Panel” for fungal identification following the manufacturer’s instructions. The 

amplicon sequencing was carried out using  MiSeq Illumina sequencer (Ilumina Inc., San 

Diego, California, USA) and a set of paired ends v2 Illumina (cluster generation and paired 

ends sequencing with the power of 2 × 250 bp). 

 

4.4. Data analysis and statistics 

The quality of sequenced data was estimated using FastQC v 0.11.9 software [38]. 

The reads were filtered and trimmed using the Trimmomatic v0.36 program: reads 

were removed where average quality throughout the entire length was at least 31 (both for 

forward and reverse reads). After filtering, the data was checked using the FastQC program. 

Further processing of the reads was performed using the package dada2 v4.0.3 [39] of 

the R language. After sequence dereplication the main function of the dada2 algorithm was 

used - the recovery of the amplicon sequence variant (ASV). The phylogenetic composition of 

bacterial communities was determined by comparing the v3-v4 16S rRNA nucleotide 
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sequences with the reference rRNA sequences from the GTDB database using the IdTaxa 

function of the DECIPHER package [40]. 

The phylogenetic composition of fungal communities was determined by comparing 

the ITS2 nucleotide sequences with the reference sequences from the UNITE v 8.3 database 

2021-05-10. When necessary, the alignment of nucleotide sequences was carried out using 

NCBI nucleotide database. 

Alpha diversity analysis was carried out using the "estimate_richness" function of the 

phyloseq v3.14 package [41], Chao1 and Shannon indices were used for  calculation. The 

nonparametric Kruskal-Wallis test was used to determine the influence of the factor on the 

alpha diversity, The effect was considered significant at p <0.05. Visualization of the alpha 

diversity indices was performed using the box-and-whisker chart from the ggplot2 v3.3.5 

package [42]. Using the deseq2 package R, the Benjamini-Hochberg multiple comparison was 

applied to identify significant differences in the relative diversity of microorganisms between 

the compared groups [43]. The difference was considered significant at p <0.05. Dissimilarity 

between groups at genus level was expressed in log2FoldChange values. 

  

4.5. Functional potential analysis 

Using the 16S rRNA or ITS based ASV tables and the reference sequences generated 

by QIIME2, a functional potential of the bacterial community was predicted using the 

PICRUSt2 software (version 2.3.0) [44]. The values were converted using the logarithmic 

transformation Log2. Data visualization and calculation of statistical indicators were 

performed using the Phantasus web application (version 1.11.0). 

5. Conclusions 

In general, the metagenomic analysis of the microbial communities in Phaeozem 

showed that fungicide treatment affected alfa diversity of both fungal and bacterial 

communities. However, there has been no dramatic decrease in the abundances of plant-

beneficial taxa; on the contrary, an increase in the number of prokaryotes capable of 

biodegrading fungicides was observed. Among fungal taxa, it is worth paying attention to 

Rhizopus. It’s ecological role is probably related to the detoxification of fungicides.  

Supplementary Materials: The following supporting information can be downloaded at: 
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