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To increase the biodiversity of agricultural systems, aromatic plants appear
particularly promising as additional perennial crops in intercropping. They
produce essential oils that contain monoterpenes, for example. These
compounds have antibiotic properties that make them interesting for
commercialisation as medicinal or pesticide products, but also carry the risk
of undesirable effects on soil microorganisms and thus on essential soil functions.
To investigate this, the monoterpenes thymol and carvacrol and a set of four
typical agricultural soils were selected and soil sorption batch tests and soil
toxicity tests were carried out to determine dose-response relationships.
Sorption followed second order kinetics and was best described at equilibrium
by the non-linear BET isotherm that distinguishes between monolayer and
multilayer sorption of the non-polar compounds. While the kinetics were very
fast with rate constants of 1.66 x 107 and 0.70 x 10™* min~ for thymol and
carvacrol, the strength of sorption remained quite low (K, 1.93-3.69), indicating a
high mobility and bioavailability of the monoterpenes. In addition, the relation to
single soil properties remained low, indicating a multivariate impact of several soil
properties. Although thymol and carvacrol are isomeric compounds, they differed
in the rate and strength of sorption as well as in the effects on five selected soil
microbiological enzyme activities. In particular, carvacrol caused inhibition of
enzyme activities, whereas thymol did not produce measurable or relevant
effects in all cases. The effect concentrations of 10% and 25% percent
inhibition (EC10, EC25) ranged from <1 pg to several grams per Gram of soil
and hormesis effects were also observed at low concentrations. On the one hand,
this indicates only low toxicity; on the other hand, several of the defined effect
thresholds can be reached or exceeded by expected environmental
concentrations. This may harbour a risk of adverse effects, but may also have
a phytosanitary effect, which requires further research.
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1 Introduction

Modern, intensified agriculture is often characterised by very
reduced crop rotations, if not monocropping, with specialisation in a
few crops that are grown in single-variety stands (Di Bene et al,,
2022). Such agricultural management is often associated with high
use of tillage and agrochemicals, and negative impacts on soil and
water quality and biodiversity (Marotti et al., 2023; Zabala et al,
2023). Crop diversification strategies are key to transforming
unsustainable farming practices and reducing economic risks.
The cultivation of additional main crops or intercrops can
promote not only soil quality, biodiversity, crop productivity and
resource use efficiency, but also crop resilience, weed and pest/
pathogen control (Sharma et al., 2021; Di Bene et al., 2022; Wooliver
etal, 2022). These agricultural techniques are not recent inventions,
but are based on historical or ancient knowledge, e.g., the Roman
“coltura promiscua” in Italy, which disappeared from practice in the
last century under the economic constraints of modern agriculture
(Ferrario, 2021). Crop diversification with intercropping as an
understory to the main crop is especially possible with perennial
crops such as olive, fruit and nut trees, and in viticulture, where there
is unused, often uncovered soil between rows with large spacing
(Dittrich et al., 2021; Mantzanas et al., 2021; Marotti et al., 2023). In
this context, aromatic plants such as lavender, thyme, rosemary,
oregano, sage, etc. are on one hand classical crop plants and on the
other hand promising plants for crop diversification through
intercropping (Zhang et al., 2021; Katsoulis et al., 2022; Marotti
et al,, 2023). Under suitable climatic conditions, they can also be
grown on marginal soils and provide high-priced products such as
aromatic oils, and the perennial flowering plants foster pollinating
insects and contribute to erosion control (Dittrich et al., 2021; Yadav
et al., 2023).

Aromatic plants contain essential oils, which consist of volatile
isoprenoids such as terpenes and terpenoids that give the plants the
characteristic odour. In leaves of aromatic plants, terpenes can
account for up to 20% of the dry mass and reach concentrations
of several hundred pg g in litter and fresh root material
(Langenheim, 1994; Asensio et al., 2008; Adamczyk et al., 2015).
For example, the isomeric terpenes thymol and carvacrol are the
main components of the essential oil of thyme and oregano. They
can account for up to 64% (thymol) or 80% (carvacrol) of all
essential oil constituents in oregano, and up to 60% for thymol
and 4.2% for carvacrol in thyme (Fournomiti et al., 2015; Sakkas and
Papadopoulou, 2017).

Aromatic plants are commonly used in medicine and food
preservation because their essential oils have antimicrobial
activity against human and animal pathogens as well as an
effect 2015; Sakkas and
Papadopoulou, 2017). Thyme and oregano are among the widely

antioxidant (Fournomiti et al.,
used aromatic plants that are known for their antimicrobial
properties and are used as medicines (Fournomiti et al., 2015;
Sakkas and Papadopoulou, 2017). Additionally, insecticidal,
fungicidal and herbicidal properties have been identified so that
terpenes use as pesticides is proposed (Chudasama and Thaker,
2012; Marei et al., 2012; Li et al., 2022).

Plants release significant amounts of secondary metabolites into
the soil through volatilisation and diffusion away from plant tissues,
leaching of aboveground plant material, exudation from plant roots
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and litter decomposition (Lin et al., 2007; Chomel et al.,, 2016).
Consequently, volatile isoprenoids are also present in soil where they
may persist for up to a year and some of which are key-drivers of
ecological functions, e.g., in soil nutrient cycling (White, 1991;
Ehlers, 2011; Sparks et al, 2017). On the other hand, negative
impacts may occur such as phytotoxic effects, e.g., on seed
germination (Mahdavikia and Saharkhiz, 2015). In addition, the
essential oils may influence the enzymatic activities and composition
of microbial communities in the soil and especially in the
rhizosphere (Asensio et al., 2008; Adamczyk et al., 2015; Barra
Caracciolo et al., 2015). This may be of environmental relevance, as
the activities of soil biota are crucial for many of the ecosystem
services of soil (Ockleford et al., 2017). Several monoterpenes acutely
inhibit net nitrogen mineralization and net nitrification in soil by
more than 50% depending on concentration and contact time
(White, 1991; Heumann et al, 2013) and adversely affect litter
decomposition (Chomel et al., 2016; Xie et al., 2017).

Undesirable effects on other crop plants, soil organisms and soil
fertility can therefore not be ruled out. Such adverse effects of
essential oil components would significantly reduce the utilisation
of aromatic plants as an ecologically meaningful solution to the
diversification of arable farming systems. However, the few available
ecotoxicological studies are limited to the input and effects of
aromatic plant material or essential oil in forest soils; only the
study by Heumann et al. (2013) investigated the effects of
isoprenoids on agricultural soils.

Against this background, the present study comparatively
effects of the two
monoterpenes thymol and carvacrol in agricultural soil. These

investigated the fate and isomeric
two components represent monoterpenes as part of the volatile
isoprenoids and occur predominantly in numerous aromatic plants
and woody plants such as thyme, oregano, marjoram, rosemary,
coriander, mint, lemon, bergamot or tagetes (Duke, 2016). In more
detail, the sorption as an essential process for the fate of chemicals in
soils and effects on selected microbial enzyme activities in the soil
were analysed in laboratory batch and microcosm experiments. This
was done in short-term experiments using selected representative
soil samples, substance concentrations and incubation times to
determine the influence of soil and monoterpene properties,
substance concentration, and duration of soil contact. In order to
obtain data on the potential acute effects of monoterpenes in soil,
selected microbial enzyme activities of soil samples exposed to
different concentrations of thymol and carvacrol for different
short incubation times were investigated.

2 Materials and methods
2.1 Soil and chemicals

The soil samples were collected from a vineyard and three
different arable sites in the greater region of the city of Trier,
Germany (Table 1). Soil A was sampled from the control plot of
a vineyard (49°39'23.976“N, 6°33°27.936E) near Wawern in the
Mosel area of Germany. In treated plots of this vineyard,
aromatic plants, ie., thyme and oregano, were tested as
understory crops for agricultural crop diversification. For more
details see Dittrich et al. (2021). Arable fields are represented by
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TABLE 1 Selected properties of four topsoil samples.

10.3389/fenvs.2024.1379018

Soil order WRB®  pH (CaCl,) OC (%)  Niota (%) CEC (mmolc kg™) Clay (%) Texture class WHC,.x
A | Eutric Skeletic Regosol 6.5 2.60 0.26 90.85 20 sandy loam 47.9
B Cambisol-Stagnosol 6.0 1.81 0.16 93.45 35 clayey loam 50.1
C Cambisol 49 1.16 0.10 37.18 12 loamy sand 42.8
D Cambisol 3.9 1.68 0.14 56.40 5 silty sand 42.3

“Soil classification according to World Reference Base for Soil Resources (IUSS, Working Group WRB, 2022).

TABLE 2 Selected physicochemical properties of thymol and carvacrol.

Thymol Carvacrol
Name 2-isopropyl-5-methylphenol 2-methyl-5-(propan-2-yl) phenol
Chemical formula CoH 14,0 CoH 14,0
CH, CH,
H,C H4C
OH HO
Molar mass [g mol™'] 150.218 150.218
log Kow 3.30 3.28
Melting point ['C] 51.5 38.1
Boiling point [°C] 232.5 236.9
Water solubility [mg L™ at 25°C] 980° 1,250°
Henry Kaw (air water) [atm m® mol™'] 1.16 x 10~ 1.52 x 10~
H bond donors/acceptors 1/1 1/1
Dipole moment [C m] 1.225° 1.075¢
Enowmo [eV]¢ -8.835¢ —8.849°

Data from EPI Suite 4.11 and ACD, labs; experimental data from.
2Zhu et al. (2016) and.

*Yalkowsky and Dannenfelser (1992).

“Data from quantum chemical calculations of Dhaundiyal et al. (2019).

“Energy of the highest occupied molecular orbital (Eyomo), indicating the capability to donate electrons in a sorption complex (Colon et al., 2002).

sample B and C from Ferschweiler (49.8631° N, 6.4056° E), and
sample D from Ernzen (49.8422° N, 6.4234° E). Composite soil
samples were obtained from a sampling depth of 0-10 cm (vineyard)
and 0-20 cm (arable) depth. All samples were sieved to grain
size <2 mm and either air-dried prior to chemical analyses and
sorption experiments or left field moist and stored frozen at —18 °C
until toxicity testing (soil A only). The samples representatively
cover properties of agricultural soils in temperate regions, e.g., with a
pH range from 3.9 to 6.5 and an OC content ranging from 1.16% to
2.60%. These data and information on N content, CEC, clay content
and texture class as well as water holding capacity are listed in
Table 1. Additionally, the dry mass, water content, and water
holding capacity of the field-moist sample A were determined
(data not shown).

Analytical grade thymol and carvacrol with purity of 99.9% and
98.8% respectively were purchased from Sigma-Aldrich (Darmstadt,
Germany). Selected physicochemical properties of the compounds
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are presented in Table 2. Stock solutions of thymol and carvacrol
were prepared by dissolution in absolute ethanol and serial dilution
with absolute ethanol to obtain solutions of different concentrations
(10,000-0.1 pg mL™). This limited the amount of ethanol added
when spiking the soil samples to 20 pL ethanol g™* soil. Preliminary
tests have shown that the activity of the tested exoenzymes in the
presence of ethanol was between >86% and 100% of the unamended
soil and did not affect the soil sorption of other chemicals (data not
shown). However, to account for any influence of ethanol, a
corresponding volume of ethanol was also added to each
control sample.

2.2 Soil sorption experiments

Batch sorption experiments according to OECD guideline 106
(OECD, 2000) were carried out. For this purpose, 4 g of dry soil were
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dispersed in hermetically closed Falcon tubes in 20 mL of 0.01 M
CaCl,. To determine the sorption kinetics, samples were spiked with
one of the terpenes, either carvacrol or thymol, at a concentration of
0.6 ug mL™" or left untreated as a control. To determine the sorption
isotherms, four different spiking concentrations were analysed, i.e.
0.1, 0.2, 0.5, and 1.0 pg mL™', which corresponds to a range of
0.5-5.0 pg g' soil. Additional three low spiking concentrations
(0.01, 0.02, 0.05 pg mL™") were exemplarily analysed for soil D.
These spiking concentrations were all well below the water solubility
of the two monoterpenes (Table 2), which also avoided undesirable
effects such as precipitation or phase separation. All samples were
prepared in triplicate. To exclude biodegradation, the samples from
all sorption experiments were initially sterilized using sodium azide
at a final concentration 0f 0.2 g L ™" as it was done in the study of Hale
etal. (2015). The sealed flasks were agitated in an overhead shaker at
15 rpm, thermostated at 22°C. In the kinetics experiments, samples
were removed at five predetermined contact times of up to 240 min.
Based on the results from these experiments, the equilibrium time
for the sorption isotherm experiments was set at 600 min to ensure
that sorption equilibrium had been fully achieved. After the
respective contact time, the sample tubes were centrifuged at
3,000 ¢ for 15 min. Aliquots of the supernatant were filtered
using 0.2-um PTEFE disc syringe filters (Macherey-Nagel, Diiren,
Germany) and transferred into 1.5 mL brown glass crimp cap bottles
for subsequent analysis.

The terpenes were analysed by high performance liquid
chromatography (HPLC) with diode array (DAD) detection at
275 nm (LC 20AD, Shimadzu, Duisburg, Germany) according to
a modified method by Gamiz et al. (2018). A C-18 chromatographic
column (VDSpher© PUR 100 C18-M-SE, VDS optilab, Berlin,
Germany) served as stationary phase. The mobile phase was a
mixture of acetonitrile and water (50:50 v/v) that was delivered
isocratically at a flow rate of 0.5 mL min~". The injection volume
was 50 pL. The limit of detection was <3 ng mL™ for thymol
and carvacrol.

2.3 Dose-response experiments targeting
microbial enzyme activities

Possible dose-dependent adverse effects of the two terpenes on
soil microbial activities were investigated testing five microbial
enzyme activities. Only the vineyard soil A was used for the
experiments. To prepare the samples, thymol and carvacrol were
separately added to independent soil samples at contents of 0
(control), 1, 10, 100, 1,000 and 10,000 ug g ' soil. Each sample
had a moist soil mass (adjusted to 50% of the water holding capacity)
equivalent to 22.5 g dry soil. All samples were prepared in triplicate.
After spiking, the soil samples were thoroughly homogenized and
incubated for 1, 4 or 9 days in hermetically closed Falcon tubes to
avoid gaseous losses of thymol and carvacrol. It was ensured that the
gas volume in the headspace was sufficient to maintain aerobic
conditions throughout the incubation time.

The enzymes tested are representative of the general microbial
activity and are included in the most important pathways of the C, N
and P cycles in soil. Four of the enzyme activities were measured
using a modified fluorimetric microplate enzyme assay according

to Marx et al. (2001) with enzyme substrates based on
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methylumbelliferone (MUB)
(AMCQ): MUB-N-acetyl-p-d-glucosamine for N-acetyl-
glucosaminidase (EC 3.2.1.14), MUB-B-d-glucopyranoside for {3-
glucosidase (EC  3.2.1.3), L-leucine-AMC for leucine-
aminopeptidase (EC 3.4.11.1), and MUB-phosphate for acid
phosphatase (EC 3.1.3.2). The analytical procedure was described
in detail by Ernst et al. (2009). The activity of the dehydrogenase
enzyme (EC 1.1.1) was tested using iodonitrotetrazolium chloride

and 7-amino-4-methylcoumarin

(INT) as substrate (von Mersi and Schinner, 1991). Fluorescence
was measured using a Victor3 Multi-Label Reader (Perkin Elmer,
Rodgau, Germany) at an excitation wavelength of 355 nm and an
emission wavelength of 460 nm. The data were recalculated using
calibrations and are expressed as MUB or AMC release in nmol per
mass of dry soil and time (nmol g h™'). The colorimetric
dehydrogenase test was analysed using a Shimadzu UV-1650 PC
spectrophotometer (Shimadzu, Duisburg, Germany) at 485 nm. The
dehydrogenase activity was expressed as amount of the enzyme
reaction product iodonitrotetrazolium formazan (INTF) per mass of
dry soil and time (nmol INTF g™' h'™").

2.4 Data modelling and description

To describe the experimental data with established models,
different equations were tested for best-fit using the CurveExpert
Professional 2.7.3 software (© by Daniel G. Hyams) for non-linear
regression. The best fitting model was selected based on the
coefficient of determination (R?), the standard error (SE), and
Akaike’s corrected information criterion (AICC).

For sorption kinetics two models were tested, i.e., the pseudo
first order with residue model and the second order model (Eqs 1, 2).

Pseudo first order with residue C=0Cy,; x e 4 Co, (1)

Pseudo second order C= CO/(1 +kxCyxt) (2)

In Eqgs 1, 2 C is the sorbate concentration (ug mL™") at time ¢
(min), C, is the initial spiking concentration (with Cy; + Cp> = Cp
for the pseudo first order with residue model), and k is the rate
constant (min™").

Five different isotherm models including the Henry, Freundlich,
Langmuir and Hill model have been tested (data not shown).
However, in all cases, best-fit was obtained using the BET model
(Brunauer et al., 1938) according to Eq. 3:

K xC,

BET model q.=Q ((Coar = Co) (1 + (K= 1)C,/Ceat))

3)

where g, is the amount sorbed per unit weight of adsorbent (ug
g ') at concentration Ce (ug mL™"), Q is the amount sorbed per unit
weight of adsorbent in forming a complete monolayer on the surface
(ug g"), Cyyy is the saturation concentration (ug mL™") of the solute
in the multi-solute system, and K (L kg™") is the sorption coefficient
that indicates the energy of interaction with the surface (Broholm
et al., 1999).

The Spearman rank order correlation and the Pearson product
moment correlation were used to determine relationships between
the parameters of the calculated sorption isotherms and the soil
properties. This was done using Sigmaplot 14.0 software (Systat
Software Inc., Frankfurt/Main, Germany).
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Sorption kinetics of the two monoterpenes thymol and carvacrol on soil A shown (A) as experimentally analysed residual concentrations (ug mL™)
and (B) as a percentage of the initial concentration (C/Cy); lines in (B) were modelled using the pseudo second order model (Eq. 2).

To describe the toxicity test data, the data were first converted to
enable a non-linear curve fit. This included the expression of the
enzyme activities as relative values in percent of the activity in the
untreated control (100%) and the addition of a constant value
(0.01 pg g) to all spiking concentrations in order to be able to
calculate the logarithm also for the 0-spiking concentration added to
the control (Thiele-Bruhn, 2005). In the case of enzyme activation
rather than inhibition at low concentrations, modelling was limited
to the data points starting from the highest activity. Of 24 dose-
response models tested, the following three (Eqs 4-6) gave the best
fit to the experimental data:

Multistage model y=y+(1-7y) (1-e) 4)
Probit model y=y+¥[1 + erf((xr/gxﬂ %)
Ratkowsky model y=a / ( 1+ eﬁ‘“‘) )

Equations 4-6 describe the effect y (activity/activity in control
%) as a function of the dose x (ng g™') and the coefficients a, b, ¢ (Eq.
6) and &, f and y (Egs 4, 5) as fitting parameters with y = (x*~1)/B.
The term erf refers to the error function and e is the Euler number.
Effect concentrations (EC; pg g™') of 10, 25% and 50% inhibition of
the tested activity were calculated using the fitted data (Eqs 4-6).

3 Results and discussion
3.1 Soil sorption kinetics and isotherms

The adsorption of thymol and carvacrol on soil A was clearly
time-dependent, with the concentration remaining in the solution
decreasing consistently with time (Figure 1A). The residual
concentration of thymol reached a state of equilibrium within
120 min, represented by a plateau of rather constant

concentrations in the following period from 120 to 240 min. The
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time-dependent process was less clear for carvacrol, where the
analytical data indicate an intermediate plateau (60-180 min)
before the residual concentration continued to approach that of
thymol at 240 min (Figure 1A). However, this apparent intermediate
plateau was characterised by increasing standard deviations of the
data over time, which is why a continuous decrease is more likely to
be assumed. Consequently, both data series were best fitted using the
same second order model (Eq. 2; Figure 1B). Fitting and statistical
parameters are given in Table 3. In comparison, the pseudo first
order model with residue (Eq. 1) failed to fit the sorption kinetics of
carvacrol. Consistently, the description of the sorption kinetics of
thymol on clay minerals by the second order model was superior to
the first order model (Ziyat et al., 2020).

Overall, the residual concentrations in the aqueous phase
(Figure 1B) of about 25% for thymol and 31% for carvacrol show
that soil sorption of both monoterpenes was largely similar, but was
slightly higher and faster (as indicated by the rate constant k,
Table 3) for thymol. This is remarkable as both compounds
differ structurally only in the position of the phenol group
(Table 1). In line with this, (2018) found
approximately similar dissipation rates for carvone in autoclaved

Gamiz et al

sandy loam soils with even significant differences for the two
enantiomers R-carvone and S-carvone (rate constant k [min™'] of
0.32 x 107 and 0.035 x 107*). While the general physicochemical
characteristics show no differences between thymol and carvacrol,
there are differences in the quantum-chemical parameters dipole
moment and energy of the highest occupied molecular orbital
(Enomos Table
repeatedly reported to explain chemical sorption well in poly-
parameter linear free energy relationships (e.g., Cai et al, 2019;

1). The latter two parameters have been

Pérez-Guzman et al,, 2021) and in this case consistently indicate
stronger sorption of thymol. Furthermore, the sorption of thymol to
a natural clayey material consisting mainly of stevensite reached
equilibrium within a roughly similar but slightly shorter period of
about 60 min (Ziyat et al., 2020). This may indicate that the more
complex composition of soil, e.g., with organic matter and quartz,
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TABLE 3 Parameters of the pseudo second order kinetic model (Eq. 2) of the soil sorption of thymol and carvacrol to a selected topsoil (D).

Carvacrol
k (min?) Co (%) AlCC k (min?) Co (%)
1.66 x 107 100 0.97 541 20.82 0.70 x 107 89.4 0.75 124 30.76
A . B
5] @soilA 5] ®SoilA
] =soilB 50il B
0 Soil C ¢ o Soil C
©Soil D / < Soil D
1.5 |
o [
E} E}
~ < 17
T T & /
/
/,/
0.51 o
,//‘/‘/
; s% 1
P — 0 - T —
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Ce (ng mL?) Ce (ng mL?)
FIGURE 2

Sorption isotherms of the two monoterpenes (A) thymol and (B) carvacrol on four selected topsoil samples (A-D); shown are the experimentally
analysed data points and non-linear isotherms modelled using the BET model (Eq. 3). Error bars not shown are smaller than symbols. One data point in

(A,B) marked by a dashed line frame was not used for modelling.

delays the sorption of monoterpenes. It should be noted, though,
that the experimental conditions in the study of Ziyat et al. (2020)
were significantly different in some regards (e.g., pH value of
9 instead of 6.5 for soil A). The best fit by the pseudo-second-
order model may indicate that soil sorption of monoterpenes is not
only driven by the residual aqueous concentration of the compounds
at a given time, but also depends on the different sorption sites
provided by a heterogeneous sorbent such as soil (Xing and
Pignatello, 1997).

Heterogeneous sorption was further indicated by the non-linear
sorption isotherms of both thymol and carvacrol for all four tested
soils (Figures 2A, B). Sorption was best fit using the BET model (Eq.
3; R* > 0.997), which shows s-shaped sorption isotherms.
Particularly in the low solution concentration range, the sorbed
fractions increased disproportionately with the concentrations in the
equilibrium solutions. This indicates increasingly unfavourable
sorption, in which increasingly low-energy exchanger sites have
to be occupied by the sorbates (Pignatello, 2011). The strong
increase in sorption (g.) at high solution concentrations is
probably due to the transition from monolayer to multilayer
sorption (Broholm et al., 1999). This is reflected in the calculated
equation parameters by C, approaching C,, (Table 4). Multilayer
sorption of phenolic compounds with structural similarity to
terpenes has been repeatedly and consistently reported (e.g.,
Kamgaing et al., 2017; Qasemi et al., 2018; Lawal et al., 2021). In
addition, quantum chemical modelling by Dhaundiyal et al. (2019)
revealed that donor-acceptor interactions between the mt-electrons of
the aromatic ring and the corresponding positions of the sorbent
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contribute significantly to the sorption of thymol and carvacrol.
Such m-mt stacking interactions result in multilayer sorption (Tang
et al., 2007; Mrozik et al., 2021). It should be noted that in other
studies, the sorption of the monoterpenes carvone, a-pinene and
limonene to soils or carbonaceous geosorbents was modelled using
the Freundlich isotherm instead (Hale et al,, 2015; Gamiz et al,,
2018). However, the figures in these publications show deviations
from this model for several monoterpene-sorbent combinations.
When evaluating BET isotherms, both parameters K and Q must
be taken into account with regard to the sorption strength. The
parameter Q describes the steepness of the isotherm in the low
concentration range; the smaller K is, the flatter the further course of
the isotherm. In a comparison of the two monoterpenes, the
differences in the isotherm parameters were small but evident.
The value for K was higher for thymol than for carvacrol in
three (A, B, D) of the four soils investigated, whereas the value
for Q was for all four soils highest for carvacrol (Table 4). Overall,
the position of the isotherms in Figures 2A, B indicates a stronger
sorption of thymol compared to carvacrol. Apparently, the position
of the methyl or isopropyl group in relation to the hydroxyl group of
the phenol is of significant importance for the sorption of the two
monoterpenes. The closer vicinity of the hydroxyl group to the
isopropyl group results in a higher polarity (see molecular structure
and dipole moment in Table 2) which favours the overall sorption of
thymol (Table 2). This stronger sorption will be due in particular to
the stronger interaction of the hydroxyl group with corresponding
functional groups on the soil matrix, as shown by Dhaundiyal et al.
(2019) in quantum chemical modelling for thymol and carvacrol. In
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TABLE 4 Parameters of the isotherm models of the soil sorption of thymol and carvacrol to four selected topsoils (A-D) using the BET model (Eq. 3), and the

distribution coefficient K4 using the linear Henry model.

Carvacrol

K 11.32 8.39 3.41 11.95 2.45 3.71 8.13 8.60
Q 0.505 0.220 0.336 0.327 1.838 0.512 0.362 0.414
Csat 0.882 0.852 0.908 0.937 1.340 0.865 0.813 0.822
R* 0.999 0.997 1.000 1.000 1.000 1.000 0.999 0.999
SE® 0.026 0.043 0.009 0.010 0.002 0.012 0.024 0.023
AICC -31.0 -26.1 —41.8 -61.5 -57.6 -38.7 -31.9 -50.0
Ky 2.59 1.93 2.07 1.96 3.69 2.87 2.66 2.84

*Coefficient of determination (R?) for the sorption isotherm fitted to the data from the triplicate batch experiments.

*Overall standard error (SE) of the curve fit to the experimental data.

contrast, formation of a complete monolayer on the surface (see
values for Q in Table 4) and multilayer sorption at higher
concentrations (see steeper sloped isotherms at higher
concentrations, Figure 2) is apparently preferred for carvacrol.
This will result from a stronger contribution of n-m stacking
interactions of the less polar carvacrol as it was modelled by
Dhaundiyal et al. (2019).

The significantly stronger sorption of thymol and carvacrol on
soil A, which has both the highest pH value and the highest OC
content of the four soils analysed (Table 1), is striking (Figure 2).
This could indicate the relevance of soil organic matter and pH for
the sorption of the two monoterpenes. Overall, however, the values
of the BET isotherm parameters were poorly correlated with the soil
properties (data not shown). This indicated that the sorption was not
univariate, depending on individual soil properties, but on the
interaction of several properties. However, the data set was too
small to test this by multivariate analysis. The sorption of thymol
showed only a weak, non-significant correlation with the OC
content of the soils. The sorption of carvacrol, on the other
hand, decreased with the pH value of the soils, which was also
the only significant correlation (Spearman r = —0.956, p = 0.04). The
sorption of monoterpenes to soil organic matter clearly outweighs
sorption to mineral colloids such as clay minerals and pedogenic
oxides (Van Roon et al., 2005; Gamiz et al., 2018). It can be assumed
that the sorption of the comparatively non-polar monoterpenes to
soil organic matter increased with decreasing pH in this study
because the dissociation and charge of the functional groups of
soil organic matter decrease with decreasing pH, making it more
non-polar as well (Blume et al., 2015). Accordingly, the sorption of
the monoterpenes a-pinene and limonene to uncharged graphite
was stronger than to peat rich in functional groups, as indicated by a
K, that was about 1.2 times higher (Hale et al,, 2015).

Although the linear Henry model was not suitable to describe
the non-linear course of the sorption data of the monoterpenes,
distribution coefficients were calculated with this equation to be able
to compare them with the results of other studies. The K, values
ranged between 1.93 and 3.69 L kg ' (Table 4). Consistently, K
values of carvone sorption to six agricultural soils with largely lower
OC contents of <1.4% ranged from 0.24 to 1.26 L kg™' (Gdmiz et al,,
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2018). Based on these results, it can be assumed that monoterpenes
are relatively mobile substances in soils in the low concentration
range below multilayer sorption despite their low water solubility. In
addition to this mobility, there is also the possibility of volatilization
of the monoterpenes from the soil, that are also known as volatile
organic compounds (Leff and Fierer, 2008). However, using the
Henry air-water partition coefficients (Table 2), it was calculated
that despite the intense odour in the gas phase, the proportion
volatilised into the headspace of the Falcon tubes was negligibly
small (data not shown). It was consistently shown that the total
emissions of various monoterpenes from forest soils under spruce
and oak, as monoterpene-producing plants, are relatively
insignificant in relation to the total emissions from forest
ecosystems (Hayward et al., 2001; Asensio et al., 2007).

3.2 Effects on soil microbial enzyme
activities

Both thymol and carvacrol exhibited dose- and time-dependent
effects on the tested soil microbial enzyme activities. This is
illustrated in Figure 3 on the example of N-acetylglucosaminidase
and dehydrogenase. In all samples studied, there was a
concentration-dependent reduction in enzyme activity, although
in most treatments this was only evident from a concentration
of >1 ug g™'. In a few cases, almost complete inhibition was achieved
over the concentration range investigated (see, e.g., Figure 3B).

Based on the modelled dose-response curves, effect
concentrations (EC) of 10%, 25% and 50% inhibition were
derived for all five enzyme activities investigated (Table 5). These
data varied considerably between the enzymes and monoterpenes
tested and ranged for EC10 from <1 pg to several grams per Gram of
soil. In most cases, the EC50 was not reached at the dose range tested
or data had to be calculated by extrapolation from the model
(Table 5). (Detailed information on the fitted model parameters
can be found in Supplementary Table S1 in the Supplementary
Material). In addition, in many cases no EC25 values could be
derived for thymol. The EC values were mostly smaller for carvacrol
than for thymol (EC10 on average 90 times smaller; EC50 on average
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soil A after an incubation time of 1, 4 and 9 days; shown are the experimentally analysed data as symbols and the modelled dose-response curves as lines

Error bars not shown are smaller than symbols.

5 times smaller), pointing to the fact that carvacrol had a stronger
inhibitory effect than thymol, and this was also true for the duration
of the adverse effect at the different incubation times tested. The EC
values for thymol were smaller than for carvacrol only in individual
cases, particularly in the case of p-glucosidase. As a result, thymol is
not generally less effective than carvacrol. Rather, the small
differences in the chemical structure and properties of the
substances, which also affected sorption, apparently caused also
an enzyme-specific difference in toxicity. In the environment,
monoterpenes have been measured in soil grown with pine trees
producing aromatic oils, with the highest concentrations up to
13.6 pug g in the vicinity of roots for a single compound (a-
pinene) and up to 15.9 pg g' for the sum of five monoterpenes
analysed (Asensio et al., 2008). Monoterpenes can migrate up to
20 m laterally through soil; however, concentrations considerably
decline with increasing distance (Lin et al, 2007; Asensio et al,
2008). Such field data are not available for thymol and carvacrol, but
in comparison with the effect concentrations obtained in this study
it can be assumed that EC10 and in some cases even EC25 can be
reached in rhizosphere soil, which will then cause significant
inhibition of individual enzyme activities. However, no stronger
effects can be assumed; the soil concentrations reported by Asensio
et al. (2008) do not reach the EC50 determined in this study.

The effect of the two monoterpenes always changed as the
incubation period progressed. In seven out of ten cases
investigated (Table 5), the effect increased with the extension of
the incubation time from 1 to 4 and 9 days. This is illustrated by the
example of N-acetylglucosaminidase (Figure 3A). While thymol had
no significant effect over the entire concentration range after 1 day,
carvacrol at a concentration of 10 ug g™ even led to an increase in
enzyme activity to approximately 130%. Only after 4 days did a
significant reduction occur due to both monoterpenes at the highest
concentration tested, whereas after 9 days significant reductions
already  occurred at concentrations of thymol and
carvacrol >10 pg g (Figure 3A). Such a time-dependent
increasing inhibition of microbial activity is observed with
that are and not bacteriotoxic

antibiotics bacteriostatic
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(Thiele-Bruhn and Beck, 2005; Zhang et al., 2019). This is
consistent with the reported antibacterial effect of monoterpenes
(Fournomiti et al., 2015; Sakkas and Papadopoulou, 2017).

The result can also be explained by the fact that the substances
bioaccumulate and therefore the concentrations in the soil
microorganisms increase over time, a process that takes
several days before the effective concentrations are exceeded.
Arguments in favour of this interpretation are that this study has
shown that soil sorption is relatively low and therefore the
bioavailability of the monoterpenes might be quite high. In
addition, the molecular sizes are small enough and the non-
polarity high enough that bioaccumulation would be possible
(Benz and Bauer, 1988; Nikaido, 1992; Pandey and Roy, 2021).
However, this somewhat speculative interpretation requires
further research.

In contrast, stimulatory effects at low soil concentrations were
effect of both the
N-acetylglucosaminidase ~and the activity
(Figure 3). At a spiking concentration of 10 and 1 pg g,

determined for the carvacrol on

dehydrogenase

respectively, the enzyme activity after 1 and 9 days, was
increased to 130% of the activity in the control. Such an increase
is typical of hormesis (Henschler, 2006; Calabrese, 2008), which is
explained by excessive activity of microorganisms that compensate
for an adverse effect. Hormesis has previously been reported for the
effects of pharmaceutical antibiotics in soil (Thiele-Bruhn, 2005). Tt
is also possible that the stimulation resulted from the utilisation of
monoterpenes as a food substrate. Essential oils from aromatic
plants were substantially decomposed in soil by 50% and up to
90% of the initial concentration within 30 days, demonstrating their
degradability in principle (Karamanoli et al., 2018). However, the
remaining fraction largely persisted during an extended incubation
period of 1 year (Karamanoli et al., 2018). Furthermore, in the case
of biodegradation, no increasing toxic effect over time would be
expected, contrary to the results of this study. The range between
stimulating and inhibiting effects shows the complexity of the
possible effects of essential oils on the soil microbiome. This
needs to be investigated further. On the other hand, although the
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TABLE 5 Models used to fit the measured dose-response data, statistical parameters of the goodness of the curve fit (coefficient of determination R?,
standard error SE), and derived effect concentrations (ug g) of 10% (EC10), 25% (EC25) and 50% (EC50) inhibition of five soil microbial enzyme activities.

Incuba- Carvacrol
tion (d) EC25 EC50 Model EC10
Dehydrogenase
1 Equation 4 0.85 0.09 101 332 821 Equation 4 0.78 0.12 <lowest” 0.51 57.0
4 Equation 5 0.85 0.13 598 735 883 Equation 5 0.92 0.10 3.15 108 148
9 Equation 4 0.90 0.10 0.06 4.05 92.1 Equation 5 0.78 0.19 36.3 91.2 398
‘ B-Glucosidase
1 Equation 4 0.01 0.11 no effect Equation 6 0.30 0.11 7,810 >highest*
4 Equation 4 0.06 0.10 334 >highest Equation 6 0.58 0.09 4,700 9,670 >highest
9 Equation 6 0.63 0.12 182 643 >highest Equation 6 0.31 0.23 1,830 6,630 >highest
‘ Leucine aminopeptidase
1 Equation 6 0.54 0.13 2,070 6,770 24,800¢ Equation 5 0.84 0.08 962 1,400 >highest
4 Equation 6 0.69 0.09 356 3,750 25,700¢ Equation 5 0.60 0.12 822 1,260 >highest
9 Equation 6 0.63 0.12 182 642 2,800 Equation 4 0.42 0.24 0.76 115 5,106
N-Acetylglucosaminidase
1 Equation 6 0.07 0.11 >highest Equation 4 0.41 0.13 32.8 2,570 69,800°¢
4 Equation 6 0.36 0.11 1,340 8,630 >highest Equation 4 0.52 0.15 2,190 5,430 10,800°
9 Equation 5 0.26 0.14 9.70 >highest Equation 5 0.70 0.17 3.27 154 215
acid Phosphatase

1 Equation 4 0.00 0.03 no effect Equation 4 0.04 0.05 no effect
4 Equation 4 0.10 0.06 >highest Equation 4 0.36 0.06 5,060 73,300¢ >highest
9 Equation 5 0.25 0.15 53.8 >highest Equation 5 0.65 0.11 0.11 0.25 >highest

“See Section 2.4 for the equations.

"The concentration corresponding to this EC value was lower than the lowest concentration tested and could therefore not be quantified.

“No effect was observed over the entire concentration range tested.
“Measured and modelled data did not reach the EC value.
“Effect concentrations were calculated by slight extrapolation from the model.

effect of the aromatic plant on microbial activity in the soil was
demonstrated in field trials using rosemary planting, the higher
plant diversity in the arable system also led to a higher biodiversity of
the soil microbiome (Barra Caracciolo et al., 2015).

4 Conclusion

In this study, the sorption and dose-dependent effects of selected
monoterpenes in agricultural soils were investigated together for the
first time. Parameters of sorption kinetics and strength as well as
effect concentrations were determined. The results of the sorption
experiments showed that although the two monoterpenes are sorbed
to the soil very rapidly, a considerable fraction remains in solution,
which is reflected in low sorption coefficients. Both thymol and
carvacrol showed essentially the same second order sorption kinetics
and the sorption isotherms followed the BET model in the same way.
It can therefore be assumed that the results obtained in this study are
also indicative of other monoterpenes. In detail, however, there were
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differences between thymol and carvacrol, which, although they are
isomeric molecules, differ somewhat in sorption rate and strength.
Based on the sorption experiments, a rather high mobility of the
substances can be assumed. Considering the reported persistence of
the essential oils and their constituents in soils of about 1 year, a
considerable bioavailability can be assumed. This is reflected in the
clear, dose- and time-dependent toxic effects of the two
monoterpenes on various enzyme of the
microbiome. The five soil microbial enzyme activities analysed in

activities soil
this study were not all inhibited by thymol and carvacrol and not to
the same extent. This shows that the compounds, which are known
to have antibiotic activity, do not have a general baseline toxicity but
have specific effects. Effect concentrations of 10% and 25%
inhibition of enzyme activity were in part in ranges that may
occur in the environment, particularly in the rhizosphere of
essential oil-producing plants. This may pose a risk of adverse
effects, but may also have a phytosanitary effect. However,
further research is needed to clarify this. It should also be noted
that this study focussed on short-term experiments to determine the
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acute fate and effects of the selected monoterpenes. In agricultural
practice, however, cultivation of aromatic plants over several years
and thus additional, long-term effects of more complex terpene
mixtures must be expected, which may be different from the
reported short-term effects of single compounds. In any case, it
should be noted that the ingredients of essential oils are active
substances that exert effects on soil biota.
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