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Abstract: The study aimed to assess the effects of fungicide Quadris® on activities of soil enzymes contributed to
soil nutrient turnover. A batch laboratory experiment with Quadris®-amended (0 mg/kg ds (dry soil) — 35.00 mg/kg
ds) loamy sand soil was conducted, and shifts in soil physical environments and enzyme activities (beta-glucosidase,
urease, acid and alkaline phosphatases, arylsulfatase and dehydrogenase) were evaluated on experimental days 1, 30,
60, 90 and 120. The results indicated that Quadris® changed both soil properties and enzyme activities. The most
sensitive environmental parameter to fungicide input was soil pH. The most suscaptable to Quadris® enzymes were
dehydrogenase and arylsulfatase, and the most resistant — urease. The mean overall dehydrogenase activity decreased
by 33%, whereas the profile of arylsulfatase activity tended to permanent decrease over time. The general pattern
of enzyme responses to Quadris® was an immediate-early (days 1 — 30) decline of enzyme activities after fungicide
application, except that of arylsulfatase. Beta-glucosidase manifested a temporal profile of steady-state stimulation
under the lowest (2.90 mg/kg ds) and low sensitivity to the higher (14.65 mg/kg ds and 35.00 mg/kg ds) fungicide
concentrations.
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Pesticides represent the backbone of the contem-
porary agrifood sector in its endeavour to ensure the
growing human population with food and other goods
(Ba¢maga et al. 2015). Fungicides are the most applied
category of pesticides for disease management in crop
production, affecting fungi by damaging their cell
membranes, inactivating critical enzymes or proteins,
or by interfering with key processes such as energy
production, respiration, sterols’ or chitin’s synthesis.
Despite the intensive use of fungicides and the asso-

ciated potential ecotoxicological risks for non-target
organisms, the environmental fate and the effects of
fungicides have received far less attention compared
to the other pesticide categories. For instance, Kohler
and Triebskorn (2013) published that only 13% of the
studies on pesticide effects between 1991 and 2013
focused on fungicides, compared to 62% and 24%
for insecticides and herbicides, respectively. Earlier
studies recorded negative side effects of fungicides
on soil non-pathogenic fungi (Howell et al. 2014),
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bacteria (Wang et al. 2004), archaea (Puglisi et al.
2012), protozoa (Bending et al. 2007), nematodes
(Howell et al. 2014) and soil enzymes (Bending et
al. 2007, Muifioz-Leoz et al. 2011, Wang et al. 2016).

Soil is a reservoir of many enzymes, and therefore
itis regarded as an indicator of microbiological activ-
ity (Ba¢maga et al. 2015). Enzymes which indicate
soil quality include oxydoreductases and hydrolases
due to their participation in a range of biochemi-
cal reactions which take place in the environment
(Utobo and Tewari 2015). The most tested enzymes
for fungicide effects on soil biochemistry were soil
dehydrogenase (Bending et al. 2007, Muiioz-Leoz
et al. 2011, Wang et al. 2016) and acid phosphatase
(Munoz-Leoz et al. 2011, Wang et al. 2016). Far less
attention was paid to beta-glucosidase, cellulase,
amylase, invertase, arylsulfatase and alkaline phos-
phatase (Floch et al. 2011, Munoz-Leoz et al. 2011,
Wang et al. 2016).

Strobilurins (azoxystrobin, pyraclostrobin, fluox-
astrobin, kresoxim-methyl, trifloxystrobin, picox-
ystrobin, mandestrobin, metominostrobin and others)
are fungicides designed to block fungal mitochondrial
respiration (Bartlett et al. 2002), and they present
the largest category by market value, which accounts
for 23— 25% of the global fungicide sales (Anonymus
2016). One of the most worldwide used strobilurins
is azoxystrobin (methyl (E)-2-{2-[6-(2-cyanophenoxy)
pyrimidin-4-yloxy] phenyl}-3-methoxyacrylate)
(Wang et al. 2018), being discovered and developed
by ICI (now Syngenta). Azoxystrobin is marketed
by Syngenta as a single active substance product
under several trade names, the major ones for crop
protection being: Amistar, Abound, Priori, Quadris,
Dynasty for seed treatments, and Heritage for turf.
Data concerning azoxystrobin’s non-target effects on
soil organisms and enzyme activities are still insuf-
ficient and, in some cases, contradictory. Most of the
researchers who tested azoxystrobin effects on soil
enzymes used primarily dehydrogenase (Sopefia and
Bending 2013, Ba¢maga et al. 2015, Guo et al. 2015,
Alvarez-Martin et al. 2016, Wang et al. 2018) and
urease (Ba¢maga et al. 2015, Guo et al. 2015, Wang
etal. 2018) as indicators of soil health. Additionally,
the pure substance azoxystrobin was used for toxicity
tests in most of the studies. However, commercial
products consist not only of active but also of other
ingredients, some of which may influence negatively
or positively on soil organisms and soil biochemistry.

The aim of this study was to assess the changes
that occurred in the activities of five soil hydrolases

(beta-glucosidase, urease, alkaline and acid phos-
phatases, arylsulfatase) and dehydrogenase (oxi-
doreductase) under a single application of fungicide
Quadris® at increasing concentrations. The enzymes
were selected to identify the fungicide effects on:
(1) the main pathways of carbon (beta-glucosidase),
nitrogen (urease), phosphorous (acid and alkaline
phosphatases), and sulphur (arylsulfatase) cycle in
soil, and (2) the cell energy (dehydrogenase) of soil
microorganisms (bacteria and fungi) as the main
producers of soil enzymes.

MATERIAL AND METHODS

Sampling site and procedure. Soil samples were
collected from a grassland near Gabra village (Sofia
region, Bulgaria — 42°31'48.36"N and 23°37'28.20"E).
This land location is a point of the Bulgarian soil
quality monitoring network. It is regularly monitored
by the Bulgarian Executive Environment Agency
(EEA) for pesticides and heavy metal residues. Data
received by EEA for this point indicated a lack of
soil contamination (personal communication). Five
subsamples were pooled randomly from a 0-20 cm
soil depth, sieved through 2 mm mesh, and mixed
in aliquots after determining the dry weights of 1 g
samples at 105 °C in an oven for 24 h.

Fungicide. The study was conducted with fungicide
Quadris® (Qs) containing azoxystrobin (Az) as an
active substance at 250 mg/L. Qs consists of 22.9%
Az, and 77.1% other ingredients, most of which are
trade secret, except 1,2-propanediol and benton-
ite. With its xylem-mobile systemic activity, Qs is
a broad-spectrum fungicide and provides complete
plant protection, inhibiting fungal spore germination.
Qs offers effective control of all four classes of fungi
(ascomycetes, basidiomycetes, deutoromycetes and
oomycetes), and it is used on grape vines, cereals,
potatoes, apples, bananas, citrus, tomatoes and other
crops, as well as it optimises crop yield and quality
by helping the plant to use resources efficiently. Qs
was applied to soil mesocosms in concentrations of
0.00 mg/kg dry soil (ds) (Qs0), 2.90 mg/kg ds (Qs1),
14.65 mg/kg ds (Qs2) and 35.00 mg/kg ds (Qs3) cal-
culated towards Az. The fungicide mentioned above
concentrations noted soil Az residues identified by
gas chromatography immediately after fungicide
application to soil mesocosms (Alexova et al. 2021).
These concentrations reflected half (Qs1) of the
maximum recommended field dose of Az (Bending
et al. 2007), and three (Qs2) and seven (Qs3) times

383



Original Paper

Plant, Soil and Environment, 68, 2022 (8): 382-392

higher than Qs1. Qs2 and Qs3 were in a concentra-
tion gradient, which has been previously shown to
alter the soil fungal community structure (Bending
et al. 2007), and used to investigate the outcomes
of accidental overexposure to the fungicide due to
inappropriate use.

Design of mesocosm experiment. Soil mesocosms
were prepared in triplicates. Each contained 2 000 g
of dry weight equivalent soil amended with azox-
ystrobin (Az) under the form of commercial product
Quadris®. The fungicide was dissolved in 30 mL
acetone and uniformly mixed into a separate soil
sample (200 g wet soil) derived from the respective
mesocosm. Then, acetone was allowed to volatilise,
and the sample was added to the rest of the soil by
mixing during a 10-min period. An equal volume
of acetone was added to the control soil, following
the procedure mentioned above. Soil water content
was adjusted to 40% of the maximum water hold-
ing capacity. The soil moisture was maintained by
weighting soils every 3 days and using sterile distilled
water in order to compensate for any moisture loss.
The mesocosms were incubated at 22 + 1 °C in the
dark to prevent the Az physical degradation by light.
Soil samples were collected randomly in triplicates
from each mesocosm on the 15t (D1), 30th (D30),
60" (D60), 90t (D90) and 120" (D120) day after
fungicide application.

Soil physico-chemical properties. The soil was
classified as Cambisols (FAO) with loamy sand tex-
ture (83% sand, 2% clay, and 15% silt) determined
according to the sedimentation method in 0.1 mol/L
KCI (https://www.nrcs.usda.gov/wps/portal/nrcs/
main/soils/edu/). Organic carbon was 21.92 +
1.41 g/kg ds, Kjeldahl nitrogen — 2.20 + 0.21 g/kg ds,
and potassium — 131.16 + 4.40 mg/kg ds. Soil pH was
measured potentiometrically (HANNA Instruments,
Woonsocket, USA) after suspending soil in 0.01 mol/L
CaCl, solution (1:5; weight:volume) and shaking for
30 min. Soil bioavailable forms of nitrate nitrogen
(NO3-N), ammonium nitrogen (NH;—N) and inor-
ganic phosphates (P) were determined spectropho-
tometrically by the methods of Keeney and Nelson
(1982) and Olsen (1982), respectively.

Azoxystrobin soil residues. Gas chromatography
was used to determine the concentrations of Az soil
residues on experimental days. Detailed Az extrac-
tion procedure and gas chromatography settings
were described in Aleksova et al. (2021).

Enzyme assays. The general approach was to cul-
tivate a soil sample (1 g wet soil) with the respective
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enzyme’s substrate at 22 °C in the dark for 1 h, fol-
lowed by spectrophotometry of soil supernatant/
extract and calculation of enzyme activity according
to a standard curve. Enzyme activities were calcu-
lated as micrograms per gram of dry soil per hour.
Dehydrogenase (EC 1.1; Dha) activity was deter-
mined, followed by Friedel et al. (1994), measuring
(A = 405 nm) the reduction of 2-(4-iodophenyl)-
3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium to io-
donitrotetrazolium formazan. Beta-glucosidase (EC
3.2.1.21; BGI) activity was measured according to
Eivazi and Tabatabai (1988), determining (A = 405 nm)
the amount of released p-nitrophenol during the
incubation of soil samples with p-nitrophenyl gly-
coside. Urease (EC 3.5.1.5; Ur) activity was deter-
mined according to Kandeler and Gerber (1988),
and ammonia concentration resulting from the urea
hydrolysis was evaluated (A = 690 nm) based on
a modified indophenol reaction. Alkaline (EC 3.1.3.1;
AIP) and acid (EC 3.1.3.2; AcP) phosphatases were
assayed by the method of Tabatabai and Bremner
(1969), which involves the determination (A = 420 nm)
of p-nitrophenol released after sample incubation
with p-nitrophenyl phosphate in buffer with pH 11.0
(AIP) and pH 6.0 (AcP). Arylsulphatase (EC 3.1.6.1;
Ars) activity was measured (A = 400 nm) according to
a modified method of Tabatabai and Bremner (1970)
after the release of p-nitrophenol as a final product
of p-nitrophenyl sulphate hydrolysis.

Data analysis. Each data point in the paper rep-
resented the mean value of the respective Qs soil
amendment + standard deviation. One-way ANOVA
followed by Tukey’s test was performed to examine the
differences in the means of soil (pH, NO3‘—N, NH;—N,
P, Az) and enzyme (Dha, BGI, AcP, AIP, Ur and Ars)
values. Linear discriminant analysis (LDA) was used to
distinguish the effects of Qs application on soil physical
environments and enzyme activities in relation to the
applied fungicide concentration. The above statistics
were performed with the packages PAST (Hammer et
al. 2001) at a significance of P < 0.05.

RESULTS AND DISCUSSION

Soil environments. Qs application did not signifi-
cantly affect soil organic carbon, Keljdal nitrogen and
potassium, the opposite to the induced significant
changes in the values of soil pH, NO;-N, NH, -N and P.
The mean overall values of Qs0’s soil metrics were 5.87
+0.4 (pH), 84.39 + 31.5 mg/kg ds (NO;-N), 3.83 + 3.8
mg/kg ds (NH, -N), and 12.13 + 7.8 mg/kg ds (P). The
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Figure 1. Soil physical environment expressed by (A) mean overall values of pH, nitrate nitrogen (NO;-N), ammo-
nium nitrogen (NH;’-N), phosphates (P) at Qs1 (2.90 mg/kg ds), Qs2 (14.65 mg/kg ds) and Qs3 (35.00 mg/kg ds)
mesocosms calculated as a percent of Qs0 (0 mg/kg ds), and (B) azoxystrobin (Az) soil residues on days of
sampling (D1, D30, D60, D90 and D120). The symbols indicate mean values; the bars indicate standard errors.
D1 -1, D30 - 30, D60 — 60, D90 — 90, D120 — 120 days after fungicide application

fungicide decreased the values of pH (by 8-14%) and P
(by 4-15%) and increased these ofNH;'—N (by 17-24%,
except Qs2) and NOS-N (by 21-31%) (Figure 1A).
Detailed temporal dynamics of soil metrics were given
in Aleksova et al. (2021). Over time, Az soil residues
decreased in an inverse relationship with the applied
fungicide concentrations (Figure 1B).

The profiles of Az dissipation indicated possi-
ble inhibitory effects on Az degradation at higher
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fungicide concentrations, being prolonged by one
(Qs2) and two (Qs3) months compared to that of
Qsl. Similar environmental changes after the Az
application were detected by many authors. For
example, soil acidification was explained by Ghosh
and Singh (2009) as a result of azoxystrobin acid
accumulation — the main end product of Az degrada-
tion; increasing of soil NO;-N’s concentrations was
related to fungicide stimulation on soil microbial
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Figure 2. Linear discriminant score plots of (A) soil physical environments and (B) enzyme activities, both
in Quadris® un-amended (Qs0) and fungicide amended with 2.90 mg/kg ds (Qs1), 14.65 mg/kg ds (Qs2) and
35.00 mg/kg ds (Qs3) soil mesocosms. Symbols represent soil properties on D1 (dot), D30 (square), D60 (tri-
angle), D90 (diamond) and D120 (oval); D1 — 1, D30 — 30, D60 — 60, D90 — 90, D120 — 120 days after fungicide

application
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nitrification (Mufoz-Leoz et al. 2011), or nitrogen
input by fungicide adjuvants (Mijangos et al. 2009).

In order to assess the overall effects of Qs on soil
physical environments, a linear discriminant analysis
was conducted (Figure 2A).

The first two functions provided discrimination
among the soil’s physical environments accounting
for more than 96% of the total variance (Figure 2A).
The scores were clustered in relation to the applied
fungicide concentrations, discriminating different
soil physical environments (except the overlap of
Qs1 and Qs0 on D30). The discriminant model pro-
vided a correct classification of 90% of the variability
among soils, in which 80% were correct for each of
Qs0 and Qs3, and 100% for each of Qs1 and Qs2.
The strongest discriminators among analysed soil
variables were NO;-N and Az soil residues.

Soil enzyme activities. Soil enzyme activity is
aresult of complex processes of synthesis and regula-
tion. In this term, Qs could affect soil microorgan-
isms by killing non-target fungi or inhibiting the
activity of certain microbial groups, or changing
the values of soil properties. Additionally, the dead
fungal biomass or the fungicide inputs could serve
as nutrients, mitigating fungicide impacts on liv-
ing microorganisms or reducing the interspecific
microbial competition. In this study, soil enzymes
were used as indicators of Qs effects on soil quality
and health of microbial communities, as the main
producers of soil enzymes.

Qs application induced changes in the overall en-
zyme activities and these changes were concentration-
independent (Table 1).

In general, Qs negatively affected soil enzymes,
except at Qs1, where the overall mean activities of
BG], AIP and Ur were slightly stimulated by 17.7,9.5

https://doi.org/10.17221/127/2022-PSE

and 2.7%, respectively. Qs1 was toxic for Dha, Ars
and AcP, reducing the mean overall enzyme activities
by 33.0, 13.0 and 4.0%, respectively.

The temporal data of enzyme activities were used
to construct the LDA model in order to distinguish
the biochemistry of soil mesocosms (Figure 2B).
After the analysis, three discriminant functions were
obtained. The first and the second functions pro-
vided discrimination among the soil mesocosms,
accounting for 87.22% (Axis 1) and 12.69% (Axis 2)
of the total variance.

The scores calculated from the first two discrimi-
nant functions were visualised in Figure 2B. Each
symbol in the convex hull represented the soil en-
zyme activities from the respective sampling day.
The scores were clustered in relation to the applied
fungicide concentration, discriminating both the
enzyme activities of Qs0 from that of the fungicide
amended soil mesocosms and the enzyme activi-
ties of Qs0 and Qs1 from that of Qs2 and Qs3. The
convex hulls of Qs2 and Qs3 overlapped, indicating
an insignificant difference in enzyme dynamics at
fungicide concentrations equal to and higher than
14.65 mg/kg ds. The overlapping of convex hulls at
higher fungicide concentrations could be interpreted
as evidence for induction of microbial community
tolerance to Qs by the selection of resistant spe-
cies (Alvarez-Martin et al. 2016, Wang et al. 2020)
and thus unification of microbial responses. In this
term, Qs could be considered a microbial structuring
factor at concentrations equal to and higher than
14.65 mg/kgds. A future studywill investigate such effects
in the fungicide concentration range from 2.90 mg/kg
ds to 14.65 mg/kg ds.

The first two discriminant scores in Figure 2B were
loaded by the variability of Dha and BGI (Axes 1

Table 1. Overall enzyme activities (means + standard deviation) of control (Qs0) and Qs-amended soil
mesocosms with 2.90 mg/kg ds (Qs1), 14.65 mg/kg ds (Qs2) and 35.00 mg/kg ds (Qs3)

Enzyme activity (pug/g ds/h)

Enzyme
Qs0 Qsl Qs2 Qs3

Dehydrogenase (Dha) 20.11 +9.22 13.51 + 4.2b 12.25 + 4.3P 11.36 + 4.4P
Beta-glucosidase (BGl) 48.4 + 14.0° 57.03 + 16.5P 43.71 + 13.6° 45.76 + 16.7°
Urease (Ur) 8.89 + 5.32 9.14 + 5.12 8.05 + 4.72 8.12 + 4.82
Acid phosphatase (AcP) 57.01 + 10.22 55.12 + 8.22 53.59 + 4.22b 58.39 + 8.02¢
Alkaline phosphatase (AIP) 5.94 + 5.43 6.50 + 4.72b 5.10 + 2.1 4.57 + 1.43¢
Arylsulfatase (Ars) 19.12 + 5.92 16.96 + 9.22 15.86 + 10.1? 16.68 + 9.42

Mean values marked by the same letters per enzyme are not significantly different (P < 0.05) from each other according

to Tukey’s pairwise post-hoc test

386



Plant, Soil and Environment, 68, 2022 (8): 382-392

Original Paper

https://doi.org/10.17221/127/2022-PSE

and 2) and AcP and Ars (Axis 2). The discriminant
model provided a correct classification of 65% of
the enzyme variability among the soil mesocosms,
in which 100% were correct for Qs0, 60% for each
Qsl and Qs3, and 40% for Qs2. Single LDAs were
conducted to determine the relevance of each enzyme
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in expressing the Qs impact on soil biochemistry
(Figure 3).

The eigenvalues obtained from LDA indicated
that the first discriminant factor (Axis 1) captured
most of the variance among the enzyme activities at
the respective sampling days and contributed from
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Figure 3. Score plots of the first two discriminant functions of enzyme activities in Quadris® un-amended (Qs0)
and amended with 2.90 mg/kg ds (Qs1), 14.65 mg/kg ds (Qs2) and 35.00 mg/kg ds (Qs3) soil mesocosms. Symbols
represent the respective enzyme activity on D1 (dot), D30 (square), D60 (triangle), D90 (diamond) and D120
(oval). D1 - 1, D30 - 30, D60 — 60, D90 — 90, D120 — 120 days after fungicide application

387



Original Paper

Plant, Soil and Environment, 68, 2022 (8): 382-392

68% (AcP) — 75% (Ur) to 95-99% (BGI, AIP, Dha and
Ars) of the total data dispersion (Figure 3). Axis 2
explained much lower temporal enzyme variance,
contributing from 0.09% (Ars) to 22.7% (AcP) of
the total dispersion. Individual discriminant mod-
els indicated: (1) clear segregation of Qs-amended
from Qs-unamended soil mesocosms concerning
the fungicide effects on Dha and Ars; (2) fungicide
effects on AIP could discriminate Qs0O from both
Qs2 and Qs3, but not from Qs1; (3) Qs concentra-
tion of 2.90 mg/kg ds stimulated BGI and differenti-
ated Qsl from the other soil mesocosms concerning
enzyme responses to the fungicide; (4) activities of
Ur and AcP did not change significantly under Qs;
(5) LDA was not powerful to discriminate well the
enzyme responses of Qs2 and Qs3 (2 x Az2), indi-
cating threshold effect, already discussed in section
"Overall enzyme activity".

It was shown that the most sensitive to Qs were Dha
and Ars. Qs inhibited their overall enzyme activities
by 33-44% (Dha) and by 11-17% (Ars), and the Qs
harmful effect increased by increasing the fungicide
concentrations. Ars’s inhibition was not so dramatic
as that of Dha, but the temporal profiles of enzyme
activities showed the permanent trend of deepening
of enzyme inhibition with a minimal value on D120
(60% from Qs0, on average). Az inhibition on Dha
was reported by other authors (Bending et al. 2007,
Sopeiia and Bending 2013, Guo et al. 2015, Wang et
al. 2018), although a lack of significant effects was
also reported by Ba¢émaga et al. (2015), and Alvarez-
Martin et al. (2016). For example, Ba¢maga et al.
(2015) worked with Az concentrations ranging from
0.075 mg/kg ds to 22.5 mg/kg ds and identified an
insignificant decrease (by 7%) of Dha activity only
at fungicide concentration of 22.5 mg/kg ds. On the
other hand, Guo et al. (2015) and Wang et al. (2018)
worked with fungicide concentrations from 0.1 mg/kg
ds to 10.0 mg/kg ds, and both of them reported
a high decrease of enzyme activity, although the
authors tested different soil types. Wang et al. (2018)
reported a 16—69% decrease of Dha activity depend-
ing on applied fungicide concentration. Comparing
the results, we supposed that the data discrepan-
cies come from both fungicide concentrations used
and soil types tested by the authors. Furthermore,
other fungicides like benomyl and captan (Chen et
al. 2001), mefenoxam and metalaxyl (Monkiedje et
al. 2002), and carbendazim (Burrows and Edwards
2004), mancozeb and dimethomorph (Cycon et al.
2010) were also proved to have negative effects on
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soil Dha. It was shown in all these studies that the
decline rate of Dha activity related linearly to the
fungicide chemistry, concentration, and exposure
time (Bending et al. 2007, Sopeifia and Bending 2013,
Guo et al. 2015, Wang et al. 2018). In the context of
our results, we proved that Qs affected soil respira-
tion (Dha), even at a concentration of 2.90 mg/kg ds
(Az), probably by killing or inhibiting the non-target
microorganisms like soil non-pathogenic fungi. Fungi
are an important part of soil microbiology. They
dominate in soils, especially acidic soils (Lavelle
and Spain 2005), breaking down the organic resi-
dues so that many different types of microbes can
start to decompose and process the residues into
usable products.

LDA well segregated the Ars responses of Qs-
impacted soil mesocosms from that of the control,
in contrast to ANOVA and Tukey’s test, which were
not powerful to distinguish this difference. Formerly,
a few studies were interested in fungicide effects on
Ars, and none of them studied Az or its commercial
products. Muiioz-Leoz et al. (2011) studied the influ-
ence of tebuconazole on Ars in a concentration range
from 5 mg/kg ds to 500 mg/kg ds. They recorded
harmful effects on enzyme activity even at the low-
est applied concentration. On the opposite, Muiioz-
Leoz et al. (2013) found that difenoconazole, another
triazole fungicide, affected Ars just at a concentra-
tion of 500 mg/kg ds. Fungicides mancozeb (Floch
et al. 2011) and metalaxyl (Sukul 2006) inhibited
Ars at 100 mg/kg ds and 160 mg/kg ds, respectively.
Comparing our results with the above-shown data,
we could conclude that Quadris¥, respectively its
active ingredient (Az), is highly toxic to Ars along
with the tebuconazole. The gradually decrease of
Ars activity over fungicide exposure time (more than
4 months) may significantly inhibit the biochemical
mineralisation of organic sulfur moieties in soils and
thus reduce bioavailable sulfur for plant growth. The
deficiencies in plant available sulfur have long been
recognised as a cause of delayed maturity, stunting of
plants, and interveinal chlorosis in crop productions
worldwide (Siwik-Ziomek et al. 2016). Our results
supported the findings of Ruske et al. (2004) that
the application of strobilurin fungicides reduced the
concentration of proteins and sulfur in winter wheat
grain (cv. Malacca).

LDA also segregated the BGl activity of Qs1 from
that of the other mesocosms. Qs stimulated BGI per-
manently during the incubation time, increasing its
overall mean activity by 17.7%. Similar effects on the
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enzyme were recorded for fungicides metalaxyl (Sukul
2006) and boscalid (Xiong et al. 2014). According to
Riah et al. (2014), the high BGl resistance to pesticides
might be related to the enzyme’s high functional
redundancy since a large number of microbial spe-
cies is able to express it. Increased activity of BGI
may stimulate the hydrolysis of cellobiose residues
in soil and release of simple sugars (glucose) that are
subsequently incorporated by the soil microbiota as
an energy source (Waldrop et al. 2000). Stimulation
of soil microorganisms by increasing the number of
bioavailable energy sources may partially overcome
the negative impact of fungicide on other enzymes.
On the other hand, stimulated microbial activity
may increase organic matter degradation and soil
depletion of it. In this case, the soil may turn into
a source instead of the carbon sink for the atmos-
phere, contributing to global warming.

Time of enzyme responses and temporal dynam-
ics. Most of the tested soil enzymes responded to Qs
in a similar manner, showing the lowest activity on
D1 (Dha) or D30 (BGI, Ur, AcP, AIP), and the high-
est one on D120 (Dha, BG]I, Ur, AIP) (Figure 4). The
exception of this response model were the activities
of AcP and Ars with maximum values on D1 (AcP
and Ars) and minimum — on D120 (Ars). Comparing
to QsO0 the lowest and the highest values of enzyme
activities (on average) were 45.8% (Dha), 97% (BGl),
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59.6% (Ur), 76.7% (AcP), 62.2% (AIP) and 60% (Ars),
and 75.5% (Dha), 120.1% (BGI), 118.9% (Ur), 131.1%
(AcP), 151.2% (AIP) and 111% (Ars), respectively.

Our results confirmed the findings of some au-
thors about the "immediately-early” inhibition of
Dha (Bending et al. 2007, S6pena and Bending 2013,
Baé¢maga et al. 2015, Guo et al. 2015, Wang et al.
2018), Ur (Ba¢maga et al. 2015, Guo et al. 2015,
Wang et al. 2018, 2020), and AIP (Ba¢maga et al.
2015) after Az application (0.075-50 mg/kg ds).
Similar pattern of "immediate-early" responses of
AcP were detected to fungicides boscalid (Xiong et
al. 2014), tebuconazole (Munoz-Leoz et al. 2011),
difenoconazole (Mufioz-Leoz et al. 2013), and meta-
laxyl (Sukul 2006). Tebuconasole (Helicur 250 EW)
caused "immediate-early" inhibition (on 40 days) and
late stimulation (on 60 days) of Ars (Ba¢maga et al.
2020) — inverse temporal profile of enzyme activity
compared to that under Qs.

Temporal dynamics of enzyme activities were stud-
ied, and they demonstrated enzyme-specific profiles
(Figure 5), although some common trends could be
summarised: (1) enzyme temporal dynamics were
not fungicide concentration-dependent, except for
BGI and Dha; (2) temporal profiles demonstrated
enzyme inhibition of one/two months longevity, fol-
lowed by recovery (BGl: Qs2—-Qs3; Ur: Qs2-Qs3; and
AcP: Qs1-Qs3) and stimulation (Ur: Qs1 and AcP:

D30 D120
Qs1|Qs2|Qs3 Qs1|Qs2|Qs3 Qs1|Qs2]|Qs3
AcP AlP Ars

Soil enzymes

Figure 4. Days (D) of minimum and maximum of enzyme activities at Quadris® (Qs)-amended soil mesocosms in
concentrations of 2.90 mg/kg ds (Qs1), 14.65 mg/kg ds (Qs2) and 35.00 mg/kg ds (Qs3) calculated towards the
control (Qs0). Dha — dehydrogenase; BGI — beta-glucosidase; Ur — urease; AcP — acid phosphatase; AIP — alkaline
alkaline; Ars — arylsulfatase; D1 — 1, D30 — 30, D60 — 60, D90 — 90, D120 — 120 days after fungicide application
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Figure 5. Temporal dynamics of soil enzyme activities
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under increasing concentrations of Quadris® (Qsl — 2.90

mg/kg ds; Qs2 — 14.56 mg/kg ds; Qs3 — 35.00 mg/kg ds) expressed as a percent of the control (Qs0). Dha — de-

hydrogenase; BGl — beta-glucosidase; Ur — urease; Ac

P — acid phosphatase; AIP — alkaline alkaline; Ars — aryl-

sulfatase; D1 — 1, D30 — 30, D60 — 60, D90 — 90, D120 — 120 days after fungicide application

Qs1-Qs3). More distinct than the others were the
temporal profiles of BGI (Qs1) and Ars (Qs1-Qs3),
showing the stable-state trend of stimulation (BGI)
and downward trend of inhibition (Ars) of enzyme
activities. Additionally, Dha’s temporal profiles dem-
onstrated uncompleted recovery after the stage of
inhibition, reaching up to 92% (Qs1), 74% (Qs2) and
57% (Qs3) of the control enzyme activity (Qs0). We
supposed that temporal changes in enzyme activi-
ties resulted from mixed effects of changes that oc-
curred in physical environments and soil microbiota.
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A more profound study should demonstrate the in-
trinsic nature of these relationships, giving important
knowledge for agroecosystem functions driven by
soil enzymes under fungicide application.

In general, the soil enzymes of Cambisols were
influenced by the application of Quadris®, and the
most sensitive to the fungicide were Ars and Dha.
The longevity and the significance of Qs impact were
enzyme-specific, time-dependent and concentration-
independent (except BGl and Dha), although changes
were deeper at the higher fungicide concentrations.
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Although azoxystrobin is considered to have low toxic-
ity, our results suggest that it should be used carefully and
according to the manufacturer’s recommendations. We
concluded that Quadris® might influence on crop growth,
impacting the rates of nutrient cycling and energy flow
in soil even at lowest applied concentration. Its use in
increased concentrations unbalanced the soil homeo-
stasis based on the activity of soil microorganisms, and
it may have a strong impact on plant growth and yield.

However, it must be noted that this study was fo-
cused on Cambisols; thus, fungicide impacts on other
soils may vary depending on microbial communities
present and other specific soil parameters. Future
work should focus on quantifying the soil nutrient
impacts of Quadris® (Az) on other soil types in order
to determine both common and soil-specific trends
in enzyme activities under fungicide stress.
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