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radation of a sulfonylurea
herbicide in four fungicide-treated soils†

Christiaan Wijntjes, *ab Yanik Weber,b Stefan Höger,b Kim Thu Nguyen,a

Henner Hollertc and Andreas Schäffera

Soil microbial communities which are essential for soil ecosystems can be disturbed by a manifold of

environmental variables, including pesticides. Among others, fungicides are frequently applied as

effective crop protection chemicals in modern agriculture. Due to their wide killing and inhibitory

capabilities, broad-spectrum fungicides play a dominant role in alteration of the soil microflora.

Alteration of the soil microbial composition due to the presence of e.g., fungicides affects the

environmental fate of co-existing chemicals. Ergo, the degradation rate of such compounds can be

inhibited and their dissipation half-life in the environment can be prolonged. Nonetheless, current

international guidelines for testing of chemicals are designed for the examination and risk assessment of

a single chemical compound in their respective test system. While mixtures have been thoroughly

studied concerning their agronomic efficacy, possible cumulative or synergistic effects and interactions

between individual mixed compounds in the environment, and indirect side-effects such as alteration of

microbial communities in soil, water and sediment were only rarely investigated. Therefore, we

investigated the potential environmental impact of tank mixtures containing broad spectrum fungicides

tebuconazole and prothioconazole on the degradation of the herbicide iodosulfuron-methyl-sodium in

US American and German soils under controlled laboratory conditions. We showed that the

biodegradation of the herbicide iodosulfuron-methyl-sodium in four different soils is decelerated in the

presence of the fungicides tebuconazole and prothioconazole. This effect was observed from the

inhibited biotic transformation of the herbicide into its main soil metabolite. Except for one soil, the

adverse fungicidal effect was transient and mitigated towards the end of the respective incubation

periods. Half-lives (DT50) and DT90 values of the herbicide in the four fungicide-treated soils increased

1.5 to 2.9-fold and 1.3 to 2.2-fold, respectively when compared to those in the untreated control soils.
Environmental signicance

Concurrent application of pesticides leads to pollution of the soil environment and signicant alteration of the abundance and diversity of microbial
communities in soil. This can result in retarded biodegradation of individual parent compounds. Therefore, the route and rate of degradation of the herbicide
iodosulfuron-methyl-sodium in four different soils treated with fungicides tebuconazole and prothioconazole under controlled laboratory conditions were
investigated. Environmentally realistic doses were applied. The study results reveal that the presence of the fungicides did adversely impact the biodegradation
of the herbicide in all four soils. These ndings demand for more environmentally realistic laboratory research and risk assessment on pesticide mixtures.
1. Introduction

Over the past 20 years, the human population has increased by
about 1 billion per decade, reaching nearly 8 billion in 2021.1
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Apart from increasing population, a diet that comprises more
meat and dairy products emphasizes the importance of agri-
cultural production. Livestock is largely nourished on grain,
whereas agricultural land to grow crops is critically endangered
by increasing urbanization, erosion, pollution, and climate
change. This raises the necessity to produce more nutritious
and safe foods on less arable land with less resources, such as
water and fertilizers. Especially the enhanced use of fertilizers
stimulates higher levels of pathogenic fungi infestation on
crops, whereas the extensive use of pesticides allows for even
higher input of fertilizers to boost yields. Consequently, fungi-
cides have been playing amajor role in pest control.2 Fungicides
capture more than one third of the worldwide pesticide market
© 2022 The Author(s). Published by the Royal Society of Chemistry
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share with Europe as the capital market and their major use is
on grains, cereals, fruits, and vegetables. As a side-effect, crops
can develop resistance to frequently applied fungicides. Hence,
despite erce exploitation of fungicides, fungal pathogens
cause up to 24% of yield losses in eld crops.3 Multiple appli-
cations per season to target crops effect incremental fungicide
use, which is anymore reason for concern due to increasing
pesticide residues in commodities, such as wine products and
drinking water.4 Moreover, agrochemicals can reach the soil
environment and may negatively interact with soil microora
and disturb its biological activities.5

The prevalent group of antifungal chemicals applied on inter
alia cereals in various European countries is obtained from
conazole fungicides, comprising triazoles and imidazoles,
whose residues are regularly detected in arable soils.6 One of
these fungicides is tebuconazole (Fig. 1), a broad-spectrum
systemic triazole fungicide for controlling soil-borne and foliar
fungal pests.7,8 Tebuconazole is persistent in soil and is widely
used on turf, cereals and various fruit crops, such as grapes and
bananas.9,10 In Europe and the USA, tebuconazole is distributed
individually and together with the broad-spectrum systemic
triazole fungicide prothioconazole (Fig. 1) in the mixed formu-
lation Prosaro.11 Prothioconazole controls proliferation of fungi
on barley, wheat, and peanuts. Both fungicides, tebuconazole
and prothioconazole, disturb growth of various plant patho-
genic fungi, such as ascomycetes, basidiomycetes, and deuter-
omycetes. The mode of action is based on obstruction of
ergosterol biosynthesis through inhibition of sterol
14a-demethylase cytochrome P450 (CYP51), which is respon-
sible for the morphology and functionality of the fungal cell
membrane.12–16 The use of the fungicide formulation Prosaro is
recommended in combination with iodosulfuron-methyl-
sodium (Fig. 1),11 a sulfonylurea post-emergence herbicide,
which controls weeds amongst corn17 and cereals, such as
winter wheat and barley.18 Iodosulfuron-methyl-sodium inter-
feres with acetolactate synthase (ALS), which regulates the
synthesis of amino acids that are necessary for plant
development.19
Fig. 1 Structural formulae of the herbicide iodosulfuron-methyl-sodium
mended field rates and half-lives in soil (DT50).8,10,14–19

© 2022 The Author(s). Published by the Royal Society of Chemistry
In the production of agricultural crops, the successive
application of distinct pesticides, or mixtures of them, is
a frequent practice. Tank mixtures including two or more
individual chemical compounds are preferred by farmers, as
they save fuel and labor hours, decrease soil compaction due to
less agricultural traffic and lead to a larger range and efficacy in
pest control, when compared to the applications of single
chemical compounds. Simultaneous application of dissimilar
pesticides, such as iodosulfuron-methyl-sodium, tebuconazole
and prothioconazole, results in pollution of the soil environ-
ment by a multitude of different plant protection agents and
their residues,20 which can have numerous effects on soil life.
The impact of individual and combined chemicals on soil
microbial biomass, enzymatic reactions and physicochemical
parameters has widely been studied. Yet, literature on the
inuence of chemical combinations on the degradation of
parent compounds is scarce.21 Consequently, we have studied
the route and rate of degradation of the radiolabeled herbicide
iodosulfuron-methyl-sodium in four different soils treated with
the fungicide combination tebuconazole and prothioconazole
under controlled conditions. This research elucidates potential
effects of both fungicides and their residues on the degradation
potential of soils.
2. Materials and methods
2.1 Soils

Four soils differing in geographies and characteristics were
selected to assess the aerobic degradation rate of the radio-
labeled herbicide iodosulfuron-methyl-sodium in soil, in the
presence of fungicides tebuconazole and prothioconazole. The
characteristics of the individual soils are presented in Table 1.

The soils were stored at about 4 �C in the dark upon usage,
followed by biomass determination with the substrate induced
respirationmethod (SIR).22 Soil samples were prepared by lling
100 g of dry-weight soil into all-glass asks, with a volume of
approximately 1 liter and an inner diameter of about 10.6 cm.
The soil moisture content was adjusted to the respective pF 2
and the fungicides tebuconazole and prothioconazole, with recom-

Environ. Sci.: Adv., 2022, 1, 70–82 | 71
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Table 1 Soil characteristics

Soil Name Am Fischteich Bellevue
Speyer
2.1 Pavillion

Geography
Crimmitschau
Germany Iowa USA Speyer Germany Wyoming USA

Texture (USDA)
Silt loam
(1)

Silt loam
(2)

Loamy
sand

Sandy
loam

Particle size analyses
Clay (<0.002 mm) [%] 27.0 23.0 4.1 13.0
Silt (0.002–0.05 mm) [%] 57.0 63.0 9.3 11.0
Sand (>0.05 mm) [%] 16.0 14.0 86.6 76.0

Water holding capacity
At pF 2 [g water per 100 g soil] 27.5 37.0 7.3 13.6
pH (0.01 M CaCl2) 5.6 6.7 4.7 8.1
Organic carbon [%] 2.1 2.6 0.6 0.9
CEC [mmol/100 g soil] 13.2 13.7 3.7 17.6
Biomass [mg Corg per 100 g soil] – SIR 83.8 68.0 11.6 21.1
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(gravimetrically by adding puried water, if needed) prior to
acclimatization in the dark for one week, in an environmental
chamber at a controlled temperature of 20 � 2 �C and under
constant aeration with moist air.
2.2 Chemicals

The herbicide iodosulfuron-methyl-sodium (Izotop, Budapest,
Hungary) was [14C]-uniform-labeled in the phenyl moiety of the
molecule with a specic activity of 4.359 MBq per mg. The
radiochemical purity was determined to be above 95% by high-
performance liquid chromatography (HPLC-UV/RAM) before
the rst and aer the nal applications. The unlabeled fungi-
cides tebuconazole and prothioconazole (Sigma Aldrich, Buchs,
Switzerland) had a chemical purity of 99.3% and 99.9%,
respectively.
2.3 Application scenario

Each soil sample (100 g) was individually treated with 13 mg of
[14C]-iodosulfuron-methyl-sodium. For each soil type, one set of
triplicate individual samples per interval was treated with the
radiolabeled herbicide only (controls) and one set of triplicate
individual samples per interval was subjected to a fungicidal
application scenario simulating agricultural eld practice of
combined treatment. This fungicidal application scenario rep-
resented three sequential treatments, each with unlabeled
fungicides tebuconazole and prothioconazole, dissolved in
acetonitrile/acetone (1/1; v/v), per sample: the rst fungicidal
treatment was performed at the end of the one-week acclima-
tion period, respectively 14 days prior to the second treatment
on the same day as the herbicide treatment (day 0) and the nal
(third) treatment 5 days aer application of radiolabeled iodo-
sulfuron-methyl-sodium. The fungicides were dosed in accor-
dance with eld rates as recommended by regulatory US EPA
and EU EFSA, or by FAO (Food and Agriculture Organization),
WHO. In each treatment, tebuconazole and prothioconazole
were applied at 0.500 kg ha�18 and 0.200 kg ha�1,14,16
72 | Environ. Sci.: Adv., 2022, 1, 70–82
corresponding to 67 mg and 27 mg per soil sample (100 g),
respectively. To ensure higher analytical reliability, the herbi-
cide iodosulfuron-methyl-sodium was applied at a ten-fold
exaggerated target rate of 0.100 kg ha�1 (ref. 18) in the controls
and fungicidal application scenario, corresponding to 13 mg per
100 g of soil, when assuming an even distribution of the
chemical in the top 5 cm soil layer, and a soil bulk density of 1.5
g cm�3. This dose rate did not affect the degradation velocity of
iodosulfuron-methyl-sodium in the tested soil types as shown in
preliminary tests using the recommended dose (data not
shown). At each fungicide treatment interval, the soils of the
control samples received an equivalent amount of organic
solvent (0.3 mL of acetonitrile/acetone (1/1; v/v)). Aer dosing
the soil surface, the treated soils were mixed thoroughly
allowing the organic solvent to evaporate and the soil moisture
content was monitored and adjusted to pF 2, if needed. The
total amount of organic solvent added to each soil sample
throughout the complete application procedure was 1.0 mL per
100 g of dry-weight soil, corresponding to 1.0% (v/w) and in
accordance with regulatory guidelines.23,24
2.4 Incubation

The soil samples were incubated for up to 77 days, depending
on the soil type, in an environmental chamber at a temperature
of 20 � 2 �C in the dark. Each ask was individually equipped
with an inlet and outlet for gases and was maintained under
aerobic conditions by constant aeration with moist air. The
exhaust air was passed through an individual trapping system
for each sample equipped with two absorption traps containing
ethylene glycol and 2 N NaOH (in this sequence) allowing
organic volatiles and 14CO2 to be trapped, respectively.
2.5 Sample processing

Three individual samples per soil and condition were taken for
exhaustive extraction and analysis at eight different time points
until 30 to 77 days of incubation, depending on the degradation
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mass balances of [14C]-iodosulfuron-methyl-sodium in soil samples treated with iodosulfuron-methyl-sodium only (left), or with
tebuconazole and prothioconazole (right) 14 days prior to (day -14; dose 1), then on the same day as the herbicide treatment (day 0; dose 2), and
again 5 days after application of radiolabeled iodosulfuron-methyl-sodium (day 5; dose 3). Mean values and standard deviations were derived
from triplicates (n ¼ 3) and are expressed as the percentage of applied radioactivity (%AR).

© 2022 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2022, 1, 70–82 | 73
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Table 2 Estimated LOD and LOQ values of radiolabeled iodosulfuron-
methyl-sodium in soil

Method
LOD (%
AR)

LOQ (%
AR)

LSC
Acetonitrile/water (4/1; v/v) extracts 0.10 0.15
Soxhlet extracts 0.21 0.32
Non-extractables 0.24 0.36
14CO2 and other volatiles 0.05 0.08
HPLC 0.48 0.96

Environmental Science: Advances Paper
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velocity of [14C]-iodosulfuron-methyl-sodium in the various
soils. Samples were extracted four times with acetonitrile/water
(4/1; v/v), until less than 5% of the applied radioactivity (AR)
could be extracted in a single extraction step. If more than 10%
AR remained unextractable aer these polar extractions, the
soils were subsequently extracted once each with acetone, ethyl
acetate and hexane. If still more than 10% AR remained unex-
tractable aer the polar and less polar extractions, Soxhlet
extraction with acetonitrile/water (4/1; v/v) was performed for 4
hours. The recovery of each extraction step was determined by
duplicate liquid scintillation counting (LSC) measurements. For
each sample, all four initial acetonitrile/water (4/1; v/v) soil
extracts were combined, the resulting pool was measured by
Fig. 3 Formation pathway of major transformation products30 of iodosu
levue), sandy loam (Speyer 2.1) and loamy sand (Pavillion) soils incubate

74 | Environ. Sci.: Adv., 2022, 1, 70–82
LSC for recovery, and subsequently an aliquot was concentrated
under a gentle stream of nitrogen at about 35 �C. Aliquots of the
Soxhlet extracts recovering more than 5% AR were also
concentrated, initially by use of a rotary evaporator, followed by
concentration under a gentle stream of nitrogen, both at about
35 �C, and LSC measurements were performed. Procedural
recoveries consistently were > 90% AR. Additionally, radioac-
tivity in the absorption traps containing ethylene glycol or 2 N
NaOH was measured by LSC aer recording the liquid volumes.
2.6 Quantication of [14C]-iodosulfuron-methyl-sodium and
transformation products

The concentrates (nal constitution: acetonitrile/water (1/10; v/
v)) were subjected to HPLC-UV/RAM for determination of
iodosulfuron-methyl-sodium and potential degradation prod-
ucts. For selected samples, the chromatography results ob-
tained by HPLC were conrmed by high-performance thin-layer
chromatography (HPTLC) analysis.
2.7. Data evaluation and statistical analysis

Collected data were processed using Microso Excel® (Micro-
so® Office 365, USA), GraphPad Prism (version 8.0.2, Graph-
Pad Soware, USA) and R (version 3.0.0, USA). Outliers were
identied by Grubbs's test (a ¼ 0.05). Raw data were tested for
lfuron-methyl-sodium in silt loam 1 (Am Fischteich), silt loam 2 (Bel-
d at 20 � 2 �C in the dark under aerobic conditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Recovery (in %AR) of [14C]-iodosulfuron-methyl-sodium from soil samples (n ¼ 3). Triangular data in green depict soil samples treated
with iodosulfuron-methyl-sodium only (controls), circular data in red describe soil samples treated with tebuconazole and prothioconazole 14
days prior to (day -14; dose 1), then on the same day as the herbicide treatment (day 0; dose 2), and again 5 days after application of radiolabeled
iodosulfuron-methyl-sodium (day 5; dose 3).

Table 3 Persistence endpoints using Tessella CAKE (version 3.4) for iodosulfuron-methyl-sodium in soils treated with and in the absence of
fungicides tebuconazole and prothioconazole. For each soil, the best-fit model in accordance with the FOCUS guidelines, along with half-lives
(DT50) and dissipation times after 90 days (DT90), Chi

2 (c2-error in %) and r2 (observed vs. predicted data) are given

Soil Treatment
Best-t kinetic
model DT50 DT90 c2-error r2

Silt loam 1 Herbicide only FOMC 2.2 10.2 5.1 0.992
Am Fischteich Herbicide & fungicides SFO 6.3 20.9 7.3 0.972
Silt loam 2 Herbicide only DFOP 3.5 19.5 4.0 0.992
Bellevue Herbicide & fungicides SFO 7.9 26.3 3.9 0.988
Loamy sand Herbicide only SFO 40.3 134 9.9 0.927
Speyer 2.1 Herbicide & fungicides 89.2 296 3.2 0.904
Sandy loam Herbicide only SFO 7.3 24.3 5.8 0.986
Pavillion Herbicide & fungicides 11.1 36.9 4.4 0.990
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normal distribution with the Shapiro–Wilk test (a ¼ 0.05). The
Holm-Sidak25 method (a ¼ 0.05) was performed on the datasets
for iodosulfuron-methyl-sodium recovered from the four soils
at each sampling interval, in order to determine the signicance
of the difference in abundance of both substances in the two
different test systems (herbicide-only and herbicide & fungi-
cides). The datasets for iodosulfuron-methyl-sodium were
further subjected to degradation kinetics evaluation using
a step-wise approach according to the FOCUS Guidance26 on
© 2022 The Author(s). Published by the Royal Society of Chemistry
estimating persistence and degradation kinetics from environ-
mental fate studies. Evaluations were performed by using the
computer assisted kinetic evaluation (CAKE) soware tool.27

Three different kinetic models, namely single rst-order (SFO),
rst-order multi compartment (FOMC) and double rst-order in
parallel (DFOP) were tted to the degradation data. Endpoints
could only be found by an iterative procedure, which is imple-
mented in the CAKE soware27 and used for the calculations.
Environ. Sci.: Adv., 2022, 1, 70–82 | 75
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Table 4 Significance results by the multiple t-test using the Holm-Sidak method (n ¼ 3)

Interval
(days) Signicant? P value

Mean of
herbicide only

Mean of herbicide
& fungicides Difference

Standard error
of difference t ratio

Degrees
of freedom

Adjusted
P value

Silt loam 1 – Am Fischteich
0 No >0.999999 86.9 86.9 0.0 2.281 0.000 32 >0.999999
1 Yes <0.000001 70.2 88.1 �17.9 2.281 7.846 32 <0.000001
2 Yes <0.000001 50.4 76.8 �26.4 2.281 11.570 32 <0.000001
3 Yes <0.000001 38.6 75.1 �36.5 2.281 16.000 32 <0.000001
6 Yes <0.000001 17.4 39.2 �21.8 2.281 9.555 32 <0.000001
12 Yes <0.000001 9.5 29.9 �20.4 2.281 8.942 32 <0.000001
20 Yes 0.002460 3.0 10.5 �7.5 2.281 3.287 32 0.007362
35 No 0.602527 1.4 2.6 �1.2 2.281 0.526 32 0.842015

Silt loam 2 – Bellevue
0 No >0.999999 91.6 91.6 0.0 2.088 0.000 32 >0.999999
1 Yes <0.000001 67.7 83.0 �15.3 2.088 7.328 32 <0.000001
2 Yes <0.000001 57.5 79.8 �22.3 2.088 10.680 32 <0.000001
3 Yes <0.000001 52.6 76.1 �23.5 2.088 11.260 32 <0.000001
6 Yes <0.000001 36.7 57.4 �20.7 2.088 9.915 32 <0.000001
13 Yes 0.000014 15.1 25.8 �10.7 2.088 5.125 32 0.000055
20 Yes 0.012881 14.0 19.5 �5.5 2.088 2.634 32 0.038146
30 No 0.222044 4.3 6.9 �2.6 2.088 1.245 32 0.394785

Loamy sand – Speyer 2.1
0 No >0.999999 95.4 95.4 0.0 2.715 0.000 32 >0.999999
2 Yes 0.011281 81.4 88.7 �7.3 2.715 2.689 32 0.022435
6 Yes 0.006524 77.0 84.9 �7.9 2.715 2.910 32 0.019445
12 Yes 0.000050 67.7 80.4 �12.7 2.715 4.678 32 0.000303
20 Yes 0.000118 59.3 71.2 �11.9 2.715 4.384 32 0.000530
30 Yes 0.000106 59.2 71.2 �12.0 2.715 4.421 32 0.000530
50 Yes 0.000005 48.0 62.8 �14.8 2.715 5.452 32 0.000037
77 Yes <0.000001 29.5 51.0 �21.5 2.715 7.920 32 <0.000001

Sandy loam – Pavillion
0 No >0.999999 100.8 100.8 0.0 2.973 0.000 32 >0.999999
2 Yes 0.004846 76.4 85.4 �9.0 2.973 3.027 32 0.019243
6 Yes <0.000001 52.4 73.8 �21.4 2.973 7.198 32 <0.000001
12 Yes 0.000611 33.4 44.7 �11.3 2.973 3.801 32 0.003659
20 Yes 0.000382 16.5 28.3 �11.8 2.973 3.969 32 0.002672
35 Yes 0.002010 3.0 13.0 �10.0 2.973 3.364 32 0.010007
50 No 0.867503 2.4 2.9 �0.5 2.973 0.168 32 0.993706
62 No 0.815362 2.8 2.1 0.7 2.973 0.235 32 0.993706
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3. Results
3.1 Distribution of radioactivity

For the samples treated with the fungicides tebuconazole and
prothioconazole, total mass balances were 103.3 � 1.8% AR in
silt loam 1 (Am Fischteich), 103.2 � 1.5% AR in silt loam 2
(Bellevue), 103.5 � 2.6% AR in loamy sand (Speyer 2.1) and
100.9 � 2.7% AR in sandy loam (Pavillion) soils. The corre-
sponding values for the herbicide-only soils (controls) were
103.1� 2.0%, 103.0� 1.4%, 103.3� 2.2% and 101.2� 2.4% AR.
For the 192 individual soil samples, total mass balances ranged
from 96.1% to 107.8% AR and were generally comparable (per
interval) for the samples dosed with the fungicides tebucona-
zole and prothioconazole and those without fungicidal treat-
ment. Mineralization was relatively low in both silt loam (Am
Fischteich and Bellevue) and the loamy sand (Speyer 2.1) soils,
with radioactivity trapped in the 2 N NaOH absorption bottles
76 | Environ. Sci.: Adv., 2022, 1, 70–82
peaking at mean amounts of 3.2%, 2.7% and 0.9% AR, respec-
tively, whereas in the sandy loam soil (Pavillion), an increased
mineralization of up to 8.6% AR was observed towards the end
of the 62 day incubation period. Radioactivity recovered from
the ethylene glycol traps, representing volatile organic
compounds, was negligible and remained < 0.1% AR for all
samples throughout incubation. Non-extractable residues
increased throughout incubation, reaching means of 15.9%,
13.4%, 14.1% and 9.5% AR in the fungicide-treated soils, and
16.9%, 15.5%, 15.3% and 9.3% AR in the herbicide-only silt
loam 1 (Am Fischteich), silt loam 2 (Bellevue), loamy sand
(Speyer 2.1) and sandy loam (Pavillion) soils, respectively. The
mass balance results are shown in Fig. 2.

The limit of detection (LOD) and limit of quantication
(LOQ) values for LSC and HPLC were estimated to be less than
1% AR. Details are provided in Table 2.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.2 Route of degradation

In all four soils, degradation of iodosulfuron-methyl-sodium
proceeded via biotic reductive elimination of iodine from the
phenyl ring28 to metsulfuron-methyl as the main degradation
product, or to AE F145740 by hydrolysis of the phenyl based
carboxylate ester. Metsulfuron-methyl and AE F145740 were
thereaer metabolized further, either by hydrolysis of the
phenyl based carboxylate ester, or via biotic elimination of
iodine from the phenyl ring, respectively to AE 0014966 (Fig. 3)
along with minor degradation products, and ultimately miner-
alized to carbon dioxide.29,30

For detailed amounts of iodosulfuron-methyl-sodium and its
metabolites metsulfuron-methyl, AE F145740 and AE 0014966
recovered from the soils at each sampling interval, see ESI
Table S1.†
3.3 Degradation kinetics

Degradation of iodosulfuron-methyl-sodium occurred fastest in
herbicide-only silt loam soils (Am Fischteich and Bellevue),
followed by the sandy loam soil (Pavillion), with half-lives of 2.2,
3.0 and 6.9 days, respectively (Fig. 4). In the loamy sand soil
(Speyer 2.1), a retarded degradation velocity (DT50 ¼ 29 days) of
the herbicide was observed and contrary to the other three soils,
DT90 was not reached during the 77 day incubation period.
Datasets were evaluated and plotted by non-linear regression
(one-phase decay in combination with least squares t). Since
iodosulfuron-methyl-sodium showed rapid degradation in silt
loam 1 (Am Fischteich) and silt loam 2 (Bellevue) soils, the
work-up time of these samples was considered and conse-
quently, for kinetic evaluation, the test item purity (>95%)
pattern was assessed as time 0 data, whereas the chromatog-
raphy day 0 results were set to 0.10 days.

In comparison to the untreated control soils (green datasets),
degradation of iodosulfuron-methyl-sodium was impeded in all
four soils treated with the fungicides tebuconazole and pro-
thioconazole (red datasets). Exclusive of the loamy sand soil
Speyer 2.1, where the contrast in the degradation velocity of the
herbicide between treated and untreated soil samples intensi-
ed throughout the 77 day incubation period, this distance was
offset towards the end of incubation in the remaining three
soils (silt loam 2 (Am Fischteich), silt loam 2 (Bellevue) and
sandy loam (Pavillion)).

All datasets (Fig. 4) were further subjected to degradation
kinetics evaluation as previously described in Section 2.7. For
untreated silt loam 1 soil (Am Fischteich; herbicide-only), the
FOMCmodel resulted in improved visual and statistical results,
when compared to the SFO model, and was chosen as the best-
t model, whereas the DFOP model returned invalid statistical
output. Use of the SFO model on the silt loam 2 (Bellevue) soil
untreated control sample (herbicide-only) dataset generated
a poor visual t, whereas both the FOMC and DFOP models
produced good visual ts. The DFOP model returned optimal
statistical output, hence was selected as the best-t model. For
the remaining datasets, the SFO model prompted superior
visual and/or statistical output and was accepted as the best-t
© 2022 The Author(s). Published by the Royal Society of Chemistry
model respectively. The respective persistence endpoints
acquired by best t kinetics models are given in Table 3.
3.4 Statistical data analysis

With the purpose to assess statistical signicance of the
observed contrasting degradation velocities of iodosulfuron-
methyl-sodium in the fungicide-treated and control test systems
of each of the four soils, a statistical multiple t-test using the
Holm-Sidak25 method (alpha ¼ 0.05) was performed on the
datasets for iodosulfuron-methyl-sodium (Table 4). These
multiple t-test results conrmed the visual results as deduced
from Fig. 4. Signicance contrast in amounts of iodosulfuron-
methyl-sodium recovered from the fungicide-treated and
control soils was statistically conrmed for all but the rst
interval in all four soils throughout incubation, and except for
soil Speyer 2.1, redeemed towards the end of incubation.

Overall, in soils that received fungicidal treatment with
tebuconazole and prothioconazole, degradation of iodo-
sulfuron-methyl-sodium was signicantly slower when
compared to the soils lacking fungicidal treatment (DT50 1.5 to
2.9-fold, and DT90 1.3 to 2.2-fold).
4. Discussion

Soils are crucial in the environment through impelling biolog-
ical processes and acting as the buffer zone to preserve
groundwater and plants against contaminants.31 Through
screening more than three hundred European agricultural
topsoils in the application of over seventy distinct pesticide
residues by Silva et al.,32 the conclusion was drawn that more
than 80% of the soils were polluted and over 50% of the soils
contained 166 different mixtures. Tebuconazole, representing
one of a few dominant contaminants, was found at elevated
concentrations, frequently higher than its predicted environ-
mental concentrations. Hvězdová et al.33 detected tebuconazole
in 27 out of 75 agricultural Central European soils, at concen-
trations regularly surpassing 0.01 mg kg�1. Similarly, Riedo
et al.20 screened 100 agricultural elds with contrasting farming
systems (conventional with and without tillage, organic) in
Switzerland with 46 pesticides. They showed that pesticides,
such as tebuconazole, and transformation products were
present in all sites, however with higher abundance in
conventional than in organic elds. Additionally, Riedo et al.20

found that microbial biomass and the presence of arbuscular
mycorrhizal fungi, representing soil-borne fungi able to
enhance plant nutrient uptake and resistance to several abiotic
stressors,34 were increasingly harmed by elevated number and
concentrations of pesticides in soils.

We could show that in soils that received fungicidal treat-
ment through tebuconazole and prothioconazole according to
good agricultural practice, the aerobic degradation of iodo-
sulfuron-methyl-sodium was signicantly slower when
compared to that of the soils lacking fungicidal treatment (DT50

1.5 to 2.9-fold, and DT90 1.3 to 2.2-fold). Except for the sandy soil
Speyer 2.1, where the discrepancy in the degradation velocity of
the herbicide between treated and untreated soil samples
Environ. Sci.: Adv., 2022, 1, 70–82 | 77
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intensied throughout 77 days of incubation, the negative
fungicidal effect mitigated until the end of the respective
incubation periods in the remaining silt loam soils (Am Fisch-
teich and Bellevue), and in the sandy loam soil (Pavillion) (Fig. 4
and Table 4). This fading adverse effect might be related to the
recovery of microbial biomass in respective soils as demon-
strated by Cycón et al.35 They documented that adverse effects of
tebuconazole on soil fungi were transient at concentrations of
2.7, 13.5 and 270 mg kg�1, which are considerably higher than
the concentration (3 � 0.67 mg kg�1, or a total of 2.0 mg kg�1)
applied in our experiment, although the fungicide is persistent
in soil (Fig. 1). The fungal population in tebuconazole treated
soil decreased by 1 day and recovered over time by 14 and 28
days aer treatment. Cycón et al. showed that the level of
decrease on days 1 and 14 was correlated with the fungicidal
concentration. Soil microorganisms could survive in soils
through utilization of tebuconazole and/or its emulsion
formulation as the substrate, which resulted in only short-term
hostile impact of the fungicide, with successive increase of
nitrication, ammonication, and microbial population,
mainly bacteria. The latter could be related to extended supply
of nutrients and sources discharged from deceased fungal
hyphae. Since fungi, when compared to bacteria, offer a penu-
rious source of nitrogen, stimulation of ammonifying bacteria
following intensied yield of nitrogen might have resulted from
other factors than the fungicide.35 Nevertheless, an inhibitory
effect of tebuconazole on denitrication was noticed by the
decreasing amount of denitrifying bacteria.35 The process of
ammonication is typically unaffected by stress. Nitrication
however, where only limited microbial communities are
involved, is receptive to stress.36 Monkiedje and Spiteller could
prove reversible inhibitory effects of the fungicides mefenoxam
and metalaxyl on ammonifying and nitrifying bacteria in sand,
clay, loam and sandy loam soils, following growth stimulation
of both groups. Additionally, dehydrogenase activity, present in
all living microbial cells and representing a marker for micro-
bial respiratory processes37 was decreased, whereas phospha-
tase and b-glucosidase activities were enhanced in both
fungicide-treated soils.

Contrary to Cycón et al.35 and Monkiedje & Spiteller,36

Muñoz-Leoz et al.38 demonstrated, that tebuconazole affects the
microbial populations in soil at various concentrations, and
that microbial biomass was not revitalized over time (90 days).
Besides, adverse effects, that were concentration independent,
on basal respiration were noticed. In our experiments, however,
the negative effect of the fungicides on three of four soils was
only transient and the soil degradation potentials were regained
towards the end of the respective incubation periods, indicating
recovery of the microbial population in these fungicide treated
soils over time.

Zhang et al.39 showed that another widely used triazole
fungicide, difenoconazole, adversely affected the soil bacterial
diversity in ve different soils incubated for up to 60 days. This
effect, however, was correlated with the fungicide concentration
(3.75 to 10 mg kg�1) and soil type.

Mainly involved in the biodegradation of pesticides in the
soil and aquatic environment are bacteria, fungi, and algae.
78 | Environ. Sci.: Adv., 2022, 1, 70–82
Common bacterial species involved are Pseudomonas, Bacillus,
Alcaligenes, Flavobacterium, and actinomycetesMicromonospora,
Actinomyces, Nocardia and Streptomyces. Fungi are represented
by Aspergillus, Penicillium, Fusarium, Mucor, Trichoderma spp,
Morteriella sp., Rhizopus, Cladosporium, and lignin degraders
white-rot fungi. Biodegradation of pesticides is usually
promoted by a combination of various microbes and consists of
several dissimilar reactions, while proceeding via mineraliza-
tion, and via co-metabolism as important drivers.40,41

The herbicide iodosulfuron-methyl-sodium supposably has
an effect on the soil fungal biomass. Baćmaga et al.31 reported
that a mixture of the herbicides diufenican, mesosulfuron-
methyl and iodosulfuron-methyl-sodium, at different concen-
trations, impact microbial and enzymatic activities in sandy
loam soil. The prevalence of all tested microbial orders was
affected: the mixture stimulated a number of oligotrophic
bacteria, sporulating oligotrophic bacteria, organotrophic
bacteria and actinomycetes. An adverse effect, however, was
noted on Azotobacter bacteria, an essential marker of soil
pollution, and fungi. Additionally, a shi in the soil microbial
diversity detrimental to fungi did occur, as assessed by colony
development and ecophysiological indices through colony
counting. Distortions of microbial abundance and diversity
were correlated with the mixture concentration. Furthermore,
dehydrogenase, acid phosphatase, alkaline phosphatase and
arylsulfatase activities were inhibited. Dehydrogenases were
largely affected. Vazquez and Bianchinotti42 tested the capa-
bility of thirty fungi strains to effectively metabolize metsul-
furon-methyl, the main degradation product of iodosulfuron-
methyl-sodium in soils. Three strains, Mucor, Penicillium and
Trichoderma, were able to utilize metsulfuron-methyl as an
exclusive source of carbon and were isolated from Argentinian
silt loam soils treated with the herbicide. Growth of Penicillium
strains however, was signicantly decelerated in the presence of
metsulfuron-methyl, an effect that was also signalized by He
et al.43 They could demonstrate that the addition of isolated
Penicillium sp. signicantly increased the degradation of met-
sulfuron-methyl in a liquid medium and soil. Per contra, met-
sulfuron-methyl initially induced a harmful effect on Penicillium
sp., thereby hindering its metabolization in soil. Similar inter-
actions with the fungal biomass in the four soils tested might
proceed from the structural analog and parent molecule iodo-
sulfuron-methyl-sodium.

Aerobic degradation of iodosulfuron-methyl-sodium
occurred at different rates in the four soils. Silt loam 1 soil (Am
Fischteich) was observed to be capable of degrading iodo-
sulfuron-methyl-sodium most rapidly, followed by silt loam 2
(Bellevue), sandy loam (Pavillion) and loamy sand (Speyer 2.1)
soils. The degradation velocity of the herbicide in respective
soils was positively correlated with the soil texture, the clay
fraction, and with the active microbial biomass, each being
highest in the silt loam 1 soil (Am Fischteich; Table 1). Metab-
olization was constrained in sandier soils (Pavillion and Speyer
2.1) a typical characteristic of low water holding capacity and
hence inferior biomass content. Whereas Swarcewicz and Gre-
gorczyk21 suggested that the inuence of soil moisture on the
degradation behavior of chemical compounds is dependent on
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the soil type, soil moisture itself, in fact, plays a more dominant
role than the soil texture.44,45 The soil moisture content at pF 2
and the amount of organic carbon, which contributes to dissi-
pation of pollutants,46 were the highest in both fast-degrading
silt loam soils (Am Fischteich and Bellevue). Therefore, these
parameters might have played a signicant role in the degra-
dation of the herbicide as well. Iodosulfuron-methyl-sodium is
hydrolytically stable under neutral and slightly alkaline pH
conditions. Hence, the acidic pH had a lesser impact on the
degradation of the herbicide in the loamy sand soil (Speyer
2.1).30,47,48

When comparing neutral silt loam 2 soil (Bellevue, pH 6.7)
and alkaline sandy loam soil (PaviIlion, pH 8.1), ester hydro-
lysis in the side-chain of iodosulfuron-methyl-sodium and
metsulfuron-methyl advanced via enzymatic activity, whereas
abiotic hydrolysis was precluded. As a consequence of the
acidic and relatively moist characteristics of the silt loam 1 soil
(Am Fischteich, pH 5.6) however, degradation of iodosulfuron-
methyl-sodium to AE F145740, and degradation of metsul-
furon-methyl to AE 0014966, which was detected in major
amounts greater than 10% AR in both silt loam soils (Am
Fischteich and Bellevue), could additionally have proceeded
via acid hydrolysis of the methyl ester.49 This was indicated by
increasing proportions of the metabolite AE 0014966 in sandy
loam (Pavillion), silt loam 2 (Bellevue) and silt loam 1 (Am
Fischteich) soils throughout incubation, accounting for
approximately 9%, 19% and 21% AR, respectively at the end of
incubation. Formation of metabolite AE F145740 was observed
in all soils and at major mean amounts of up to 11% and 14%
AR in silt loam am Fischteich soil aer 6 days and in loamy
sand Speyer 2.1 soil aer 50 days, respectively. In silt loam
Bellevue and sandy loam Pavillion soils, AE F145740 remained
less than 10% AR in every sample. Details are provided in Table
S1 of the ESI.†Obstructed degradation of iodosulfuron-methyl-
sodium was mainly expressed by signicantly abated incidence
of its main metabolite metsulfuron-methyl. Accordingly,
tebuconazole and/or prothioconazole have an adverse effect on
the biodegradation of iodosulfuron-methyl-sodium in the four
tested soils by harming or altering their microbial composition
accountable for the biotic transformation of iodosulfuron-
methyl-sodium into metsulfuron-methyl via elimination of
iodine from the phenyl ring.

The hampered degradation of rapidly biodegradable iodo-
sulfuron-methyl-sodium in soil might not have any essential
impact on regulatory risk assessment of this agrochemical since
the trigger value for persistence in soil corresponds to a half-life
of 120 days. For slower biodegrading compounds, where the
half-life in soils reaches 120 days, rened risk assessments
considering combined treatment of pesticides, however, might
classify such molecules as persistent in the terrestrial environ-
ment. Consequently, respective agrochemicals would be
restricted or banned for agricultural use. Accordingly, an addi-
tional experiment is ongoing, where the inuence of fungicides
tebuconazole and prothioconazole on the degradation of
a herbicide with a regular half-life of about 100–120 days in
alkaline soil, is evaluated.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Nevertheless, the potential impact of pesticide mixtures on
non-target soil organisms should be highlighted. Gomes et al.50

investigated the reproduction effects of tebuconazole and pro-
thioconazole individually, as well as the mixture in the formu-
lation Prosaro on non-target soil oligochaete Enchytraeus
crypticus. The concentration range of up to 250 mg kg�1 soil for
both fungicides covered the concentrations used in our exper-
iments. They revealed that the reproduction toxicity of Prosaro
was explained based on tebuconazole rather than prothioco-
nazole, whereas survival toxicity was predicted based on Prosaro
being more harmful to the soil invertebrates than its individual
chemicals. Besides, Tebuconazole, among selected herbicides
and other fungicides, has a less harmful effect on the soil
microbial communities when penetrating into the soil as a slow
release formulation, respectively embedded in a biodegradable
composite matrix such as polymer poly-3-hydroxybutyrate,
rather than as a free pesticide, as demonstrated by Prudnikova
et al.51 They tested the free and embedded pesticides at 0.1 mg
per g of soil on various strains of polyhydroxyalkanoate
degrading bacteria and fungi. Free tebuconazole extensively
harmed the abundance and diversity of the microbial soil
composition, which did not recover to the untreated control
state for 3 months aer application. In contrast, gradually
released matrix-embedded pesticides did not signicantly
repress the microbial soil life and even invigorated the devel-
opment of certain strains of microorganisms, maintaining the
soil degradation potential.

New perceptions on pesticide and specically fungicide effects
in the natural environment can be incorporated in smarter
regulatory frameworks on pesticide risk assessments, as sug-
gested by Schäfer et al.,52 who advised a future triple stage eval-
uation of chemicals. Stage 1 would include short-term
modications of the current systemwith higher safety factors and
estimation of the cost benets by comparing agricultural against
environmental implications. Stage 1, rather overprotective, would
run to stage 2, which requires further adaptation of the regulatory
context and would involve post-authorization monitoring of the
active substance in real test landscapes and catchments. Subse-
quently, the nal stage 3 would connect separate environmental
policy frameworks towards an integrated pesticide regulation
framework, including regional domain (landscapes and catch-
ments) management and stakeholders (industry, authorities,
farmers, and conservationists) sharing their responsibility for
a sustainable environment and society.

Finally, soils act as the buffer zone to preserve groundwater
and plants against pollutants.31 Therefore, reduction of agri-
cultural fungicide use by promotion of more sustainable food
production in combination with impeding progression of
arable land into surrounding areas and minimizing agro-
chemical leakage into the aquatic environment is highly
desirable.53

5. Conclusion

We showed that the fungicides tebuconazole and/or prothio-
conazole have a signicant adverse effect on the biodegradation
of the herbicide iodosulfuron-methyl-sodium in soil. This effect
Environ. Sci.: Adv., 2022, 1, 70–82 | 79
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was illustrated by inhibited biotic transformation of the herbi-
cide into its main soil metabolite metsulfuron-methyl, which
proceeds through elimination of iodine from the phenyl ring.
Except for one sandy soil, this adverse effect was transient and
mitigated towards the end of the respective incubation periods.
Half-lives (DT50) and DT90 values of iodosulfuron-methyl-
sodium in the four fungicide-treated soils increased 1.5 to 2.9-
fold and 1.3 to 2.2-fold, respectively when compared to those of
the untreated control soils. It remains undened, which inter-
actions of the fungicides with the soil microora are leading to
the decelerated metabolization of the herbicide, and these
processes demand further investigations.
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