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Abstract

BACKGROUND: Cannabis sativa L. (hemp) is a medicinal plant producing various cannabinoids. Its consumption is legalized for
medical use due to the alleged positive health effects of these cannabinoids. To satisfy the demand, C. sativa plants are prop-
agated in contained growth chambers. During indoor propagation, pesticides usually are used to ensure efficient production.
However, pesticide registration and safe application in C. sativa has not been investigated in detail.

RESULTS:With this study themetabolic degradation of pesticides in recently established C. sativa callus cultures was examined.
Tebuconazole, metalaxyl-M fenhexamid, flurtamone and spirodiclofen were applied at 10 ∼M for 21 days. Results were com-
pared with metabolism data obtained from Brassica napus L., Glycine max (L.) Merr., Zea mays L. and Tritium aestivum L. callus
cultures as well as in metabolism guideline studies. The successfully established C. sativa callus cultures were able to degrade
pesticides by oxidation, demethylation, and cleavage of ester bonds in phase I, as well as glycosylation and conjugation with
malonic acid in phase II and III. Initial metabolites were detected after Day (D)7 and were traced at D21.

CONCLUSION: The resulting pathways demonstrate the same main degradation strategies as crop plants. Because metabolites
could be the main residue, the exposure of consumers to these residues will be of high importance. We present here an in vitro
assay for a first estimation of pesticide metabolism in C. sativa.
© 2021 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Since Cannabis sativa L. has been legalized for medical use in sev-
eral countries, its demand has been rising heavily.1 It is known
that 120–220 million users consume C. sativa products annually.
In addition to the legal uses, C. sativa is the most consumed illegal
drug worldwide and often is produced by local and small
growers.2

Δ9-tetrahydrocannabinol (THC) is a psychoactive cannabinoid
produced by C. sativa which can be used to mitigate several
symptoms of a broad spectrum of diseases, such as chronic pain
or spasms due to multiple sclerosis.3,4 Nonpsychoactive cannabi-
noid products such as cannabidiol (CBD) are claimed to be rele-
vant as food additives owing to alleged positive health effects.
Thus, the production and consumption of THC and CBD from
C. sativa is demanding increasing attention.5,6

Different defense mechanisms allow the detoxification of
absorbed xenobiotics in plants. Oxidation in phase I via insertion
of a functional hydroxy moiety is conducted by the enzyme

superfamily of cytochrome P450 monooxygenases.7,8 Subse-
quently, phase I metabolites are in phase II covalently linked to
hydrophilic molecules, such as glucose andmalonic acid.9 In addi-
tion to the rare but known processes of excretion, the plant
mainly compartmentalizes metabolites in vacuoles or apoplasts
within phase III.7,10 These mechanisms describe the general
detoxification process of xenobiotics in plants, yet the specific
pathways in C. sativa are mostly unknown.
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During growth, harvest, storing or processing of C. sativa plants,
contamination with hazards including bacteria, fungi, heavy
metals or chemicals is possible. Contamination can trigger
adverse effects, such as lung infection, allergies and asthma, as
well as nervous disorders as headache, dizziness, tremor, discoor-
dination and convulsion.11,12

As a consequence of the increasing demand for cannabinoids,
commercial C. sativa production faces new challenges. As a result
of regulatory restrictions, to avoid theft and to ensure constant
THC levels, C. sativa generally is grown indoors. Although the con-
tained growth pattern may protect against certain pathogens and
pests, there is still a risk for contamination, particularly in the case
of fungi and insects.13,14 Several pest species of relevance to
C. sativa have been identified: insects including Aphidoidea
(Aphids) and Thysanoptera (thrips), Tetranychidae (spider mites)
arachnids, and the fungal pathogens Fusarium oxysporum, Botrytis
cinerea and particularly powdery mildew.13–15 Growers thus could
have a need for insecticides and fungicides, whereas herbicides
are not relevant for greenhouse cultivation.13 The United States
Environmental Protection Agency (EPA) provides for the exemp-
tion of the application of minimal risk pesticides which are mostly
botanicals, such as rosemary oil.16,17 The current registered pesti-
cide products to use in hemp are available via the EPA online por-
tal.18 Canadian regulations prescribe testing for 96 pesticide
residues in C. sativa consumables.1 Although the regulation of
synthetic pesticides used in C. sativa remains unclear, it is known
that in seized and legal C. sativa products synthetic pesticide res-
idues are common.2,12,14,16,19–21

As a result of the use of nonregistered pesticides in several
countries, growers and consumers are confronted with unan-
swered questions around the potential presence of residues of
these pesticides and their impact on consumers.16 Therefore, it
would be helpful to growers and consumers alike to legalize the
use of appropriate pesticides, determine the potential metabo-
lites of these active substances, and set Good Agricultural Practice
on residue levels and maximum residue limits (MRL). Previous
investigations focused on the residue analysis of the active ingre-
dients (A.I.) and disregarded potential metabolites.19,22–24 There-
fore, we set out to determine novel technical methods to detect
the pesticide residues and C. sativa metabolites.16,25

An in vitro screening assay using plant cell cultures was applied
to test for the metabolic degradation of pesticides. It is known
that plant cell cultures of different plant species can be used to
elucidate the metabolic pathway of xenobiotics in plants.26–29

Thus, callus cultures of C. sativawere incubated with five different
pesticides: three fungicides (tebuconazole, metalaxyl-M and fen-
hexamid), one herbicide (flurtamone) and one miticide (spirodi-
clofen). Analyzing their metabolic degradation in in vitro
C. sativa callus cultures shows the metabolic capability of
C. sativa as well as a comparison against data from metabolism
guideline studies in typical crop plants. Callus cultures of Brassica
napus L. (B. napus, oilseed rape), Glycine max (L.) Merr. (soybean),
Zea mays L. (maize) and Triticum aestivum L. (wheat) were likewise
incubated with the same pesticides, in order to compare the
results with C. sativa callus cultures.
The applied pesticides are well-known substances with a com-

plete elucidated metabolic pathway (Supporting Information,
Table S1).30–34 They additionally are known to be detected as res-
idues in C. sativa.2,13,19,22–24,35 The three fungicides have different
modes of action in fungal cells: Tebuconazole hinders the 14-⊍
demethylase enzyme, consequently causing a stop of ergosterol
synthesis.36,37 Metalaxyl-M blocks the processing of ribosomal

RNA (rRNA) by stopping the polymerase I enzyme and fenhexa-
mid hinders the 3-keto reductase which is involved in the sterol
biosynthesis in fungi.38,39 The herbicide flurtamone inhibits carot-
enoid synthesis which results in a photodegradation of chloro-
phyll with bleaching properties in all plants.40 Moreover,
spirodiclofen blocks the acetyl-CoA-carboxylase in fatty acid
metabolism of arachnids and has an impact in all stages of their
development.41

In this study five pesticides were applied to C. sativa callus cul-
tures in order to investigate the qualitative and semiquantitative
metabolic degradation. The selected pesticides were applied for
21 days by using an in vitro application protocol described previ-
ously.42 A simultaneously conducted application of the same pes-
ticides in callus cultures of B. napus, G. max, Z. mays and
T. aestivum enabled a comparison against data from C. sativa to
check the similarity of the metabolic nature of possible residues.
Finally, the results were correlated with data known from reg-
ulatory guideline studies and literature for each pesticide in
crops.42

2 MATERIALS AND METHODS
2.1 Plant material
Cannabis sativa L. cv. Euphoria (Snorkel Spain SLU, Barcelona,
Spain) seeds were germinated and grown as a hydroculture on
Perlite® (granule size 0.5–5 mm). This cultivar was chosen as it is
a C. sativa plant with a 1:1 THC:CBD ratio which reaches medical
requirements for C. sativa. At long-day conditions (16 h:8 h,
light:dark) the temperature of the TU Technical University Dort-
mund growth chamber (PlantMaster®, CLF Plant Climatics GmbH,
Werting, Germany) was set to 25 °C with light intensity of
110 μM m−2 s−1 and humidity at 70%. Five weeks after germina-
tion a combination of three fertilizers was used. The concentration
of FloraGro, FloraMicro and FloraBloom (General Hydroponics
Europe, Fleurance, France) was set to 7 mL fertilizer/10 L water
(0.07% each). All studies with C. sativa were performed with per-
mission no. 4586416 issued by the Federal Institute for Drug and
Medical Devices (BfArM), Bonn, Germany.

2.2 Initiation of callus cultures and experimental setup of
in vitro cultures
Petiole surface sterilization of month-old C. sativa plants was per-
formed for 10min. After washing three times under aseptic condi-
tions, the petioles were cut into small pieces and transferred to
petri dishes containing phytohormones. The Murashige & Skoog
(MS) medium and all applied phytohormones were purchased at
PhytoTechnology Laboratories, Shawnee, KS, USA.43 Initiation
and maintenance of callus cultures took place on full-strength
MS medium 30 g L−1 sucrose and 8 g L−1 agar (both Carl Roth
GmbH + Co KG, Karlsruhe, Germany) with 1 mg L−1 NAA and
BAP. It took place three to four weeks after dissection from the tis-
sue. Initiation and maintainance of all crop plant callus cultures is
described in Hillebrands et al.42

Callus cultures of all plant species were grown in PlantMaster®
enclosure which contains BrightBoy® climate cabinets ( CLF Plant
Climatics GmbH) which generate long-day conditions of 16 h:8 h,
light:dark photoperiod at 25 °C, 50% humidity and
101 μM m−2 s−1 light intensity The ≤6-month-old callus cultures
were initiated, maintained and applied with selected pesticides
at TU Dortmund University, Germany.
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2.3 Experimental setup in vitro cultures
Powdered tebuconazole, metalaxyl-M, flurtamone and fenhexa-
mid had a purity >99% and were obtained from Bayer AG
(Monheim am Rhein, Germany) and were dissolved in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany). Powdered spirodiclofen (purity ≤100%; Sigma-Aldrich
Chemie GmbH) was dissolved in acetonitrile (ACN ≥99.9% gradi-
ent; Sigma-Aldrich Chemie GmbH). A stock solution of
10 mg mL−1 for each pesticide was stored at −20 °C. At the appli-
cation date [Day (D)0], a 10 μM application solution was produced
by adding the stock solution into the warm and liquid nutrition
media. Preliminary tests showed that 10μM was the most reliable
test concentration. In doing so even in complex biological matri-
ces it was possible to analytically detect themetabolites. Eachwell
of a 12-microwell plate was filled with 2.5 mL nutrition medium
and 0.66 g ± 0.2 g callus fresh weight (F.W.). All pesticidesmigrate
out of the nutrition medium into the plant callus culture by pas-
sive diffusion. The callus cultures in the microwell plates were
incubated for 21 days. Fresh growth index (FGI) estimation was
done with C. sativa callus cultures incubated for 21 days.44 Agar
without the influence of a callus culture served as a negative con-
trol and was extracted and analyzed after 21 days to estimate the
abiotic degradation or hydrolysis of the pesticide in the aqueous
nutrition media. A preliminary test showed that callus cultures
does not excrete any pesticide metabolites into the nutrition
media. The utilized biological control were callus cultures without
application of pesticides.

2.4 Sample preparation
Overall, 72 callus cultures for each plant species were represented
by 12 negative controls as well as callus cultures treated with pes-
ticide (tebuconazole, flurtamone, metalaxyl-M, fenhexamid and
spirodiclofen) with four replicates at three time points (D7, D14
and D21). Negative controls were 12 callus cultures without any
pesticide application represented four replicates after 7, 14 or
21 days respectively. Control and sample callus cultures were
treated at the same time. The entire callus from each well was
carefully removed from the agar and extracted with a mixture of
acetonitrile and water (4:1, v/v, 2mL g−1 F.W.). The extraction took
place three times, each cycle was 20 s long at 10 000 rpm in a tis-
sue homogenizer (Precellys Evolution®; Bertin Technologies,
Montigny-le Bretonneux, France). After centrifugation and filtra-
tion of the combined extraction solution with a PTFE-Chromafil®
syringe filter, the supernatant was analyzed by high-performance
liquid chromatography - high resolution mass spectrometry
(HPLC-HRMS).

2.5 HPLC-HRMS and –MS/MS analysis
All measurements were conducted as described in Hillebrands
et al.42 Additionally, the used HPLC–HRMS method is described
in the supporting information.

2.6 Data analysis
Identification took place by retention time (RT), accuratemass and
fragmentation pattern of LC-HRMS/MS measurements. In a sec-
ond step all MS data were verified by available regulatory guide-
line studies on the metabolic degradation of fenhexamid,
flurtamone, metalaxyl-M, spirodiclofen and tebuconazole in crop
plants.30–34 The application of a software tool (Compound Discov-
erer®; ThermoFisher Scientific, Bremen, Germany) gave a list ofm/
z values, but as a consequence of a considerable number of false-
positive results the data had to be checked manually. Each

interesting value, described by the software, was verified concern-
ing RT, peak form and signal heights in the chromatogram, kinetic
behavior over the 21 days, and the proposed sum formula aligned
with the molecular structure and formula.
A.I. intensities were analyzed statistically by an unpaired t-test

by assessing the normal distribution at P > 0.05. Error bars repre-
sented the standard error SE;SE=⊞=

ffiffiffi

n
pð ). All detected metabo-

lites were confirmed in the negative controls. The nonexistence
of any metabolite in this control was taken to mean metabolism
by the callus in the in vitro assay. Because of abiotic degradation
processes, metabolites of the tested pesticides could be
observed; however, they were neglected if their detected signal
in the negative control was <20% comparing to their signal in
the callus extract. As a consequence, the metabolites recorded
were considered to be true plant metabolites.

3 RESULTS
3.1 Initiation of Cannabis sativa L. callus cultures
The vegetative growth stage of unfolded cotyledons was reached
after one [Fig. 1(A)] and the totally unfolded first and second leaf
pair after two four-week periods [Fig. 1(B) and (C)].45 A few
months later the C. sativa plant was big enough to cut several
petioles and induce the callus growth. After four weeks, the callus
tissue was dissected from the initial plant material [Fig. 1(D)].
Finally, incubation with 10 μM of the applied pesticides started
10–12 weeks after germination of the C. sativa seeds [Fig. 1(E)].
At D7, D14 and D21 four replicates of the C. sativa callus cultures
were harvested, weighed, stored at −20 °C, stepwise extracted
and analyzed by HPLC-HRMS.

3.2 Vitality check in Cannabis sativa L. callus cultures
incubated with pesticides
The 21 days F.W. development of all C. sativa callus cultures is an
important vitality verification. Callus cultures without any pesti-
cide application served as a negative control and indicated the

Figure 1. Development of C. sativa L. cv. Euphoria seedlings at D7 (A),
D14 (B) and D21 (C). Callus induction (D) and incubation with pesticides
in a well plate (E).
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growth of unaffected callus. All incubated callus cultures
showed an increase in F.W. (Fig. 2). Each value was represented
by four replicates with a slight distribution of the mean varia-
tion. Starting at an average F.W. of 0.39 g (± 0.17 g), C. sativa
callus cultures increased up to 1.01 g (± 0.47 g). The fresh
growth index (FGI) showed the F.W. increase over 21 days.
Callus cultures incubated without the addition of pesticide
achieve a FGI of 1.65 (± 0.14; Table S3). This is in between the
mean FGIs analyzed from the incubations with metalaxyl-M
(FGI = 1.88 ± 0.39), tebuconazole (FGI = 1.85 ± 0.23), fenhexa-
mid (FGI = 1.70 ± 0.68) and spirodiclofen (FGI = 1.57 ± 0.30)
(Table S3). By contrast with the others, the incubation with her-
bicide flurtamone revealed a lower final F.W. of callus cultures
(Fig. 2). The depicted flat growth curve was specified by an
FGI of 0.96 (± 0.30) (Table S3) and the herbicidal properties
(bleaching) of flurtamone in C. sativa callus cultures after
14 days (Fig. S1).
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Figure 3. Degradation of pesticides and formation of their main metabolites in C. sativa L. callus cultures: tebuconazole (A), metalaxyl-M (B), fenhexamid
(C), flurtamone (D) and spirodiclofen (E) at D7, D14 and D21. Each sampling point is represented by four individual callus cultures (n= 4; bars represent SE;
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3.3 Pesticide residues occurring in Cannabis sativa L.
callus culture extracts
The first important aspect was the uptake of each A.I. in the intra-
cellular compartments of the callus by supposed passive diffu-
sion. Although tebuconazole [Fig. 3(A)], metalaxyl-M [Fig. 3(B)]
and flurtamone [Fig. 3(D)] showed high signal intensities, fenhex-
amid [Fig. 3(C)] and spirodiclofen [Fig. 3(E)] remained at low levels.
The intensities of tebuconazole and metalaxyl-M continued on
these high levels over the 21-day incubation period. By contrast
with that, flurtamone intensity decreased within the same period
[Fig. 3(D)], with a final intensity of ≈50% of the detected intensity
after the first week. In comparison, fenhexamid and spirodiclofen
showed the same declining effect at a lower level. Looking at the
main metabolite of the applied A.I., different kinetic behaviors
were seen. The phase I metabolite hydroxy-tebuconazole
increased intensity continuously over the whole time period
[Fig. 3(A)]. By contrast with that, hydroxy-metalaxyl-M obtained
its highest amount at D7 [Fig. 3(B)] and the hydroxy-enol of spiro-
diclofen at D14 [Fig. 3(E)]. The main metabolites of fenhexamid
and flurtamone were phase III products whereby the A.I. was
hydroxylated with additional glycosylation and conjugation of
malonic acid. The malonyl-glucoside of flurtamone registered a
continuous increase whereas its counterpart of fenhexamid

decreased [Fig. 3(D)]. The main metabolite of fenhexamid yielded
its highest abundance after the first week and remained on a con-
stant lower level after the second and third week [Fig. 3(C)].
The selected ion chromatograms of flurtamone [Fig. 4(A)–(C)]

and tebuconazole [Fig. 5(A)–(C)] exhibited both main and some
minor metabolites. At D21, flurtamone [Fig. 4(C))], showed a
three-fold reduction in abundance comparing to the D7 culture
[Fig. 4(A)]. However, tebuconazole underwent a slight decrease
in abundance in the HPLC-HRMS measurements at D21 [(Fig. 5
(A)–(C)]. The parent A.I. of flurtamone and tebuconazole was the
major residue in C. sativa callus cultures. For flurtamone at D7,
hydroxy-flurtamone (F1) and desmethyl-flurtamone (F2) as phase
I metabolites defined the first initial metabolic degradation steps
[Fig. 4(A)]. At D14, these two metabolites remained the major
metabolites [Fig. 4(B)]. At D21, three additional metabolites were
found: F3, the hydroxy-flurtamone-glucoside, and F4 and F5,
two isomers of the glucoside after malonic acid conjugation
[Fig. 4(C)]. At D21, F1 and F4 were found to be the main metabo-
lites each occurring at a similar concentrations.
Selected ion chromatograms of tebuconazole at D7, D14 and

D21 outlined seven metabolites [Fig. 5(A)–(C); T1–T7]. T1–T3 were
phase II and III conjugates of hydroxy-tebuconazole with glucose
(T1) and additionally two isomers of the malonic acid conjugates

Figure 4. Selected ion chromatograms of HRLC-HRMS measurements of
flurtamone in C. sativa L. callus culture extracts at D7 (A), D14 (B) and
D21 (C).

Figure 5. Selected ion chromatograms of HR LC-HRMS measurements of
tebuconazole in C. sativa L. callus culture extracts at D7 (A), D14 (B) and
D21 (C).
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Table 1. Overview of detected metabolites for fenhexamid, metalaxyl-M, tebuconazole, flurtamone and spirodiclofen found in in vitro callus cul-
tures incubation experiments of C. sativa L., B. napus L., G. max (L.) Merr., Z. mays L. and T. aestivum L. after 21 days

Molecular
formula Mass† Metabolic transformation OSR SOY MAZ WHT HEM

Fenhexamid C14H17Cl2NO2 302.0706 (−) ✓ ✓ ✓ ✓ ✓

Hydroxy-fenhexamid (isomer 1) C14H17Cl2NO3 318.0655 Oxidation ✓ ✓ ✓ ✓ ✓

Hydroxy-fenhexamid (isomer 2) C14H17Cl2NO3 318.0655 Oxidation ✓ ✓ ✓ ✓ ✓

Hydroxy-fenhexamid (isomer 3) C14H17Cl2NO3 318.0655 Oxidation ✓ ✓ ✓ ✓ ✓

Hydroxy-fenhexamid (isomer 4) C14H17Cl2NO3 318.0655 Oxidation ✓ ✓ n.d. ✓ ✓

Fenhexamid-glucoside C20H27Cl2NO7 464.1233 Glycosylation n.d. ✓ n.d. n.d. n.d.
Malonyl-glucoside of fenhexamid
(isomer 1)

C23H29Cl2NO10 550.1237 Glycosylation and malonic
acid conjugation

n.d. ✓ n.d. ✓ ✓

Malonyl-glucoside of fenhexamid
(isomer 2)

C23H29Cl2NO10 550.1237 Glycosylation and malonic
acid conjugation

n.d. n.d. n.d. n.d. ✓

Metalaxyl-M C15H21NO4 280.1539 (−) ✓ ✓ ✓ ✓ ✓

Hydroxy-metalaxyl-M (isomer 1) C15H21NO5 296.1488 Oxidation n.d. n.d. n.d. ✓ n.d.
Hydroxy-metalaxyl-M (isomer 2) C15H21NO5 296.1488 Oxidation n.d. ✓ n.d. ✓ ✓

hydroxy-metalaxyl-M (isomer 3) C15H21NO5 296.1488 Oxidation n.d. ✓ ✓ ✓ ✓

Hydroxy-metalaxyl-M (isomer 4) C15H21NO5 296.1488 Oxidation ✓ ✓ ✓ ✓ ✓

Desmethyl-metalaxyl-M (isomer 1) C14H19NO4 266.1383 Demethylation n.d. ✓ ✓ ✓ n.d.
Desmethyl-metalaxyl-M (isomer 2) C14H19NO4 266.1383 Demethylation ✓ n.d. ✓ ✓ ✓

Desmethyl-metalaxyl-M (isomer 3) C14H19NO4 266.1383 Demethylation ✓ ✓ ✓ ✓ ✓

Desmethyl-metalaxyl-M (isomer 4) C14H19NO4 266.1383 Demethylation ✓ ✓ ✓ ✓ ✓

Desmethyl-metalaxyl-M (isomer 5) C14H19NO4 266.1383 Demethylation ✓ ✓ ✓ ✓ n.d.
Desethyl-metalaxyl-M C13H17NO4 252.1227 Demethylation, demethylation ✓ ✓ ✓ ✓ ✓

Hydroxy-desmethyl-metalaxyl-M
(isomer 1)

C14H19NO5 282.1333 Oxidation, demethylation ✓ n.d. ✓ ✓ ✓

Hydroxy-desmethyl-metalaxyl-M
(isomer 2)

C14H19NO5 282.1333 Oxidation, demethylation ✓ ✓ n.d. n.d. n.d.

Hydroxy-metalaxyl-M-glucoside
(isomer 1)

C21H31NO10 458.2016 Oxidation, glycosylation n.d. ✓ n.d. ✓ n.d.

Hydroxy-metalaxyl-M-glucoside
(isomer 2)

C21H31NO10 458.2016 Oxidation, glycosylation ✓ ✓ n.d. ✓ ✓

Hydroxy-metalaxyl-M-glucoside
(isomer 3)

C21H31NO10 458.2016 Oxidation, glycosylation ✓ ✓ ✓ ✓ n.d.

Desmethyl-metalaxyl-M-glucoside C20H29NO9 428.1912 Demethylation, glycosylation ✓ n.d. n.d. n.d. n.d.
Tebuconazole C16H22ClN3O 308.1508 (−) ✓ ✓ ✓ ✓ ✓

Keto-tebuconazole (isomer 1) C16H20ClN3O2 322.1299 Oxidation, desaturation n.d. n.d. ✓ n.d. ✓

Keto-tebuconazole (isomer 2) C16H20ClN3O2 322.1299 Oxidation, desaturation n.d. n.d. n.d. n.d. ✓

Keto-tebuconazole (isomer 3) C16H20ClN3O2 322.1299 Oxidation, desaturation ✓ ✓ ✓ ✓ ✓

Hydroxy-tebuconazole (isomer 1) C16H22ClN3O2 324.1457 Oxidation ✓ ✓ ✓ ✓ ✓

Hydroxy-tebuconazole (isomer 2) C16H22ClN3O2 324.1457 Oxidation ✓ ✓ ✓ ✓ ✓

Hydroxy-tebuconazole (isomer 3) C16H22ClN3O2 324.1457 Oxidation ✓ ✓ ✓ ✓ ✓

Hydroxy-tebuconazole (isomer 4) C16H22ClN3O2 324.1457 Oxidation ✓ ✓ ✓ ✓ ✓

Dihydroxy-tebuconazole C16H22ClN3O3 340.1420 Oxidation, oxidation n.d. n.d. ✓ ✓ n.d.
Tebuconazole-glucoside C22H32ClN3O6 470.2051 Glycosylation ✓ ✓ ✓ ✓ n.d.
Hydroxy-tebuconazole-glucoside
(isomer 1)

C22H32ClN3O7 486.1998 Oxidation, glycosylation n.d. ✓ ✓ ✓ ✓

Hydroxy-tebuconazole-glucoside
(isomer 2)

C22H32ClN3O7 486.1998 Oxidation, glycosylation ✓ ✓ ✓ ✓ ✓

Hydroxy-tebuconazole-glucoside
(isomer 3)

C22H32ClN3O7 486.1998 Oxidation, glycosylation n.d. n.d. n.d. n.d. ✓

Malonyl-glucoside of tebuconazole
(isomer 1)

C25H34ClN3O10 572.2004 Oxidation, glycosylation
and malonic acid
conjugation

✓ ✓ ✓ ✓ ✓

Malonyl-glucoside of tebuconazole
(isomer 2)

C25H34ClN3O10 572.2004 Oxidation, glycosylation
and malonic acid
conjugation

✓ ✓ ✓ ✓ ✓
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Table 1. Continued

Molecular
formula Mass† Metabolic transformation OSR SOY MAZ WHT HEM

Malonyl-glucoside of tebuconazole
(isomer 3)

C25H34ClN3O10 572.2004 Oxidation, glycosylation
and malonic acid
conjugation

n.d. n.d. n.d. n.d. ✓

Malonyl-glucoside of tebuconazole
(isomer 4)

C25H34ClN3O10 572.2004 Oxidation, glycosylation
and malonic acid
conjugation

n.d. n.d. n.d. n.d. ✓

Flurtamone C18H14F3NO2 334.1056 (−) ✓ ✓ ✓ ✓ ✓

Hydroxy-flurtamone (isomer 1) C18H14F3NO3 350.1007 Oxidation ✓ ✓ ✓ ✓ ✓

Hydroxy-flurtamone (isomer 2) C18H14F3NO3 350.1007 Oxidation ✓ ✓ ✓ ✓ ✓

Hydroxy-flurtamone (isomer 3) C18H14F3NO3 350.1007 Oxidation n.d. ✓ ✓ ✓ ✓

Hydroxy-flurtamone-glucoside
(isomer 1)

C24H24F3NO8 512.1544 Oxidation, glycosylation ✓ n.d. ✓ ✓ ✓

Hydroxy-flurtamone-glucoside
(isomer 2)

C24H24F3NO8 512.1544 Oxidation, glycosylation ✓ ✓ ✓ ✓ n.d.

Hydroxy-flurtamone-glucoside
(isomer 3)

C24H24F3NO8 512.1544 Oxidation, glycosylation n.d. n.d. ✓ ✓ n.d.

Malonyl-glucoside of flurtamone
(isomer 1)

C27H26F3NO11 598.1547 Oxidation, glycosylation
and malonic acid
conjugation

✓ ✓ ✓ ✓ ✓

Malonyl-glucoside of flurtamone
(isomer 2)

C27H26F3NO11 598.1547 Oxidation, glycosylation
and malonic acid
conjugation

n.d. n.d. n.d. n.d. ✓

N-desmethyl-flurtamone C17H12F3NO2 320.0902 Demethylation ✓ ✓ ✓ ✓ ✓

Hydroxy-N-desmethyl-flurtamone
(isomer 1)

C17H12F3NO3 336.0853 Demethylation, oxidation ✓ ✓ ✓ ✓ ✓

Hydroxy-N-desmethyl-flurtamone
(isomer 2)

C17H12F3NO3 336.0853 Demethylation, oxidation n.d. n.d. n.d. ✓ n.d.

Flurtamone-trifluoromethyl-N-methyl-
mandelamide

C10H10F3NO2 234.0743 Hydrolysis and cleavage of
the furan moiety, oxidation

✓ ✓ ✓ ✓ ✓

Flurtamone-3-trifluroromethyl-benzoic
acid (TFMBA)‡

C8H5F3O2 189.0166‡ Hydrolysis and cleavage of the
furan moiety, oxidation,
dissociation dimethylamine

✓ ✓ ✓ ✓ n.d.

Flurtamone-trifluoromethyl-N-methyl-
phenylacetamide

C10H10F3NO 218.0793 Hydrolysis and cleavage
of the furan moiety

✓ ✓ ✓ ✓ ✓

Spirodiclofen C21H24Cl2O4 411.1130 (−) ✓ ✓ ✓ ✓ ✓

Hydroxy-spirodiclofen-enol (isomer 1)‡ C15H14Cl2O4 327.0196‡ Cleavage of ester bond,
oxidation

✓ ✓ ✓ n.d. ✓

Hydroxy-spirodiclofen-enol (isomer 2)‡ C15H14Cl2O4 327.0196‡ Cleavage of ester bond,
oxidation

✓ ✓ ✓ ✓ ✓

Hydroxy-spirodiclofen-enol (isomer 3)‡ C15H14Cl2O4 327.0196‡ Cleavage of ester bond,
oxidation

✓ ✓ ✓ ✓ ✓

Spirodiclofen-enol‡ C15H14Cl2O3 311.0247‡ Cleavage of ester bond ✓ ✓ ✓ ✓ ✓

Keto-hydroxy-spirodiclofen-enol‡ C15H12Cl2O4 325.0037‡ Cleavage of ester bond,
oxidation, desaturation

n.d. ✓ ✓ ✓ ✓

Dihydroxy-spirodiclofen-enol (isomer 1)‡ C15H14Cl2O5 343.0146‡ Cleavage of ester bond,
oxidation, oxidation

n.d. ✓ n.d. n.d. n.d.

Dihydroxy-spirodiclofen-enol (isomer 2)‡ C15H14Cl2O5 343.0146‡ Cleavage of ester bond,
oxidation, oxidation

n.d. ✓ n.d. n.d. ✓

Dihydroxy-spirodiclofen-enol (isomer 3)‡ C15H14Cl2O5 343.0146‡ Cleavage of ester bond,
oxidation, oxidation

✓ ✓ ✓ ✓ ✓

Dihydroxy-spirodiclofen-enol (isomer 4)‡ C15H14Cl2O5 343.0146‡ Cleavage of ester bond,
oxidation, oxidation

n.d. n.d. n.d. n.d. ✓

Dihydroxy-spirodiclofen-enol (isomer 5)‡ C15H14Cl2O5 343.0146‡ Cleavage of ester bond,
oxidation, oxidation

n.d. n.d. n.d. n.d. ✓

Hydroxy-spirodiclofen-enol-glucoside
(isomer 1)‡

C21H24Cl2O9 489.0723‡ Cleavage of ester bond,
oxidation, glycosylation

✓ n.d. ✓ n.d. n.d.
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(T2 and T3). T4–T6 were three isomers of hydroxy-tebuconazole
with M4 as the main metabolite [Fig. 5(A)–(C)]. The ratio between
T4 as main metabolite and all other identified metabolites (T1–T3
and T5–T7) varied amongst the three time points. Although T4
was the major metabolite at D7 and D14, at D21 the intensity
was similar to the other six metabolites, although T4 was still ris-
ing. Overall, the tebuconazole metabolites were all detectable at
D7, whereas the intensities of flurtamone metabolites increased
in intensity within the 21-day incubation period. Like flurtamone,
fenhexamid metabolites increased within the 21-day incubation
(Fig. S2). By contrast metalaxyl-M and spirodiclofen metabolites
were detectable at the first sampling point (D7) (Figs S3 and S4).
All flurtamone, tebuconazole, fenhexamid, metalaxyl-M and spiro-
diclofen metabolites could be arranged in a metabolic pathway
(Figs S5–S9). All indicated molecular structures in Figs S5–S9 as
described in regulatory guideline studies were identified by
HPLC-HRMS and nuclear magnetic resonance (NMR) technology.

3.4 Qualitative comparison of metabolites between
Cannabis sativa L. and crop plants
The examined A.I. were five chemical substances with knownmet-
abolic properties in crop plants as well as callus cultures of
B. napus, G. max, Z. mays and T. aestivum (Table 1). The metabolic
behavior of these A.I. in C. sativa was compared to that of the
same A.I. in the crop plants. Table 1 shows the A.I. andmetabolites
identified for each crop plant as well as C. sativa. Fenhexamid
exhibited five in-common, one C. sativa- and one crop-specific
metabolite. Metalaxyl-M was degraded into 16 metabolites with

nine in-common, seven crop- and no C. sativa-specific metabolite.
Tebuconazole exhibited 16 metabolites, ten of which were in-
common between crop plants and C. sativa, four C. sativa- and
two crop-specific. For flurtamone 14 metabolites were detected,
nine in-common, four crop- and one C. sativa-specific. The miti-
cide spirodiclofen was degraded into 11 in-common, four crop-
and three C. sativa-specific metabolites.
Tables S4 and S5 describe the metabolic degradation in C. sativa

and the four crop plants. The main residue of flurtamone [Fig. 4(C)],
tebuconazole [Fig. 4(F)] and metalaxyl-M [Fig. S3(C)] in C. sativa and
crop plant callus cultures was the A.I. itself. By contrast with these
results, the malonyl-glucose conjugate of hydroxy-fenhexamid
[Fig. S2(C); Fe2] and the desaturated spirodiclofen-enol [Figs S4(C);
S5] define the main residues in C. sativa. Comparable results were
exhibited by B. napus, G. max, Z. mays and T. aestivum, because
tebuconazole, flurtamone and metalaxyl-M remained the main
residue in these crops. For spirodiclofen, various phase I metabo-
lites defined the main in vitro residues in all plant species
(Table S4).
For all plant species incubated with an A.I., the main metabolic

processes were identified (Table S5). Tebuconazole in B. napus,
G. max., Z. mays and C. sativa the main metabolite was hydroxy-
tebuconazole, whereas in T. aestivum the metabolization reached
the final phase III. For all used crop plants flurtamone defined
phase I metabolite as its main metabolites. C. sativa callus cultures
metabolize flurtamone to its malonyl-flurtamone-glucoside.
B. napus and Z. mays exhibited the main metabolites in the first
phase of metabolic degradation of fenhexamid, whereas

Table 1. Continued

Molecular
formula Mass† Metabolic transformation OSR SOY MAZ WHT HEM

Hydroxy-spirodiclofen-enol-glucoside
(isomer 2)‡

C21H24Cl2O9 489.0723‡ Cleavage of ester bond,
oxidation, glycosylation

✓ ✓ ✓ ✓ ✓

Keto-dihydroxy-spirodiclofen-enol
(isomer 1)‡

C15H12Cl2O5 340.9991‡ Cleavage of ester bond,
oxidation, oxidation,
desaturation

n.d. n.d. ✓ ✓ n.d.

Keto-dihydroxy-spirodiclofen-enol
(isomer 1)‡

C15H12Cl2O5 340.9991‡ Cleavage of ester bond,
oxidation, oxidation,
desaturation

n.d. n.d. ✓ ✓ ✓

Keto-dihydroxy-spirodiclofen-enol
(isomer 1)‡

C15H12Cl2O5 340.9991‡ Cleavage of ester bond,
oxidation,
oxidation, desaturation

n.d. n.d. ✓ ✓ ✓

Keto-dihydroxy-spirodiclofen-enol
(isomer 1)‡

C15H12Cl2O5 340.9991‡ Cleavage of ester bond,
oxidation,
oxidation, desaturation

n.d. n.d. n.d. n.d. ✓

2,4-dichloro-mandelic acid‡ C8H6Cl2O3 218.9615‡ Cleavage of ester bond,
cleavage of
acid ring structure, further
degradation

✓ ✓ ✓ ✓ ✓

2,4-dichloro-mandelic acid glucoside‡ C14H16Cl2O8 381.0146‡ Cleavage of ester bond,
cleavage of
acid ring structure, further
degradation, glycosylation

n.d. n.d. n.d. ✓ n.d.

OSR (oilseed rape), B. napus L.; SOY (soybean), G. max (L.) Merr.; MAZ (maize), Z. mays L.; WHT (wheat), T. aestivum L.; HEM (hemp), C. sativa L.; n.d., not
detected; ✓, detected; (−), no metabolic transformation.
† Selected ion mass ([M + H]+).
‡ Selected ion mass ([M−H]−).
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G. max., T. aestivum and C. sativametabolized to phase III conjuga-
tion product. Moreover, hydroxy-metalaxyl-M was the main
metabolite in B. napus, Z. mays, T. aestivum and C. sativa. Here only
G. max demethylated metalaxyl-M mainly. Summarizing, all plant
species showed phase I metabolite of spirodiclofen as their main
metabolites. In general, the additional metabolites that were
detected in C. sativa are metabolites that represent no newmeta-
bolic pathways.

4 DISCUSSION
4.1 Vitality of Cannabis sativa L. callus cultures
Addition of the fungicides, tebuconazole, fenhexamid and
metalaxyl-M, as well as the miticide spirodiclofen did not influ-
ence callus growth of C. sativa (Fig. 2 and Table S3). The observed
growth curve and the occurred FGI confirmed this result. The
C. sativa callus cultures incubated with these four A.I. and the neg-
ative controls, without the use of any A.I., showed a good vitality.
As expected, flurtamone as a herbicide had a negative impact on
the growth of C. sativa callus cultures (Figs 2 and S2). From this
observation we can state that flurtamone interfered with photo-
synthesis by inhibiting carotenoid synthesis, even in callus cul-
tures (Fig. S1). We suppose that chlorophyll in these callus
cultures was photodegraded which had a negative effect on the
callus F.W. increase compared to the controls without added pes-
ticides. None of the applied A.I. caused a detectable increase in
F.W. A narrow distribution of the mean variations indicated reli-
able and high-quality data concerning callus vitality.46

4.2 In vitro metabolic degradation of selected pesticides
in Cannabis sativa L.
Production of C. sativa plants could be improved by pesticide
application, particularly insecticides and fungicides. The Canadian
regulation prescribes testing for 96 pesticides which includes two
of the fungicides selected in this study, metalaxyl-M and tebuco-
nazole, as well as the miticide spirodiclofen.24 The use of these
A.I. have been confirmed by analysis of derived products.2,14,19–
21 Although the authorities recommend testing for the parent
A.I., we show that for the A.I.s used in these studies, in particular
spirodiclofen, testing for metabolites also is important. For all
investigated plant species, phase I metabolites of spirodiclofen
defined the main residue found at D21 [Table 1; Fig. 3(E)]. Because
in this case metabolites were the main residue, the exposure of
consumers to these residues will be of high importance when
compounds such as spirodiclofen are used.
The detected intensity of an A.I. was able to describe its bioavail-

ability or enable speculations concerning its metabolic degrada-
tion rate. Although tebuconazole, metalaxyl-M and flurtamone
were detected with high intensities, fenhexamid and spirodiclo-
fen were not (Fig. 3). Several reasons could be responsible for
these observations: inefficient uptake of fenhexamid and spirodi-
clofen, their fast metabolic degradation (e.g. prodrug), or a lack of
MS sensitivity resulting from negative matrix effects.
Cannabis sativa has a high matrix load which can restrict HPLC-

HRMS analysis.1 Sample preparation or dilution of plant extracts
with a high matrix load reduces chromatographic obstructions
but also could decrease the qualitative detection of minor metab-
olites at the limit of detection. However, matrix effects or changes
in matrix components within one plant species after D7, D14 and
D21 generally were disregarded during the presented analytical
investigations. It should be kept in mind that our model study

neglected soil or leaf uptake and translocation in the plant. There-
fore, our results allow no conclusions on the absolute quantities of
pesticide residues, but do constitute a first description of their
metabolic capabilities in in vitro C. sativa callus cultures.
Ionization of small molecules by MS depends on different

aspects: their chemical structure is decisive for their capability to
become ionized by protonation or deprotonation, and simulta-
neously eluted matrix components can bias ion detection in the
mass detector.
Therefore, a semiquantitative comparison by means of integra-

tion between A.I. and their metabolites in different plant species
was not done. As a result of different matrix effects in different
plant species, the ionization of the A.I. and its metabolites could
vary enormously.
The uptake of an A.I. into the plant cell of a callus is dependent

on different chemical and physical properties.47,48 For example,
spirodiclofen has a water solubility of 0.05 mg L−1, so in compar-
ison to tebuconazole with 32.0mg L−1, the solubility of spirodiclo-
fen could be lower, which could result in lower uptake by the
callus.49 The constant high intensities of tebuconazole and
metalaxyl-M imply a high uptake of the A.I. in the C. sativa callus
cultures.
The dose–response relationship of spirodiclofen is important

for its miticidal activity, whereas its leaf uptake, translocation
and metabolic behavior in plants is relevant for consumer risk
assessment. Therefore, sometimes a fast metabolic degradation
within crop plants is desirable to minimize its exposure to
consumers. For spirodiclofen the successful identification of
unspecified metabolites in metabolism guideline studies was
possible. The desaturation of hydroxy-spirodiclofen-enol to
keto-hydroxy-spirodiclofen-enol as well as the oxidation of
hydroxy-spirodiclofen-enol to its dihydroxy and the glycosyla-
tion to hydroxy-spirodiclofen-enol-glucoside were not described
in the metabolic guideline studies. This circumstance probably
was caused by following regulatory guidelines where metabolites
exceeding the defined 10% threshold of the total radioactive res-
idue (TRR) were subject to a complete clarification of the chemical
structure, whereas signals below this 10% limit were not consid-
ered further.50,51 However, within this study no limits were
applied, so all minor metabolites were noted.
The trend of decline over time for phase I metabolites could be

explained by the increase of phase II metabolite. For example,
hydroxy-metalaxyl-M was further glycosylated to hydroxy-meta-
laxyl-M-glucoside [Fig. 3(B)]. The same effect was exhibited for
spirodiclofen-enol which is further hydroxylated and conjugated
by glucose. However, despite the further metabolization of
hydroxy-tebuconazole to the glucose and malonic acid conju-
gate, its intensity increased in C. sativa by D21. Oxidation of tebu-
conazole by P450-monooxygenases probably compensated for
the loss of hydroxy-tebuconazole by conjugation in C. sativa
[Fig. 3(A)]. Nevertheless, phase II and III metabolites of tebucona-
zole were detectable in the extract.
The decrease of the fenhexamid malonyl-glucose conjugate

was not explainable [Fig. 3(C)]. It was clearly seen in eight callus
cultures at two different time points, and thus is a true observa-
tion. Different reasons could be excluded: for example, it is not a
consequence of poor vitality conditions of the callus cultures
because they continued to grow and gain in F.W. over the whole
21-day culture period. A further metabolization of the phase III
metabolites seems illogical, so this remains a question to be
followed up.
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4.3 Qualitative comparison of metabolites between
Cannabis sativa L. and crop plants
Hillebrands et al.42 showed that in vitro callus cultures can be used
to demonstrate the metabolic degradation of selected pesticides
in plants. Conducting in vitro experiments in C. sativa and crop
plants offered the possibility to compare all plant species and to
start to understand the xenobiotic metabolism capabilities of
C. sativa. Table 1 gives the overview about the qualitative compar-
ison between C. sativa and the crop plants: B. napus, G. max,
Z. mays and T. aestivum. From the list of all metabolites it is apparent
that in most cases C. sativa executed the same metabolic steps but
often showed a greater variety in isomers of metabolites produced.
For example, spirodiclofen was oxidized by crop plants into maxi-
mum three different dihydroxy-spirodiclofen-enol isomers, yet
C. sativa produced four different isomers of the same oxidation
(Table 1). After grouping of all isomers of onemetabolic degradation
step, the resulting pathways gave the same main degradation strat-
egies in all of the examined plant species. Metabolic degradation of
the same selected pesticides was done in another C. sativa hydro-
ponic in planta experiment.52 Again it was possible to both extract
and analyze known metabolites; the in planta C. sativa results sup-
port the in vitro results presented herein.
Metabolism guideline studies using 14C labeled pesticides, often

identified the parent A.I. as the main residue.30–34 For example,
the main residues of flurtamone in T. aestivum forage was the
A.I. with ≤92% of TRR.34 The A.I. of tebuconazole, flurtamone
and metalaxyl-M in all crop plants including C. sativa as well as
fenhexamid in B. napus and Z. mays, defined the main residue.
By contrast, for fenhexamid in G. max, T. aestivum and C. sativa,
and for spirodiclofen in all used plant species, metabolites of the
parent A.I. were detected as the major constituent in residue
(Table S4). Fenhexamid was degraded by oxidation with conjuga-
tion of glucose and malonic acid, whereas spirodiclofen mainly
was metabolized to phase I metabolites.
In Table S5 the majority of all detected main metabolites were

phase I degradation products: oxidations, demethylations or cleav-
age of ester bonds. This is consistent with other reports on the met-
abolic degradation of xenobiotics in plant cell cultures.53,54

This study demonstrated the presence of a broad spectrum of
metabolites in C. sativa callus cultures. Especially for fenhexamid
and spirodiclofen, metabolites described the main residue.
Because it is known from literature that pesticide residues remain
in the smoke of C. sativa and their concentrations can be up to
ten-fold higher in C. sativa consumables in comparison to flower-
ing heads as a result of processing of the raw agricultural com-
modities, their investigation, as well as appropriate residue and
processing studies are important aspects for consumer safety.55,56

Although information on the operator exposure to these chemi-
cals can be expected to be similar to other crops grown in compa-
rable circumstances, it will be important to investigate the
potential exposure of workers who may manually harvest and
process the commodities.2

5 CONCLUSIONS
The successful initiation and maintainance of C. sativa callus cul-
tures enabled us to study the metabolic degradation of selected
pesticides. Their degradation is comparable to their that in crop
plant callus cultures and metabolism guideline data. This aspect
is under-represented in most publications discussing the effect
of contamination, especially pesticides, in C. sativa products. The
presented assay is capable of qualitatively identifying plant

metabolites and characterizing their semiquantitative behavior
in C. sativa. Because it is known that metabolites are compounds
of toxicological concern, this assay is able to identify possible
metabolites in a first step.
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