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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 has an unintended impact
on non-targeted microorganisms. In the present study, we evaluated the potential adverse effects
of a mixture of fungicides (difenoconazole, epoxiconazole, and kresoxim-methyl) on soil fungal
and bacterial communities, as well as the manifestation of wheat diseases. In the fungicide-treated
soil, the Shannon indices of both fungal and bacterial communities decreased, whereas the Chaol
indices did not differ compared to the control soil. Among bacterial taxa, the relative abundances
of Arthrobacter 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, with their prevalence increasing by 2—4 times in the fungicide-treated soil. The genus
Fusarium, which includes phytopathogenic species, which are notably responsible for root rot, was
the most abundant taxon in each of the two conditions but its relative abundance was two times
lower in fungicide-treated soils, consistent with a lower level of disease incidence in plants. The
prediction of metabolic pathways revealed that the soil bacterial community had a high potential
for degrading various pollutants, and the soil fungal community was in a state of recovery after the
application of quinone outside inhibitor (Q,I) fungicides. Fungicide-treated soil was characterized
by an increase in soil microbial carbon, compared with the control soil. Collectively, the obtained
results suggest that the application of difenoconazole, epoxiconazole, and kresoxim-methyl is an
effective approach for pest control that does not pose a hazard for the soil ecosystem in the short term.
However, it is necessary to carry out additional sampling to take into account the spatio-temporal
impact of this fungicide mixture on the functional properties of the soil.

Keywords: non-targeted action; soil microbiome; pesticide contamination; difenoconazole;

epoxiconazole; kresoxim-methyl; soil quality

1. Introduction

Every year, up to 2.5 million tons of pesticides are released into the environment, and
then pesticide residues are found in soils. Only a very small proportion of pesticides reach
target organisms [1], whereas the rest may pose threats to beneficial microorganisms and
the overall ecosystem. Pesticide exposure in soil can potentially have negative effects on
soil microbial communities and microbial processes and consequently lead to reduced
soil quality [2]. However, the final effect on the soil microbiome after the application of
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pesticides may be positive, negative, or neutral, depending on the soil’s properties and the
chemical nature of the pesticides.

Negative effects of herbicides have been demonstrated for Rhizobium, Chlamydomonas,
Azotobacter, Azospirillum, and heterotrophic S-oxidizing and S-reducing bacteria [3,4]. At
the same time, insecticides, such as carbofuran, carbosulfan, thiomethoxam, imidacloprid,
and chlorpyrifos, did not significantly affect the abundance of Rhizobium or 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. Triazoles and strobilurins account for the largest
group of commercially available fungicides.

Triazoles were introduced into practice in the 1970s and since then, their market share
has been increasing annually. Triazole fungicides disrupt ergosterol biosynthesis in fungal
cells by inhibiting the enzyme lanosterol 14x-demethylase, but they do not prevent spore
germination or early germ-tube growth [7]. Strobilurins were introduced into the German
market in 1996 [8]. Strobilurins are quinone outside inhibitor (Q,I) fungicides that bind to
the quinol oxidation (Q,) site of cytochrome b and inhibit mitochondrial respiration [9].

Although triazoles and strobilurins are known to be effective for major groups of
plant pathogenic fungi, little is known about their effects on bacteria. Bacteria do not
have sterols or mitochondria, so the usage of triazoles and quinone outside inhibitor (Q,1I)
fungicides is assumed to have no effect on them. However, it was found that triadimefon
(triazole) had long-term inhibiting effects on soil bacterial communities [10]. Triticonazole
and tebuconazole increased the number of soil bacteria and stimulated dehydrogenase
activity [11], whereas two other sterol-targeting fungicides (fenpropimorph and propicona-
zole) inhibited overall bacterial activity [12]. Metagenomic analysis showed that some
soil microbial genera belonging to Proteobacteria and Firmicutes decreased significantly,
whereas the abundance of Actinobacteria increased when strobilurins were present in
the soil [13]. Often, pesticides and their decomposition products serve as carbon sources
for soil microorganisms. However, there are insufficient data on the predominance of
pesticide-degrading microorganisms that affect soil quality.

Another problem accompanying the use of fungicides is the emergence of resistant
pathogens [14]. Agricultural practices based on using combined fungicides can minimize
the emergence of resistant pathogenic clones. Mixing or rotating fungicides with different
modes of action is considered to be an effective approach to slow down the development of
field resistance [15]. Strobilurin and triazole fungicides have a wide spectrum of activity
and their combination significantly reduces the resistance of phytopathogens. Although
mixtures of strobilurins and triazoles have been widely studied as plant disease control
chemicals, no studies have been conducted on the effect of such a combination on the soil
ecosystem [16-18]. There are studies that have separately shown the effect of triazoles and
strobilurins on the soil’s functional properties and microbiome [1,19].

In this study, we used a fungicide mixture which combined strobilurin kresoxim-
methyl and two triazoles (difenoconazole and epoxiconazole) to assess the post-treatment
effects of the fungicides’” mixture on the soil fungal and bacterial composition and diversity,
as well as on wheat disease incidences. The following questions were addressed: how
will the treatment change the microbial activity of the soil? Does a fungicide combining
strobilurin with triazoles affect the bacterial community? 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. Soil Chemical and Microbiological Properties

The fungicide-treated soil was characterized by a higher microbial biomass carbon
(185.10 = 21.6) compared to the control soil (147.84 & 13.48) (p < 0.001) and a higher carbon-
to-nitrogen ratio (p < 0.05) (Table 1). The ratio of microbial biomass carbon to soil organic
carbon (MBC/SOC) was higher in the fungicide-treated soil (p < 0.001) compared to the
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control soil. The values of basal respiration (BR) and the coefficient of microbial respiration
(QR), the metabolic coefficient (CO,), and the gCO, /SOC ratio, as well as the soil organic
carbon (SOC) and total nitrogen (TN), did not differ significantly between the compared
experimental groups (Table 1).

Table 1. Soil chemical and microbiological properties.

Research Sites

Parameters Control Soil Fungicide-Treated Soil p-Value

SOC, (gkg™1) 19.62 + 6.85 15.10 + 4.32 0.272

N, (gkg™1) 2.52 +1.04 1.69 + 0.83 0.066 ®

C:N ratio 8.23 10.19 0.040®

BR, ug CO,-C g1 soil h~! 0.44 +0.04 0.58 + 0.09 0.07 2
MBC, pg C g~ soil 147.84 + 13.48 185.10 + 21.6 0.0001 2
QR 0.14 + 0.02 0.13 +0.04 0.59 2
gCO,, ug CO,-C mg~! MBC h~! 3.34 +0.53 3.14 4+ 0.96 0.592
MBC/SOC, % 0.73 +0.14 1.23 +0.14 0.0001 2
qC0O,/SOC, ug CO,-C mg~! MBCh~! (gSOC g~ ! soil)™!  1.69 +0.27 2.08 £ 0.64 0.082

@ Mann-Whitney test; b Two-sample t-test; SOC—soil organic carbon; TN—total nitrogen; BR—basal respira-
tion; MBC—microbial biomass carbon; QR—coefficient of microbial respiration; gCO;—metabolic coefficient.
MBC/SOC—share of microbial biomass carbon in organic carbon. gCO,/SOC—relationship between C-use
efficiency and the available soil organic carbon soil.

Results are presented as mean + standard deviation (3 biological replicates with
5 analytical replicates each).

2.2. The Shift of Bacterial Taxa under Fungicide Treatment

A total of 77,480 reads were obtained for the control soil samples and 24,308-28,588
sequences per sample (mean 25,826 + 2430) were clustered to 262 £ 6 ASVs. Sequencing of
fungicide-treated soil samples revealed 90,893 reads in total, and 23,785-34,150 reads per
sample (mean 30,297 + 5671) were clustered to 256 £ 8 ASVs.

The estimation of the relative abundance of the dominant bacterial taxa in the stud-
ied soils revealed a remarkable shift in bacterial communities under the application of
the fungicide (Figure S1). The most abundant bacterial phyla in both soil groups were
Actinobacteriota, Proteobacteria, and Acidobacteria (Figure S2). The application of the
combined fungicide resulted in an increase in the relative abundance of Actinobacteriota
and Fibrobacterota, and a decrease in that of Acidobacteriota, Myxococcota, Bdellovibri-
onota, Gemmatimonadota, and the WS2 candidate phylum compared to the control soil
(p < 0.05) (Figure 1). We found that, at the family level, the fungicide-treated soil consisted
of 25 families of which the relative abundance was significantly decreased, and 20 families
of which the relative abundance was significantly increased compared to the control soil
(p < 0.05) (Figure 1).

Five genera, including Arthrobacter and Bradyrhizobium, and the unidentified bacteria
belonging to Gaiellaceae, constituted a major group (>1000 reads, denoted as dominant taxa)
in the bacterial community of the control soil. Among these, the relative abundance of
Arthrobacter (+0.85 = 0.2 Log2Fold, p < 0.01) was significantly increased in the fungicide-
treated soil compared to the control soil (Figure 2).

Genera in moderate abundance (500-1000 reads, denoted as moderately abundant
taxa) were composed of eight genera in the control soil; however, only two ASVs were
identified with the genus Sphingomonas. The relative abundances of these Sphingomonas spp.
significantly increased (+0.64 £ 0.3 and 0.67 £ 0.3 Log2Fold, p < 0.05) in the soil treated
with the fungicide compared to the control soil (Figure 2).

Among genera that were denoted as low-abundance taxa (100-500 reads), the rela-
tive abundances of Lysobacter (+2.3 £+ 0.3 Log2Fold, p < 0.01), Streptomyces
(+0.86 £ 0.2 Log2Fold, p < 0.01), Modestobacter (—1.13 £ 0.8 Log2Fold, p < 0.05), and
Udaeobacter (—0.65 £ 0.3 Log2Fold, p < 0.01) were significantly altered in the fungicide-
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treated soil compared to the control soil (Figure 2). Twelve bacterial genera were found
to be unique to each of the studied soils (Table S51); however, most of them belonged to
unclassified taxa.

Fungicide-
treated

Phulym  pessssssssssssssss Mean

Control

Actinobacteriota 38.61
Acidobacteriota 11.18
Gemmatimonadota 7.81
Myxococcota 0.1
Fibrobacterota 0.1
Bdellovibrionota 0.03
ws2 0.01
Fungicide-treated  Control
Family Mean
Gemmatimonadaceae 7.81
Sphingomonadaceae 712
Micrococcaceae 5.57
Nocardioidaceae 4.28
Solibacteraceae 2.62
KD4-96 2.37
Intrasporangiaceae 212
IMCC26256 2.1
Pseudonocardiaceae 1.91
Acidobacteriales ot. 1.73 row max
Rubrobacteriaceae 1.05
Acetobacteraceae 0.81
Sporichthyaceae 0.67
Hyphomicrobiaceae 0.58
Microbacteriaceae 0.55
Micropepsaceae 0.53
Frankiales ot. 0.52
Acidobacteriota subgr. 5 0.51
Pyrinomonadaceae 0.49
Sphingobacteriaceae 0.48
Glycomycetaceae 0.38
Microscillaceae 0.37
Frankiaceae 0.36
Reyranellaceae 0.35
Co119 0.33
Flavobacteriaceae 0.29
Hymenobacteraceae 0.25
Microtrichales ot. 0.17
Xanthomonadaceae 0.13
Chloroplast 0.1
0319-7L14 0.1
Nakamurellaceae 0.1
Fibrobacteraceae 0.1
Promicromonosporaceae 0.09 row min
Acidobacteriae 0.08
Acidobacteriaceae subgr. 1 0.07
LwQs 0.04
Bdellovibrionaceae 0.03
Saccharimonadaceae 0.03
Blfdi19 0.02
Kaistiaceae 0.02
Weeksellaceae 0.02
Sericytochromatia ot. 0.02
JG30-KF-AS9 0.02
ws2 0.01
ot. - other

Figure 1. The relative abundance of bacterial phyla and families ranked by their relative abundance.
The data represent means of three replicate sequencing reactions, and each reaction was based on
pooled DNA samples from three biological replicates (p < 0.05).
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Reads

2000

Bradyrhizobium
UC (Gaiellaceae)
Arthrobacter
Sphingomonas
Mycobacterium
Skermanella
Conexibacter

1606

Blastococcus
JACDDXO01
Udaeobacter
Streptomyces
Kribbella
VBCGO1
Lysobacter
AC-51
Terrabacter

- 1212

- 818

Rhizomicrobium
Nitrospira_C
UBA4720
Modestobacter

Control soil Fungicide-treated soil

Figure 2. Heatmap of the relative abundance of bacterial genera, estimated on the basis of ASV reads.

2.3. Alpha Diversity of the Bacterial Community

The Shannon index of bacterial diversity in the fungicide-treated soil was significantly
lower than in the untreated soil (p < 0.05) (Figure 3). A similar trend was also observed
in Chaol index, although the difference between the two conditions was not significant
(p > 0.05) (Figure 3).

Shannon Chaol

T 270 - T

4.68 -

260 -

4.64 -

250 -
460 - | ' _ |

240 _

Fungicide-treated Control Fungicide-treated Control
soil soil soil soil

Figure 3. Box plots of the Shannon and Chaol alpha-diversity indices of bacterial communities for
the fungicide-treated and the control soils. The data represent means of three replicate sequencing
reactions. Statistical analysis was performed using the Mann-Whitney test.
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pathway

P122-PWY
PWY-7237
PWY-821
PWY-7616
P562-PWY
RHAMCAT-PWY
CRNFORCAT-PWY
P125-PWY
PWY0-42
PWY-5747
PWY-7446

METHYLGALLATE-DEGRADATION-PWY  methylgallate degradation

PWY-1861
GALLATE-DEGRADATION-I-PWY
GALLATE-DEGRADATION-II-PWY
RUMP-PWY

PWY-6895

CHLOROPHYLL-SYN
SUCSYN-PWY

PWY-6562

VALDEG-PWY

PWY0-41

PWY-7456

PWY-7347

PWY-7046

PWY-7398

PWY-6891

P341-PWY

PWY-5005

PWY-5265

PWY-5088

2.4. Functional Potential of the Bacterial Community

The reconstruction of metabolic pathways revealed 393 MetaCyc pathways, wherein
31 were differentially represented between the control and the fungicide-treated soils
(Figure 4). Among them, 12 pathways were associated with the biosynthesis of vitamins,
carbohydrates, and amino acids, whereas 17 pathways were involved in degradation and
assimilation processes.

Fungicide-treated Control
description Mean
heterolactic fermentation 12.76
myo-, chiro- and scillc-inositol degradation 12.73
sucrose degradation Il 12.55
methanol oxidation to carbon dioxide 12.41
myo-inositol degradation | 12.14 fowmax
L-rhamnose degradation | 12.12
creatinine degradation | 11.65
superpathway of R,R-butanediol biosynthesis 11.50
2-methylcitrate cycle | 11.48
2-methylcitrate cycle Il 11.39
sulfoglycolysis 10.44
9.98
formaldehyde assimilation 11 9.70
gallate degradation Il 9.67
gallate degradation | 9.67
formaldehyde oxidation | 9.29
superpathway of thiamin diphosphate biosynthesis 11 9.18
chlorophyllide a biosynthesis | 8.91
sucrose biosynthesis | 8.75
norspermidine biosynthesis 8.75
L-valine degradation | 7.80
allantoin degradation IV 7.76
mannan degradation 7.51
sucrose biosynthesis |11 7.41
4-coumarate degradation 7.34  rowmin
coumarins biosynthesis 7.29
thiazole bicsynthesis Il 6.89
glycolysis V 4.14
biotin biosynthesis Il 3.34
peptidoglycan biosynthesis |l 1.83
L-glutamate degradation VIII 1.52

Figure 4. Differentially represented pathways of bacterial community between the control and the
fungicide-treated soils. The three columns represent three replicate sequencing reactions, and each
reaction was based on pooled DNA samples from three biological replicates (p < 0.05).

In general, the fungicide treatment led to an increase in the relative abundance of
pathways, including those associated with the processes of degradation of various xeno-
biotics, for example, gallate and methylgallate degradation and formaldehyde oxidation
and assimilation (Figure 4). Only five pathways were found to be significantly (p < 0.05)
increased in their relative abundances in the control soil compared to the fungicide-treated
one. These pathways were mannan degradation, L-valine degradation I, L-glutamate
degradation VIII, biotin biosynthesis II, and peptidoglycan biosynthesis II (Figure 4).

2.5. Shift of Fungal Taxa under the Fungicide Treatment

A total of 75,913 reads were observed for the control soil samples and 12,055-33,761
reads per sample (mean: 25,304 & 11,619) were clustered to 117 = 9 ASVs. Sequencing of
fungicide-treated soil samples revealed 82,385 reads in total and 20,546-32,556 reads per
sample (mean 27,461 + 6207) were clustered to 112 4= 4 ASVs.

The treatment with fungicide induced a significant shift in soil fungal communities
(Figure S1). The fungal community of the control soil was dominated by Ascomycota,
Mortierellomycota, and Basidiomycota, whereas in the fungicide-treated soil, the dominant
phyla were Ascomycota, Mucoromycota, and Mortierellomycota (Figure S3). Statistical
analysis revealed that only Mucoromycota increased and Mortierellomycota decreased
(p < 0.01) in their relative abundance when the soil was treated with the fungicide (Figure 5).
Among the identified families of which the relative abundance significantly changed
(30 taxa), most of them (20 families) decreased in terms of their relative abundance under
the application of fungicide (Figure 5).
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Phylum

Mortierellomycota
Mucoromycota

Family

Mortierellaceae
Rhizopodaceae
Nectriaceae
Chaetomiaceae
Hypocreales Incertae sedis
Aspergillaceae
Ascomycota Incertae sedis
Lasiosphaeriaceae
Piskurozymaceae
Bionectriaceae
Coniochaetaceae
Cantharellales Incertae sedis
Cladosporiaceae
Leptosphaetiaceae
Stachybotryaceae
Capnodiales ot.
Gymnoascaceae
Myxotrichaceae
Microascales
Apiosporaceae
Bolbitiaceae
Microascaceae
Plectosphaerellaceae
Chytridiomycota ot.
Chytridiaceae
Cunninghamellaceae
Bartaliniaceae
Cucurbitariaceae
Sporormiaceae
Clavariaceae

ot. - other

Fungicide-

Control
treated
I Mean
6.86

Fungicide-treated Control

I Mean
I I

I 7.61
6.75
5.39
291
2.31
1.86
1.85
0.88
0.68
0.55
0.33
0.29
0.19
0.19
0.17
0.14
0.13
0.12
0.11
0.11
0.07
0.07
0.03
0.02
0.01
0.01
0.01
0.01
0.008
0.007

row max

row min

Figure 5. The relative abundance of fungal phyla and families ranked by their relative abundance.

The data represent means of three replicate sequencing reactions, and each reaction was based on

pooled DNA samples from three biological replicates (p < 0.05).

The most abundant genera (>1000 reads) in the control soil were Mortierella, Trichoderma, Tri-
chocladium, Fusarium, Monocillium, and Talaromyces (Figure 6). However, in the fungicide-treated

soil, the relative

abundances  of

Talaromyces  (—1.24

+= 05

Log2Fold,

p > 0.05), Mortierella (—0.93 £ 1.1 Log2Fold, p > 0.05), Trichocladium (—0.60 £ 0.8 Log2Fold,
p > 0.05), Trichoderma (—0.50 £1.2 Log2Fold, p > 0.05), and Monocillium (—0.33 £ 1.6 Log2Fold,
p > 0.05) were insignificantly reduced compared to the control soil (Figure 6). Among the domi-
nant taxa of the control soil, the phytopathogenic Fusarium genus was found, whereas in the
fungicide-treated soil, its relative abundance was insignificantly reduced (—0.76 £ 0.9 Log2Fold,

p > 0.05).
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Reads

9250

Mortierella 575
Trichoderma 5326
Trichocladium 7o64
Fusarium
Monocillium
Talaromyces
Penicillium
Setophoma
Chaetomium
Ophiosphaerella
Gibellulopsis
Exophiala

Tetracladium

7402
- 6940
- 6478
- 6016
- 5554
- 5092
- 4630
- 4168
- 3706

o - 3244
Fusidium

Solicoccozyma
Pleotrichocladium
Rhizopus
Clonostachys
Minimedusa
Leptosphaeria

- 2782

2320
1858
1396
934,0

472,0

10,00

Control soil Fungicide-treated soil

Figure 6. Heatmap of the relative abundance of fungal genera, estimated on the basis of ASV reads.

We recovered five fungal genera with a moderate abundance (500-1000 reads)
(Figure 6). Among these genera, Penicilium showed the highest Log2Fold change
(+0.88 £ 1.3 Log2Fold, p > 0.05), whereas the relative abundance of Setophoma
(+0.63 £ 1.6 Log2Fold, p > 0.05), Ophiosphaerella (+0.55 £ 2.4 Log2Fold, p > 0.05),
Gibellulopsis (+0.24 £ 1.4 Log2Fold, p > 0.05), and Fusarium (—0.19 £ 1.3 Log2Fold,
p > 0.05) did not vary significantly between the two conditions.

The most pronounced shift occurred with genera with a low abundance (denoted as
minor taxa) (100-500 reads). The highest increase in relative abundance was observed
for Rhizopus (+4.5 £ 1.1 Log2Fold, p < 0.01) and Chaetomium (+2.23 + 0.8 Log2Fold,
p < 0.01), whereas the lowest decrease was observed for the genus Minimedusa
(—1.85 £ 0.9 Log2Fold, p > 0.05) (Figure 6).

Several fungal genera containing plant pathogens were recovered with a low abun-
dance, including Septoriella (—2.10 £ 1.8 Log2Fold, p > 0.05), Aspergillus
(—1.04 £ 1.3 Log2Fold, p > 0.05), Alternaria (+0.18 £+ 1.9 Log2Fold, p > 0.05), and Bipo-
laris (—0.60 £1.5 Log2Fold, p > 0.05). We noticed that six fungal genera were only recovered
from control soils, whereas two were only detected in fungicide-treated soils (Table S1).

2.6. Alpha Diversity of the Fungal Community

The Shannon and Chaol indices were used to represent the alpha diversity of the
community. The fungicide application significantly reduced the Shannon index of the
fungal community (p < 0.05) (Figure 7), whereas the Chaol index differed insignificantly
between the two treatments (Figure 7).
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Shannon Chaol
3.35 130 -
- =
3:2%
120-
3.1-
110-
3.0-
100 -
Fungicide-treated Control Fungicide-treated Control

soil soil soil soil

Figure 7. Box plots of the Shannon and Chaol alpha diversity indices of fungal communities in
the fungicide-treated and the control soils. The data represent means of three replicate sequencing
reactions. Statistical analysis was performed using the Mann-Whitney test.

2.7. Functional Potential of the Fungal Community

Using the ITS sequencing data, 66 MetaCyc pathways were completely restored. Of
these, 51 were differently represented between groups (p < 0.05). Only seven pathways,
which were related to ubiquinol and nucleic acid biosynthesis, were discovered to be more
abundant in the fungicide-treated soil (Figure 8).

2.8. Effect of Soil Management on Fungal Diseases

At the beginning of the growing season, 8.25% of the plants without fungicide treat-
ment (grown in the control field) showed symptoms of root rot. At the end of growing
season, infected plants increased up to 14.52% =+ 0.18% (Figure 9). By contrast, fungicide
treatment protected 100% of the plants in the tillering phase, and up to 96.8% =+ 0.27% at
the end of the growing season (Figure 9).

The treatment of wheat with the studied fungicide mixture reduced the manifes-
tation of the leaf spot disease caused by Zymoseptoria tritici. The disease severity was
5.11% =£ 0.50% in the control group and 0.21% = 0.07% in the fungicide-treated group
(p < 0.001). The absence of fungicide in the plant-protection scheme resulted in the ap-
pearance of ear spot disease caused by Stagonospora nodorum. The disease incidence rate
in the control group was 3.03% % 0.10%, and the use of fungicide reduced this value to
0.22% =+ 0.05% (p < 0.001) (Figure 9).
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pathway

PWY-3781

PWY-7279
PWY-7219

PWY-6351

PWY-6606
NONOXIPENT-PWY
GLYOXYLATE-BYPASS
PWY-7111

PWY-7229
PWY-5690
TRNA-CHARGING-PWY
PWY-7118
P221-PWY
VALSYN-PWY
PWY-7411

PWY-6126
SER-GLYSYN-PWY
PWY-5083
PANTO-PWY
PWY-7221

PWY-5659
PWY-7228
PWY-5667
PENTOSE-P-PWY
P185-PWY
PWY-7282
PWY-4984
PWY-7184

PWY-922

PWY-7208

PWY-4981
THRESYN-PWY
PWY66-422
PWY-6317
UDPNACETYLGALSYN-PWY
ANAGLYCOLYSIS-PWY
PWY-5189
PWY-5920
PWY-5087
TYRFUMCAT-PWY
HEME-BIOSYNTHESIS-II
PWY-7197
PWY-6837
PWY-7385
PWY-7235
PWY-6609

PWY-5871

PWY-5873
PWY66-409
PWY-7196
HSERMETANA-PWY

description

aerobic respiration |

aerobic respiration Il

adenosine ribonucleotides de novo biosynthesis
D-myo-inositol (1,4,5)-trisphosphate biosynthesis
guanosine nucleotides degradation Il

pentose phosphate pathway

glyoxylate cycle

pyruvate fermentation to iscbutanol

superpathway of adenosine nucleotides de novo biosynthesis |
TCAcycle I

tRNA charging

chitin degradation to ethanol

octane oxidation

L-valine biosynthesis

superpathway of phosphatidate biosynthesis
superpathway of adenosine nucleotides de novo biosynthesis Il
superpathway of L-serine and glycine biosynthesis |
NAD/NADH phosphorylation and dephospharylation
phosphopantothenate biosynthesis |

guanosine ribonucleotides de novo biosynthesis
GDP-mannose biosynthesis

superpathway of guanosine nucleotides de novo biosynthesis |
CDP-diacylglyceral biosynthesis |

pentose phosphate pathway

formaldehyde assimilation I
4-amino-2-methyl-5-phosphomethylpyrimidine biosynthesis
urea cycle

pyrimidine deoxyribonuclectides de novo biosynthesis |
mevalonate pathway |

superpathway of pyrimidine nucleobases salvage
L-proline biosynthesis Il

superpathway of L-threonine biosynthesis
D-galactose degradation V

galactose degradation |
UDP-N-acetyl-D-glucosamine biosynthesis Il
glycolysis I

tetrapyrrale biosynthesis Il

superpathway of heme biosynthesis from glycine
glycogen biosynthesis Il

L-tyrosine degradation |

heme biosynthesis |

pyrimidine deoxyribonucleotide phosphorylation
fatty acid beta-oxidation V

1,3-propanediol biosynthesis

superpathway of ubiquinol-8 biosynthesis

adenine and adenosine salvage IlI

ubiguinol-9 biosynthesis

ubiguinol-7 biosynthesis

superpathway of purine nucleotide salvage
superpathway of pyrimidine ribonucleosides salvage
L-methionine biosynthesis Il

Fungicide-treated Control

Mean

11.09
11.09
10.21
10.13
10.05
10.02
10.01
9.63
9.63
9.62
9.58
9.55
9.55
9.54
9.52
9.5
9.46
9.37
9.37
9.35
9.32
9.32
9.26
9.24
9.23
9.23
9.19
9.15
9.1
9.08
9.07
9.07
9.07
9.07
9.06
9.01
8.98
8.95
8.94
8.92
8.91
8.89
8.87
8.84
1.91
157
1.47
1.47
0.94
0.84
0.78

row max

row min

Figure 8. Differentially represented pathways of fungal community between the control and the

fungicide-treated soils. The three columns represent three replicate sequencing reactions, and each
reaction was based on pooled DNA samples from three biological replicates (p < 0.05).
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Figure 9. Wheat disease severity and incidence in the control and fungicide-treated plants. Data
present mean =+ standard deviation (n = 50). *** p < 0.001.

3. Discussion

We found that the combined use of these fungicides affected both soil bacterial and
fungal communities. Bacterial and fungal taxa were clustered into three conditional groups
depending on their relative abundances: dominant, moderately abundant, and minor taxa.
There were a few features of the microbial response to this treatment. Bacterial and fungal
diversity decreased under the influence of the combined fungicide. Moreover, bacterial
and fungal communities differed in their responses to the treatment. All dominant taxa
in the fungicide-treated soil remained the same as in the control soil, but their relative
abundances changed.

In the fungicide-treated soil, the relative abundance of Arthrobacter increased. This
bacterial genus is known for its ability to decompose strobilurins as a source of carbon [20].
The relative abundance of Sphingomonas also increased. Members of Sphingomonadaceae
are known to have the ability to degrade a variety of aromatic compounds [21]. Many
Sphingomonads have been isolated from environments contaminated with pesticides,
herbicides, and other xenobiotics. These products can be used by bacteria as a sole carbon
source [22]. Recently, two strains of Sphingomonas spp. were isolated from wheat grains
and demonstrated the ability to degrade propiconazole [23]. Thus, at least three bacterial
genera found in the studied soils could degrade strobilurins and triazoles. This may explain
the increase in the relative abundance of these genera in the fungicide-treated soil. In the
fungicide-treated soil, there was an increase in the relative abundance of Streptomyces, which
have a high potential as biofertilizers and biocontrol agents due to their ability to produce
a wide spectra of bioactive compounds, antibiotics, and extracellular enzymes [24,25]. The
most pronounced shifts occurred with minor taxa; some of these taxa were not detected
in the fungicide-treated soil, whereas a few were recovered from the fungicide-treated
soil that were not found in the control soils. However, most minor taxa belonged to the
non-classified uncultivated genera, and their environmental role is unknown.

The fungal community was affected the most by the fungicide mixture. Rhizopus was
the most relatively abundant taxon in the fungal community, and its relative abundance
in the fungicide-treated soil increased significantly. Rhizopus species are known as soil
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saprotrophs and are capable of the sorption of various toxicants [26]. Since the relative
abundance of this taxon increased by more than eight times, it is possible that Rhizopus
spp- may play a more specific ecological role related to fungicide applications. Another
fungal taxon of which the relative abundance significantly increased in the fungicide-
treated soil was the Chaetomium genus, which is known to include species with plant-
beneficial traits. 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 common root rot infection of wheat is facilitated by the presence of pathogens
on seeds and in the soil. The intensity of damage to the root system can vary under the
influence of weather conditions (precipitation, temperature). Phytopathogens belonging to
the Septoriella, Bipolaris, and Alternaria genera were found in the fungicide-treated soil in
lower numbers or were even absent compared to the control soil. For example, Septoriella
hirta is considered an economically important secondary pathogen that increases the cost
of harvesting and reduces the quality of the grain [31]. However, the abundances of all of
these fungi were low (less than 100 reads). On the contrary, Fusarium was found to be the
most abundant phytopathogen present in the soil without the fungicide treatment. This
fungal genus includes many species that are able to colonize the lower stems (crowns) of
wheat (Triticum aestivum L. subsp. aestivum) and durum wheat (Triticum turgidum L. ssp.
durum), and they can be associated with crown and foot rot, as well as head blight [32-34].
Moreover, many species of Fusarium genus produce toxins, among which the most common
mycotoxin groups are trichothecenes, zearalenones, and fumonisins [35]. In our study, the
relative abundance of Fusarium decreased two times when the combined fungicide was
applied, and it was potentially associated with a 50% reduction in the incidence of root rot.

Qualitative and quantitative shifts in the microbiome are important indicators that
determine changes in the functional properties of soils. We used PICRUSt2 software to pre-
dict the functional potential of bacterial or fungal communities via taxonomic profiling [36].
We found out that the treatment of plants with studied fungicides mainly impacted fungal-
associated biosynthetic pathways. Interestingly, the metabolic pathways prevailing in the
fungicide-treated soil were associated with the biosynthesis of ubiquinones—components
of the mitochondrial respiratory chain [37]—and with the biosynthesis of purine and pyrim-
idine bases. A possible explanation for this is the fact that kresoxim-methyl belongs to a
fungicide from the class of Qols (quinone outside inhibitors), which affect cell respiration
and ATP formation. Similar results were obtained in a recent study of a soil treated with
the fungicide chlorothalonil [38], which inhibits thiol-dependent enzymes and decreases
the intracellular level of reduced glutathione involved in respiration [39,40]. The recon-
struction of the metabolic pathways of the microbiome in fungicide-treated soil showed an
overrepresentation of pathways associated with anaerobic respiration and the degradation
of organosulfonate compounds [38].

The prediction of the microbial functional profile also revealed that the relative abun-
dances of metabolic pathways associated with the conversion of various xenobiotics were
higher in the fungicide-treated soil. Thus, the functional reactions of the soil community
are specific depending on the class of fungicide applied, and these reactions can be deter-
mined using in silico methods. However, the description of functional changes in microbial
communities under fungicide treatment should be based on a direct assessment of several
important microbiological indicators of soil microbial activity.

We found that the predicted microbial biomass increased in the fungicide-treated
soil. The application of fungicides led to the death of fungi, which caused the accumula-
tion of necromass. Necromass, as an organic substance, serves as an available source of
nutrients for other groups of microorganisms [41,42]. The part of the microbial commu-
nity that is resistant to fungicide begins to grow in conditions of low competition for this
available substrate, which leads to an increase in the measurable value of the microbial
biomass [43]. The storage of organic matter in the microbial biomass is also indicated by
the high MBC/SOC value observed in the fungicide-treated soil compared to the control
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soil. The high MBC/SOC ratio implies that more carbon was present in a form that was
available for microorganisms [44]. We also found that there was no significant increase
in the respiration rate or the gCO,/SOC value of the microbial community treated with
the fungicides. It can be argued that in the treated soil, the efficiency of the utilization of
organic matter by soil microorganisms (gC0O,/SOC) and the metabolic efficiency of micro-
bial communities were consistent with those of the control soils. The microbial respiration
coefficient (QR) and metabolic coefficient (CO,) were used to assess environmental stress
in the microbial communities. Lower values of §CO, and QR indicated the ‘optimal” func-
tioning of the microbial community. We found that the decreases in gCO, and QR values in
fungicide-treated soil were insignificant. The obtained values of microbial respiration (QR)
and metabolic coefficients (9CO,) indicated that the microbial community of the control
soil, as well as that of the fungicide-treated soil, were in a stable state.

4. Materials and Methods
4.1. Site and Sampling

Soils were sampled in a field at 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 area is a gently sloping plain with pine (Pinus
sylvestris L.) and birch grassy (Betula pendula L.) mixed forests. (Triticum durum Desf.). The
soil type under the study was Luvic Phaeozems. Before sowing spring wheat (Triticum
durum Desf.), a special agrotechnical process was applied: the first plowing was in autumn
of 2019 and then plowing in early spring of 2020, followed cultivation during the summer
of 2020. Spring wheat was sowing in May 2021.

The applied fungicide preparation was “Terapevt-Pro”, (Zemlyakoff, Moscow, Rus-
sia). “Terapevt-Pro” contains (gram per liter): difenoconazole—80; kresoxim-methyl—125;
epoxiconazole—125. The fungicide mixture was applied once during the earing phase of
wheat on 7 July 2021 at the rate of 0.7 L per ha. The control (untreated with fungicides)
group of soils was located at a distance of 20 m.

Soils were sampled in September 2021 after wheat harvest. Soil samples were col-
lected using the checkerboard sampling method. Three spatially distant plots (1 m?) 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 h. The soil
samples were sieved with a mesh size of 2 mm and stored at the temperature of minus
80 °C. Thus, three bags of soil were collected from each area.

The soil texture was presented by clay (28%), silt (26%) and sand (clay loam) (46%).
The acidity of the both studied soils was pHk] 5.89 and pHpypo 7.06. Soil pH was measured
according to the international standard ISO 10390. The pHg; value was determined poten-
tiometrically in a 1 M KCI solution and the pHyypp 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,
Waltham, MA, USA) [45]. The total carbon (TC) and total nitrogen (TN) contents were
measured using a Vario EL III elemental analyzer (Elementar, Langenselbold, Germany).
The content of total C determined in this way was considered equal to the SOC content,
since carbonates were absent in the studied Luvic Phaeozems.

4.2. Determination of Soils” Microbiological Properties

Soil basal respiration (BR, CO;-C) was determined based on the rate of the CO, release
from the soil during 24 h of incubation at 22 °C and 60% of the full moisture capacity
using a Trace GC Ultra gas chromatograph with a DSQ II mass-selective detector (Thermo
Electron Corporation, Waltham, MA, USA). BR was expressed in pg CO,-C g~ soil h 1.
The soil microbial biomass was determined by means of the substrate-induced respiration
method (SIR) [46]. A soil sample (5 g) was placed in a 100 mL bottle and a glucose solution
(0.1 mL/g soil, 10 mg/g soil) was added. The vial was sealed and the time of the beginning
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of incubation with the substrate was recorded. After 3-5 h of incubation, an air sample
was taken from the vial and analyzed using a gas chromatograph. The exposure time was
strictly fixed. The SIR rate was expressed in pg CO,-C g~ ! soil h=! [47,48]. The MBC
values were expressed in ug C g~ ! soil. Basal soil respiration and microbial biomass were
determined for three biological replicates (five analytical replicates each).

The coefficient of microbial respiration (QR) was calculated on the basis of the relation-
ship between the basal and substrate-induced respiration: QR = BR/SIR [49]; the metabolic
coefficient or specific respiration of microbial biomass was calculated as gCO, = BR/MBC,
g CO,-C mg~! MBC h~! [50].

4.3. Phytosanitary Control of Spring Wheat

The development of common root rot was determined by means of visual inspections,
which were performed twice during the growing season in the tillering phase and before
harvesting the crop [51]. Symptoms of root rot included poor emergence and root develop-
ment, yellowing, and discolored roots, as well as various lesions on root or stem tissue near
the soil.

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 a wheat field at three (root rot) and five (aerogenic infections) spatially distant points.
The degree of damage to the leaf surface caused by Zymoseptoria tritici (a foliar disease
of wheat) or damage to the wheat ear caused by Septoria nodorum was expressed as a
percentage using the universal scale [52].

4.4. 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, Moscow Russia), 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 a NanoPho-
tometer N120 (Implen, Westlake Village, CA, USA). The quality of total soil DNA was
estimated using the following absorbance ratios: A260 nm/230 nm (DNA /humic acid) and
A260 nm/280 nm (DNA /protein). DNA yield was also quantified fluorometrically with a
Qubit 4.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Both a NanoPhotome-
ter N120 and the Qubit instrument were used according to the manufacturers’ protocols.
The extracted DNA was stored in a freezer (—80 °C) until further analysis.

The 165 rRNA sequencing libraries were constructed according to the Illumina 16S
Metagenomic Sequencing Library Preparation protocol (Illumina) targeting the V3, V4
hypervariable regions of the 16S rRNA genes using primers S-D-Bact-0341-b-S-17 (5'-
CCTACGGGNGGCWGCAG-3') and S-D-Bact-0785-a-A-21 (5'-GACTACHVGGGTATC
TAATCC-3') [53]. The “xGen™ ITS1 Amplicon Panel” was used for fungal community
profiling following the manufacturer’s instructions (Integrated DNA technologies, Inc.,
Redwood City, CA, USA). The amplicon sequencing was carried out using MiSeq Illumina
sequencer (Ilumina Inc., San Diego, CA, USA) and a set of paired ends v2 [llumina (cluster
generation and paired ends sequencing with the power of 2 x 250 bp).

4.5. Data Analysis and Statistics

The quality of sequenced data was estimated using FastQC v 0.11.9 software [54]. The
reads were filtered and trimmed using the Trimmomatic v0.36 program. Reads were re-
moved when the average quality throughout the entire length was at least
31 (both for forward and reverse reads). After filtering, the data were checked using the
FastQC program.

The reads were further processed using the DADA2 v4.0.3 package [55] of the R
language. Using DADA?2, we performed additional filtering of sequences by quality and
the pruning of reads based on the following quality parameters: reads less than 232 bp in
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length were filtered out. To identify “unique” reads, counting the number of repetitions
of these sequences among the analyzed data, sequence dereplication was carried out.
Recovery of the amplicon sequence variant (ASV) was performed using the main function
of the dada?2 algorithm. During the preprocessing of amplicon information using the dada2
package, chimeric sequences were removed. The normalization of ASVs was carried out
using the “phyloseq_to_deseq2” function in the Deseq2 package. 1fcShrink (shrinkage
estimation of logarithmic fold changes) normalization was applied to the Deseq object.

The phylogenetic composition of bacterial communities was determined by comparing
the V3-V4 165 rRNA nucleotide sequences with the reference rRNA sequences from the
GTDB database using the IdTaxa function in the DECIPHER package [56]. The phylogenetic
composition of fungal communities was determined by comparing the ITS1 nucleotide
sequences with the reference sequences from the UNITE v 8.3 database 10 May 2021.

Alpha-diversity analysis was carried out using the “estimate_richness” function in
the phyloseq v3.14 package [57], and the Chaol and Shannon indices were calculated. The
nonparametric Mann-Whitney test was used to determine the influence of the fungicide
treatment on the alpha diversity. The effect was considered significant at p < 0.05. The
alpha-diversity indices were visualized using the box-and-whisker chart function from the
ggplot2 v3.3.5 package [58]. The dissimilarity in the community compositional structure
between groups (the control soil and the fungicide-treated soil) was assessed using the
Bray—Curtis dissimilarity coefficient. The differences in the relative abundance between
soil groups were visualized using principal component analysis (PCA) and with heatmaps
using the Limma package in the R language [59]. Differences were considered significant
atp <0.05.

The measured soil microbiological and chemical properties were statistically manipu-
lated using Origin 2021 (OriginLab Corporation, Northampton, MA, USA). The Shapiro-
Wilk test was used to assess the normal distribution of values. In the presence of a normal
distribution, the two-sample f-test was used, whereas if normality was rejected, the Mann—
Whitney test was used. Differences were considered significant at p-values < 0.05.

4.6. Analysis of Soil Functional Potential

Using the 165 rRNA or ITS-based ASV tables and the reference sequences generated
by QIIME2, the functional potential of the microbial communities was predicted using
PICRUSt2 software (v2.3.0) [36]. The values were converted using the logarithmic transfor-
mation Log2. The data were visualized and the statistical indicators were calculated using
the Phantasus web application (v1.11.0).

5. Conclusions

We showed that the difenoconazole-kresoxim-methyl-epoxiconazole mixture pro-
vided a sufficient level of protection against phytopathogens in wheat. Moreover, this
combined fungicide had a restructuring effect on the soil microbiome. The decrease in the
abundance of phytopathogenic fungal taxa observed in the soil could potentially reduce
the probability of disease infection in subsequent years. At the same time, the studied
fungicide preparation had an effect on non-targeted bacteria, probably through changes
in the ecological relationships between microorganisms. Our analysis of the structure
of the soil microbiome and its biosynthetic potential revealed signs of the restoration of
the ecological characteristics of the fungicide-treated soil. These structural changes were
reflected in measurable soil health characteristics such as soil microbial carbon content.

Overall, the data obtained in this study indicate that combined fungicides based on
strobilurins and triazoles provide a high level of plant protection with an acceptable impact
on the soil system, but long-term studies are needed to assess the time frame for achieving
functional and structural stability of the microbial community.
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