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Abstract
In addition to competition, phytotoxic plant metabolites contribute to the weed-suppressing properties of cover crops,
which could be the basis for the development of novel bioherbicides. We investigated the impact of five Cannabis sativa L.
-derived neutral phytocannabinoids and an aqueous C. sativa tissue extract (HE) at six concentrations on the germination
rate (GR) and seedling root length (RL) of Zea mays L., two monocotyledonous and two dicotyledonous weed species
in laboratory Petri dish bioassays. Additionally, the effect of pre-emergence applications of HE, cannabidiol (CBD), and
cannabidivarin (CBDV) formulations on GR and shoot dry matter (SDM) were examined in greenhouse pot studies. The
effects of phytocannabinoids and HE were analyzed in dose-response curves. For the highest rates, the effects on GR, RL
and SDM were calculated by ANOVA and HSD test (p< 0.05). HE exhibited the greatest suppression on GR and RL for all
plant species in the Petri dish bioassay, with RGR, RL exceeding –90%. Phytocannabinoids reduced mainly RL of all plants
and decreased the GR of most weed species. Effects varied among plants and phytocannabinoids, with CBDV and CBD
showing similar high inhibitory effects on RL as HE in the Petri dish bioassay. All pre-emergence applications resulted
in a positive RGR across all studied plants and in a positive RSDM in Z. mays and Echinochloa crus-galli (L.) P. Beauv,
whereas in the other weed species the RSDM was negative. In conclusion, phytocannabinoids play a major role in weed
suppression of HEs. CBDV and CBD are the most promising candidates for bioherbicide development especially against
annual dicotyledonous weed species.

Keywords Neutral phytocannabinoids · Aqueous Cannabis sativa tissue extracts · Bioherbicide · Petri dish bioassay ·
Pre-emergence application

Introduction

Hemp (Cannabis sativa L.) has a strong ability to suppress
weeds by competition and allelopathy (Bouloc et al. 2013;
Osipitan et al. 2019). Cover cropping with C. sativa can be
a successful tactic in integrated weed management and of-
fering numerous benefits for sustainable cropping systems
(Sturm et al. 2018). These benefits include the reduction
of soil erosion and nitrate leaching (Weinert et al. 2002;
Hartwig and Ammon 2002), enhancement of soil fertility,
improvement of soil structure, stimulation of microbiolog-
ical activity, promotion of biodiversity (Wilson et al. 1982;
Mendes et al. 1999), and suppression of weeds (Kunz et al.
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2016) and pathogens (Wen et al. 2017). The weed-suppres-
sive effect of cover crops (CCs) during their vegetation
period is attributed to their rapid emergence (Brust et al.
2011), quick canopy closure (Hiltbrunner et al. 2007), high
biomass production (Osipitan et al. 2019), strong compet-
itiveness for water, nutrients, light, and space, and addi-
tionally through the production, accumulation, and release
of allelochemicals (Belz 2007). Allelochemicals are sec-
ondary metabolites that can be released actively through
root excretion and volatilization from plant foliage (Weston
1996) or passively enter the soil via leaching from shoot
tissues and the decomposition of plant residues (Caamal-
Maldonado et al. 2001; Kunz et al. 2016). CCs from sev-
eral plant families have been found to produce phytotoxic
allelochemicals (Table 1).

Additionally, allelochemicals can be the basis for novel
herbicidal active substances with potential new modes of
action for the development of bioherbicides, all while
exhibiting lower toxicity and a shorter environmental
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Table 1 Several identified allelopathic chemical compounds in cover crop (CC) species with their associated plant family

CC family CC species Identified allelochemicals Reference

Asteraceae Helianthus annus L. Phenolic acids, flavonoids,
terpenoids

Alsaadawi et al. (2012)

Brassicaceae Brassica napus L.
Brassica oleracea L.

Glucosinolates, flavonoids Velasco et al. (2011)

Boraginaceae Phacelia tanacetifolia Benth Phenolic acids, flavonoids Puig et al. (2021)

Cannabaceae Cannabis sativa L. Phytocannabinoids, terpenes Shikanai and Gage (2022)

Poaceae Avena strigosa Schreb.
Avena sativa L.
Secale cereale L.
Sorghum bicolor L.

Phenolic acids, saponins, ben-
zoxazinoids, benzoquinones

Reginatto et al. (2020); Trojanowska et al.
(2000); Belz (2007); Baerson et al. 2008

Polygonaceae Fagopyrum tataricum (L.) Gaertn Phenolic acids, flavonoids Uddin et al. (2012)

persistence (Bailey 2014). As society and EU policies
advocate for reduced pesticide usage, stricter approval
criteria for new herbicidal agents, and lower maximum
pesticide residue thresholds, cover crops and their allelo-
chemicals are gaining increasing importance as integral
components of weed management (Kristoffersen et al.
2008; Hillocks 2012). Furthermore, approximately 267
weed species worldwide have developed resistance to her-
bicides, making the discovery of new allelochemicals with
strong phytotoxic effects a necessity (Heap 2023). One
group of substances that has not yet been studied for their
phytotoxic effect, and represents potential candidates for
the development of bioherbicides, are phytocannabinoids,
which are secondary plant metabolites found naturally
in the plant geni Cannabis (Cannabaceae), Rhododen-
dron (Ericaceae), Helichrysum (Asteraceae), Glycyrrhiza
(Fabaceae), Amorpha (Fabaceae) and Radula (Radulaceae)
(Gülck and Møller 2020). Many phytocannabinoids are
found in the cash and cover crop C. sativa (>200 identified
phytocannabinoids) (Hesami et al. 2022) and are world-
wide currently in high demand for medicinal, cosmetic,
and lifestyle products (UN 2022), resulting in a global
increase in C. sativa cultivation (approximately 33,000ha
with a yield of 179,000 t solely in Europe in 2022) (Eu-
ropean Commission 2023). The global increase is also
driven by the growing demand of the food, textile, and
construction industries for C. sativa seeds and fibers, for
which C. sativa has a long-standing tradition of cultivation
(Johnson 2014). The phytocannabinoids in C. sativa, which
are terpeno-phenolic compounds, are biosynthesized and
primarily accumulated in glandular trichomes, predomi-
nantly distributed in the flowers, leaves, and bracts (Turner
et al. 1978; Livingston et al. 2019). However, low levels of
phytocannabinoids can also be found in other plant parts
of C. sativa including roots, stem seeds and pollen (Ross
et al. 2000, 2005; Cappelletto et al. 2001; Stout et al.
2012). In C. sativa, the two phytocannabinoid precursors
cannabigerolic acid (CBGA) and cannabigerovarinic acid
(CBGVA) are synthesised through the reaction of geranyl

pyrophosphate with either olivetolic acid (for CBGA) or
with divarinolic acid (for CBGVA) (Thomas and ElSohly
2015). CBGA undergoes further biosynthesis resulting
in various acidic forms of C21 phytocannabinoids such
as cannabichromenic acid (CBCA), cannabidiolic acid
(CBDA), and tetrahydrocannabinolic acid (THCA), which
are primarily found in C. sativa beside CBGA (Thomas and
ElSohly 2015). Neutral phytocannabinoids are then formed
by acidic cannabinoid decarboxylation, which mainly in-
volves drying, storage or thermal processing where the
carboxyl group is removed from the acidic phytocannabi-
noids (Filer 2022). Decarboxylation mainly takes place after
harvest of the plants, nevertheless neutral phytocannabi-
noids can also be found in small concentrations in several
plant parts during the flowering phase (Sánchez-Carnerero
Callado et al. 2018). Phytocannabinoids fulfill several func-
tions within the plant, as they protect against UV radiation,
desiccation, and act as plant defense compounds (Gülck
and Møller 2020). Neutral phytocannabinoids have antimi-
crobial effects against fungi and bacteria (Russo 2019),
have harmful effects on various arthropods (Mantzoukas
et al. 2020a, b; Park et al. 2019), and show phytotoxic-
ity in plant tissue cultures in vitro (Sirikantaramas et al.
2005). Nevertheless, the impact of neutral phytocannabi-
noids on weeds and their potential as bioherbicides have
not yet been investigated. Aqueous C. sativa tissue extracts
(HEs), on the other hand, have already successfully in-
hibited germination and growth of cash crops and weeds
in several studies (Patanè et al. 2023; Sturm et al. 2016).
The present study focuses on the phytotoxic potential of
different applied hemp-derived neutral phytocannabinoid
isolates and HEs on the cash crop Zea mays L. and two
monocotyledonous and two dicotyledonous weed species
in laboratory Petri dish bioassays and additionally in pre-
emergent application trials in the greenhouse. It was also
tested if the impact depends on the concentration of the
compounds. The following four hypotheses were tested:
(i) Weeds are more sensitive to the application of HE and
phytocannabinoid formulations than Z. mays, (ii) phyto-
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cannabinoids vary in phytotoxicity, (iii) the application of
HEs shows higher phytotoxicity than the phytocannabinoid
formulations, (iv) phytotoxicity increases with the rate of
HEs and phytocannabinoid formulations.

This study gives first insights about the impact of phy-
tocannabinoid applications on Z. mays and relevant weeds
and their potential use in integrated weed management.

Material andMethods

Laboratory (experiment 1) trials were conducted at the Uni-
versity of Hohenheim (Stuttgart, Germany) in 2021 and
2022 to evaluate the biochemical effects of the five differ-
ent hemp-derived neutral phytocannabinoid isolates (Fig. 1,
see description below) cannabidiol (CBD), cannabigerol
(CBG), cannabichromene (CBC), cannabinol (CBN), and
cannabidivarin (CBDV) (Pharmabinoid, Wageningen, Ne-
therlands) with a purity of >98% and aqueous C. sativa
tissue extract (HE) in six different concentrations (includ-
ing controls with 0%) on the germination and root growth
of Z. mays, the monocotyledonous weed species Alopecu-
rus myosuroides Huds. and Echinochloa crus-galli (L.) P.
Beauv. and the dicotyledonous weed species Chenopodium
album L. and Stellaria media (L.) Vill.. Additionally, pre-
emergence trials were conducted in the greenhouse (exper-
iment 2) with HE and the neutral phytocannabinoids CBD
and CBDV with the same six concentrations to investigate
the germination and biomass production of Z. mays and the
relevant weeds.

A completely randomized design with one factor and
four repetitions was chosen for experiment 1 and a com-
pletely randomized block design (RCBD) with four blocks
(repetitions) was selected for experiment 2. All experiments
were additionally repeated for two years. The weed species
investigated were selected due to their global economic rel-
evance and dominant occurrence in Z. mays cultivation.
Due to the complex and expensive extraction of phyto-
cannabinoid isolates from the C. sativa biomass by using
specialized chemical equipment for the fractionation of the
C. sativa extract, the phytocannabinoid isolates used in the
study were purchased. Nevertheless, the phytocannabinoid
isolates offered by the company derived from C. sativa
biomass.

Experimental Preparations

For all experiments, the shoot biomass, required for HEs,
was taken from greenhouse-grown C. sativa plants (Mo-
noecious fiber-type (industrial) hemp genotype: Futura 75).
The C. sativa plants were cultivated, according to Sturm
et al. (2016), with a seed density of 45kg ha–1 for 10 weeks
in 5L plastic pots with a soil mixture consisting of 50%

Fig. 1 Chemical structure of the investigated neutral phytocannabi-
noids cannabichromene, cannabidiol, cannabidivarin, cannabigerol,
and cannabinol

steam-sterilized compost, 25% clay and 25% sand. From
the time of sowing, the plants were fertilized with a NPK
fertilizer (14-7-17) with 2g per pot in a two-week cycle
and irrigated on a daily basis. Furthermore, the cover crops
were additionally supplied with light from sodium vapor
lamps (40,000 lm) for a 12h photoperiod at a temperature
of 22/15°C day/night. The harvested aboveground shoot
biomass was stored in the freezer (–20°C) until further
aqueous tissues extract processing two weeks after harvest-
ing.

For the preparation of the HEs, the frozen hemp shoot
biomass including leaves, flowers, and stem was crushed
with a blender under the addition of deionized water (dH2O)
to generate a stock solution of 500mg biomass per ml dH2O.
After the agitation with an orbital laboratory shaker for 24h,
the coarse particles were sieved off, then the stock solution
was vacuum filtered through a nylon filter using a Büch-
ner funnel (Ø 1.2mm) and finally centrifuged (4500rpm,
10min) (Fig. 2).

Experiment 1: Petri Dish Bioassays with
Phytocannabinoid Solutions and Aqueous
Cannabis sativa Tissue Extracts

From the obtained stock solution, a dilution series with
six concentrations of 0 (0%) 31.25 (6.25%), 62.5 (12.5%),
125 (25%), 250 (50%) and 500 (100%) mg ml–1 were pre-
pared by adding dH2O. Due to the hydrophobic properties
of the neutral phytocannabinoids, pure ethanol was used
to prepare the stock solution (100%: 2mg ml–1). To create
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Fig. 2 Preparation steps of aque-
ous Cannabis sativa tissue ex-
tracts for all trials and prepa-
ration of the phytocannabinoid
formulations for the greenhouse
trial

the neutral phytocannabinoid dilution series, six concentra-
tions of 0 (0%, control), 0.125 (6.25%), 0.25 (12.5%), 0.5
(25%), 1 (50%) and 2 (100%) mg ml–1 were prepared by
adding pure ethanol. After mixing with the magnetic stirrer,
1ml of each of the prepared concentrations was applied per
petri dish (Ø 60mm, Sarstedt AG & Co, Nümbrecht, Ger-
many), which were equipped with filter paper (Macherey-
Nagel, Düren, Germany) and placed under the fume hood
for 30min to volatilize the ethanol. In the process, only the
phytocannabinoids remained on the filter. For the prepara-
tion of the control (0%) 1ml of pure ethanol was applied,
which vaporized subsequently. Either four Z. mays seeds or
20 weed seeds per each selected weed species were placed
separately on the filter paper in the Petri dishes. For the neu-
tral phytocannabinoid treatments (+ control), 3ml of dH2O
and in the case of the HE treatments, 3ml of the HEs were
applied to each Petri dish, sealed (Parafilm® M, Sigma-
Aldrich, Munich, Germany) and positioned in the climatic
chamber (KBF 720, Binder GmbH, Tuttlingen, Germany).
The temperatures during the trial were 20°C during the day
and 15°C at night with a daily 12h of artificial lighting by
LEDs (15,000 lx). The experiment was conducted with four
replicates. Ten days after the application, the root length and
germination rate were measured. Seeds with a root length
of ≥2mm were measured and classified as germinated.

Experiment 2: Pre-emergence Application of
Phytocannabinoid Formulations and Aqueous
Cannabis sativa Tissue Extracts

In the pre-emergence trial, only HE and the neutral phyto-
cannabinoids CBD and CBDV were investigated in com-
parison to the Petri dish bioassay, as they showed the high-

est suppression potential when tested in the laboratory. In
contrast to experiment 1, for the preparation of the neutral
phytocannabinoid stock solutions, the lipophilic CBD and
CBDV isolates (2mg ml–1) were first dissolved in rapeseed
oil (60μl per ml stock solution) with a magnetic stirrer
and then dH2O and lecithin (10mg per ml stock solution)
were added under constant stirring (Fig. 2). With the help
of the emulsifier, the water-fat-phytocannabinoid mixtures
were homogenized. Subsequently, a phytocannabinoid so-
lution series with six concentrations 0 (0%, control), 0.125
(6.25%), 0.25 (12.5%), 0.5 (25%), 1 (50%) and 2 (100%)
mg ml–1 was prepared by adding dH2O. HEs and the respec-
tive dilutions series with six concentrations were prepared
as in experiment 1 (Fig. 2).

The controls (0%) were formulations consisting of rape-
seed oil (60μl ml–1), lecithin (10mg ml–1) (Sigma Aldrich,
Steinheim, Germany) and dH2O. For the pre-emergence
trial, plastic pots (12× 12cm) were first filled with the Ho-
henheim soil, four Z. mays seeds or 20 weed seeds were
sown per pot, covered with soil and irrigated with tap water.
Immediately after sowing and irrigation, the formulations
were applied with an automatic spray chamber (Schacht-
ner, Ludwigsburg, Germany) (200 l ha–1; speed:788mm s–1;
pressure: 3.6bar). The spray rate of the nozzle during ap-
plication was 0.8L/min–1 with a pressure of 3bar and an
application height of 900mm. Starting from the second day
after application, the irrigation of the pots with tap wa-
ter was done daily, and no fertilizers were applied. Pots
were investigated 21 days after application to determine
the germination rate, then the shoot biomass was harvested,
dried in paper boxes in a drying oven (80°C, 48h) and then
weighed with a precision scale. To determine the dry matter
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of the individual plants, the total dry matter was weighed
and calculated for a single plant.

Total Phenolic Content (TPC) Determination of
Aqueous Cannabis sativa Tissue Extracts

For the determination of the total phenolic content (TPC) of
the investigated HEs (0.5g fresh shoot biomass/ml deion-
ized water) the Folin-Ciocalteau-Micro method described
by Slinkard and Singleton (1977) was used. For the anal-
ysis, the required gallic acid stock solution (0.5g of dry
gallic acid per 10ml ethanol) and the sodium carbonate so-
lution (200g anhydrous carbonate solved in 800ml of auto-
claved water) were first prepared. Then the aliquots (20μL)
of the HEs were mixed with 1.58ml of autoclaved water and
100μL of Folin-Ciocalteau reagent (Sigma-Aldrich, Stein-
heim, Germany). Subsequently, 300μL of sodium carbonate
solution was added after 8min and homogenized. The final
mixture was then incubated at 37°C for 35min. A spec-
trophotometer (PM6, Analysen Technik Graete, Germany)
at 760nm was used to measure the absorbance. A gallic acid
calibration curve (0, 50, 100, 150, 200, 300, 400μg mL–1)
(R2= 0.9612) was prepared and used for the comparison
with the measured values. Findings were presented in mg
gallic acid equivalent (GAE) g–1 fresh weight of C. sativa
shoot biomass and performed in triplicate.

Statistical Analysis

R Studio (version 2022.07.2+576, RStudio Team, Boston,
MA, USA) with ‘lme4’, ‘nlme’, ‘lmerTest’, and ‘em-
means’ packages was used for the statistical data analysis
and Origin PRO (Origin Lab Corporation, Northampton,
MA, USA) for the preparation of the graphs (+ for the
non-linear regression). To create the image for the test
procedure, the open-source editing program GIMP (GIMP
2.10, The GIMP Team, USA) was used. For the statistical
analysis of the data collected in the laboratory, a one-fac-
torial analysis of variance (ANOVA) followed by a post-
hoc TukeyHSD test at a significance level of p< 0.05 was
performed. For the greenhouse experiment a two-factorial
ANOVA containing the Kenward-Roger method (Kenward
and Roger 1997) was chosen to determine p-values in the
two factors (Factor 1: Phytocannabinoid and HE treatment;
Factor 2: Investigated plants) and in the interaction between
these two factors. Afterwards, post-hoc tests with Tukey
adjustments for pairwise mean comparison were performed
using the ‘emmeans’ R-package to identify significant dif-
ferences (p< 0.05) between treatments. Data from the two
experiments were tested visually for variance homogeneity
with q-q plots, followed by the Levene’s test and for normal
distribution the Shapiro-Wilk test was done. In the case of
variance heterogeneity and non-normally distributed data,

the outliers were removed and, if necessary, the data were
transformed by log transformation or the square root to
create the conditions for ANOVA. Treatment values with
a difference of more than 5% (p< 0.05) were considered
statistically significant.

For nonlinear regression, Streibig’s (1980) four parame-
ter log-logistic model was used:

y =
k

1 + axb
+ d

y= average response to the dose x; x= phytocannabinoid
and aqueous C. sativa tissue extract dose; a and b= deter-
mine the way the yield decreases with dose parameters; d=
lower asymptote; k= upper asymptote.

When hormesis did occur, Brain and Cousens’ (1989)
modified model was used:

y =
k + f x

1 + ebgxb
+ d

For the analysis of the greenhouse data, the following
statistical linear mixed model was used:

yiju = �+˛i + ˇj + .aˇ/ij + �u + "iju

yiju= the result (germination rate or shoot dry matter) of
phytocannabinoid or aqueous C. sativa tissue extract treat-
ment i in plant j at block u

�= baseline mean; ρu = block effect of block u; αi = fixed
effects of aqueousC. sativa tissue extract and phytocannabi-
noid treatments i; βj= fixed effect of Z. mays and the weed
species; (aβ)ij= effect of the interaction between treatment i
and plant j; εiju= residual error of the observation

Since the highest concentration of applied HEs and phy-
tocannabinoids achieved either the strongest stimulating ef-
fector or the greatest suppressing effect, the highest applied
concentration (100%) was selected for the calculation of the
response (R) of the plants and seeds to obtain information
about the effect of the treatments in relation to the measured
values in the untreated controls. The formula described by
Rasmussen (1991) for the calculation of the weed control
efficacy was used as the basic and modified for the calcula-
tion of the responses regarding the germination rates, root
lengths or the shoot dry matters. Positive R values show
stimulatory effects, while negative R values represent sup-
pressive effects of the treatments.

RGR;RL;SDM .%/ = −1
�
100 − !t .0.01x!c/

−1
�

ωt corresponds to the germination rate, root length and shoot
dry matter of the respective phytocannabinoid and aque-
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ous C. sativa tissue extract treatments and ωc is the germi-
nation rate, root length or shoot dry matter of the untreated
control.

Results

Laboratory Petri Dish Bioassays by the Application
of Aqueous Cannabis sativa Tissue Extracts and
Phytocannabinoids On Seeds of Zeamays and
Relevant Weeds

Influence On the Germination Rate

The application of aqueous C. sativa tissue extract (HE) at
the highest concentration resulted in greater suppression of
the germination rate (higher negative RGR) in all investigated
plants (crop and weed species) compared to the respective
phytocannabinoids (Table 2).

Zea Mays A significantly reduced germination rate of
Z. mays was measured solely through the application of
HE in the highest concentration (500mg ml–1) compared to
the control (Fig. 3).

Alopecurus Myosuroides All applied phytocannabinoids re-
sulted in a positive RGR showing stimulating effects on the
germination rate of A. myosuroides. However, the applica-
tion of CBN and CBG resulted in 1.3–5.7 times significantly
higher positive RGR compared to the other phytocannabi-
noids (Table 2). Compared to the control, the germination
rate of A. myosuroides was significantly increased by the
application of HE at a low concentration of 32.5mg ml–1,
while significant decreases compared to the aqueous control
occurred above a concentration of 250mg ml–1 (Fig. 3).

EchinochloaCrus-galli Application of all phytocannabinoids
resulted in a negative RGR, with the exception of CBD,
where a significant stimulating effect on germination rate

Table 2 Responses based on germination rate (RGR) in % of Zea mays, Alopecurus myosuroides, Echinochloa crus-galli, Chenopodium album
and Stellaria media with standard deviation after the application of the phytocannabinoids cannabichromene (CBC), cannabidiol (CBD),
cannabidivarin (CBDV), cannabigerol (CBG), and cannabinol (CBN) concentrated with 2mg ml–1 or aqueous Cannabis sativa tissue extract (HE)
using a concentration of 500mg ml–1. Positive values show stimulating effects on germination, while negative values represent suppressive effects.
Means with the same small letter within the Zea mays or the weed species are not significantly different regarding the post hoc test (p< 0.05)

Formulation Z. mays A. myosuroides E. crus-galli C. album S. media

HE –34.4± 6.2b –76.2± 8.6a –95.6± 8.2c –91.0± 3.3d –89.7± 2.6d

CBC 0 ±0a 24.9± 7.0c –36.7± 6.4b –38.3± 5.9ab –6.7± 3.1b

CBD 0 ±0a 9.7± 5.6b 79.5± 7.3a –53.4± 4.3c 15.7± 5.5a

CBDV 0 ±0a 34.3± 8.7c –39.9± 7.3b –45.9± 7.4bc –6.4± 3.7b

CBG 0 ±0a 46.0± 4.8d –44.6± 2.2b –45.1± 6.0bc –25.4± 6.0c

CBN 0 ±0a 55.2± 6.4d –35.7± 7.3b –36.1± 5.8a –36.1± 5.8c

p value <0.001 <0.001 <0.001 <0.001 <0.001

of E. crus-galli was measured with a positive RGR (Table 2).
For HE concentrations of 250mg ml–1 and higher, E. crus-
galli showed significantly reductions in the germination rate
(Fig. 3).

ChenopodiumAlbum Although, in C. album, application of
all phytocannabinoids in the highest concentration resulted
in negative RGR, the application of CBD showed a 1.4 and
1.5 times significantly stronger suppression compared to
CBC and CBN (Table 2). All concentrations of the HE
significantly decreased the germination rate of C. album
(Fig. 3).

Stellaria Media As in E. crus-galli, the application of all
phytocannabinoids reduced the germination rate in S. me-
dia, which was reflected by a negative RGR except for the
application of CBD, which resulted in a positive RGR, in-
dicating an increased germination rate (Table 2). Further-
more, CBG and CBN showed a 3.8–5.6 times significantly
higher suppression of the germination compared to CBC
and CBDV. With an HE concentration of 125mg ml–1 and
higher, the germination rate was significantly decreased
(Fig. 3).

Impact On the Root Length

The application of HE in the highest concentration resulted
in the strongest suppression of root growth by showing the
highest negative RRL in Z. mays and all weed species exam-
ined, while the application of CBDV resulted in the second
highest negative RRL and the application of CBD in the third
highest negative RRL (Table 3).

Zea Mays All applied phytocannabinoid formulations and
HE at the highest concentration had a suppressive effect
on root growth, while the application of the CBG formula-
tion resulted in a significantly different positive RRL, which
was shown by an increased root length (Table 3). While the
lower concentration of 62.5mg ml–1 significantly increased
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Fig. 3 Dose-response showing the mean germination rate (%) of Zea
mays, Alopecurus myosuroides, Echinochloa crus-galli, Chenopodium
album and Stellaria media with standard deviation in relation to the
six aqueous Cannabis sativa tissue extract concentrations ranging from
0–500 mg/ml-1. For the non-linear regressions, the log-logistic growth
model of Streibig (1980) and for hormesis the modified one of Brain
and Cousens (1989) were used. Means of the germination rate were
proofed for significant differences using the TukeyHSD post hoc test
(p< 0.05)

root length of Z. mays by 8% compared to the control, con-
centrations of 250mg ml–1 (–48%) or higher led to, in com-
parison to the control, significantly reduced root lengths
(Fig. 4a). In contrast, the application of CBD (Fig. 4b)
and CBDV (Fig. 4c) at concentrations of 0.25mg ml–1 and
0.5mg ml–1 (–30% and –25%) and higher significantly re-
duced root length of Z. mays compared to the control.

AlopecurusMyosuroides The application of all neutral phy-
tocannabinoids resulted in negative RRL, while the applica-
tion of CBN showing a 4.4–12.2 times significantly lower
suppression of root growth compared to the other phyto-
cannabinoids (Table 3). Furthermore, the application of HE
at a concentration of 62.5mg ml–1 and higher led to a sig-

Table 3 Plant response (RRL) in % based on root length of Zea mays, Alopecurus myosuroides, Echinochloa crus-galli, Chenopodium album and
Stellaria mediawith standard deviation after the application of the phytocannabinoids cannabichromene (CBC), cannabidiol (CBD), cannabidivarin
(CBDV), cannabigerol (CBG), and cannabinol (CBN) concentrated with 2mg ml–1 or aqueous Cannabis sativa tissue extract (HE) application
using a concentration of 500mg ml–1. Positive values show stimulating effects on root growth, while negative values represent suppressive effects.
With regard to TukeyHSD (p< 0.05) means with the same letter within the Zea mays or the weed species showing no significantly differences

Solution Z. mays A. myosuroides E. crus-galli C. album S. media

HE –61.4± 5.1d –93.6± 2.0e –95.9± 4.4d –91.9± 2.1e –92.9± 2.2d

CBC –35.0± 6.7c –33.4± 5.2b –29.4± 7.2b –45.3± 5.0c –20.4± 9.2b

CBD –39.1± 8.0c –56.7± 5.8d –79.7± 7.8c –75.0± 2.5d –68.0± 4.4c

CBDV –52.7± 4.8d –91.7± 0.9e –90.0± 2.4d –90.0± 1.7e –76.1± 3.1c

CBG 28.7± 7.4a –47.9± 8.0c –34.4± 7.6b –32.9± 4.3b –23.8± 9.4b

CBN –9.4± 6.1b –7.5± 5.1a –15.3± 4.2a 10.9± 2.4a 23.8± 5.5a

p value <0.001 <0.001 <0.001 <0.001 <0.001

nificant reduction in root length (–17%) compared to the
control (Fig. 4a). Whereas the root lengths of A. myosu-
roides were significantly reduced compared to the control
by the application of CBD (Fig. 4b) and CBDV (Fig. 4c)
at concentrations of 0.125mg ml–1 (–20% and –86%) and
higher.

Echinochloa Crus-galli Similar to A. myosuroides, all ap-
plied neutral phytocannabinoids led to negative RRL, while
the application of CBN exhibited a 1.9–5.9 times signifi-
cantly lower suppression of root growth compared to the
other phytocannabinoids (Table 3). Applying HE resulted
in significantly reduced root length for concentrations of
125mg ml–1 (–72%) and higher (Fig. 4a) compared to the
control. Furthermore, even the lowest applied concentration
of CBD (Fig. 4b) and CBDV (Fig. 4c) significantly reduced
the root length of E. crus-galli by –47% and –89%, respec-
tively, compared to the control.

Chenopodium Album The application of CBN resulted in
a positive RRL, indicating increased root length in C. album,
which significantly differs from the other applied neutral
phytocannabinoids that suppressed root growth (Table 3).
All concentrations of the applied HEs significantly de-
creased root length of C. album compared to the control,
while the lowest concentration of 31.25mg ml–1 already
showed a reduction in root length of –33% (Fig. 4a). In
contrast, the application of even the lowest concentrations
(0.125mg ml–1) of CBD (Fig. 4b) and CBDV (Fig. 4c)
significantly reduced root length of C. album by –49% and
–84%, respectively, compared to the control.

StellariaMedia Similar to C. album, the application of CBN
at the highest concentration resulted in a positive RRL, while
all other applied neutral phytocannabinoids resulted in sig-
nificantly different negative RRL, representing a suppression
of root growth (Table 3). From 62.5mg ml–1 (–45%) on-
wards, all concentrations of the applied HEs showed a sig-
nificant reduction in root length in S. media (Fig. 4a). In
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Fig. 4 Dose-response diagram showing the mean root length (mm) of Zea mays, Alopecurus myosuroides, Echinochloa crus-galli, Chenopodium al-
bum and Stellaria media with standard deviation in relation to the applied six aqueous Cannabis sativa tissue extract (HE) (a) concentrations rang-
ing from 0mg ml–1–500mg ml–1 and six cannabidiol (CBD) (b) and cannabidivarin (CBDV) (c) concentrations ranging from 0mg ml–1–2mg ml–1

10 days after the application. For the non-linear regressions, the log-logistic growth model of Streibig (1980) and for hormesis the modified one
of Brain and Cousens (1989) were used. Means of the germination rate were proofed for significant differences using the TukeyHSD post hoc test
(p< 0.05)

contrast, applications of CBD (Fig. 4b) and CBDV (Fig. 4c)
starting from the lowest concentration (0.125mg ml–1) ex-
hibited a significant suppressive effect on root length com-
pared to the control of –40% and –62%, respectively.

Pre-emergence Trials by the Application
of the Phytocannabinoids Cannabidiol and
Cannabidivarin, and Aqueous Cannabis sativa Tissue
Extracts On Zeamays and RelevantWeeds

In the pre-emergence trials, the ‘treatment’ factor showed
significant differences in RSDM, while the ‘plant’ factor and
the interaction of the two factors showed significant differ-
ences in RGR and RSDM (Fig. 5).
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Fig. 5 Response (RGR) based on germination rate (top) and response
(RSDM) based on shoot dry matter (bottom) of Zea mays, Alopecurus
myosuroides, Echinochloa crus-galli, Chenopodium album and Stel-
laria media with standard deviation 21 days after the application of
the phytocannabinoids cannabidiol (CBD) and cannabidivarin (CBDV)
concentrated with 2mg ml–1 or the aqueous Cannabis sativa tissue ex-
tract (HE) application using a concentration of 500mg ml–1 in com-
parison to a control with dH2O. Mean values with the same lowercase
letter within Zea mays or the weed species show no significant differ-
ences regarding the Tukey-adjusted ‘emmeans’ post-hoc test (p< 0.05)

Zea Mays

Pre-emergence application of CBD, CBDV, and HE at the
highest concentration resulted in increased germination and
shoot dry matter with a positive RGR and RSDM (Fig. 5). The
application of CBDV resulted in a 1.9 times significantly
higher RSDM in Z. mays than the application of CBD and
HE (Fig. 5).

Monocotyledonous Weeds

Pre-emergence application of CBD, CBDV, and HE re-
sulted in a slightly increased germination rate in A. myosu-

roides with a positive RGR while decreased shoot dry mat-
ter was measured in all treatments with a negative RSDM

(Fig. 5). In E. crus-galli, however, pre-emergence applica-
tion of CBD, CBDV, and HE resulted in an increased ger-
mination rate and shoot dry matter (Fig. 5). The application
of HE in E. crus-galli increased the RGR significantly by
a factor of 1.3 compared to CBD and the RSDM by a factor
of 1.5 compared to CBDV (Fig. 5).

Dicotyledonous Weeds

On the one hand, the germination rate was enhanced by
the application of CBD, CBDV, and HE at the highest con-
centration, as evidenced by a positive RGR in C. album and
in S. media. On the other hand, the application of CBD,
CBDV, and HE at the highest concentration resulted in re-
duced shoot dry matter, which was shown by a negative
RSDM in C. album and in S. media.

Total Phenolic Content (TPC) of the Aqueous
Cannabis sativa Tissue Extract

The total phenolic content of the HE with a stock solution
of 0.5 shoot biomass per ml deionized water was 12.1±
2.7mg gallic acid equivalent g–1 fresh weight.

Discussion

Influence of Phytocannabinoid and Aqueous
Cannabis sativa Tissue Extract Applications On the
Germination and Root Growth of Zeamays and
Relevant Weeds

The application of aqueous C. sativa tissue extract (HE)
resulted in the highest suppression of germination and
root growth in all the investigated plants in the Petri dish
bioassay, and the suppressive effects increased with ris-
ing concentrations of the aqueous extract, but the effect
was stronger in the weed species than in the cash crop.
Additionally, the application of lower concentrations of
HE stimulated the germination of A. myosuroides and the
root growth of Z. mays (inducing hormesis). The same
effects were observed by Rueda-Ayala et al. (2015) in
their study, where the application of low concentrations
of HE stimulated the root growth of Z. mays, Amaranthus
retroflexus L., and Setaria viridis (L.) P. Beauv., while
with increased concentrations, the root growth became
increasingly suppressed. Similarly, Z. mays was less sup-
pressed in germination in their study compared to the
weeds. The stronger observed suppressive effects on the
weeds in our Petri dish bioassays can be attributed to the
higher surface-to-volume ratio of the small seeds. Weed
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seeds were more exposed to HEs than the larger Z. mays
seeds. Additionally, it is assumed that the larger crop seeds
may have better abilities to detoxify biochemicals, as sug-
gested by several authors in studies involving aqueous
Secale cereale L. (Burgos and Talbert 2000) and Trifolium
pretense L. (Liebmann and Sundberg 2006) extracts. Lab-
oratory Petri dish bioassays from other researchers also
demonstrated that the application of HE derived from shoot
biomass exhibited germination-inhibiting effects on the
weeds Cyperus rotundus L. (Srivastava and Das 1974),
Matricaria chamomilla L. (Sturm et al. 2016), Lepidium
sativum L. (Stupnicka-Rodzynkiewicz 1970), S. media
(Sturm et al. 2016), C. album (Sturm et al. 2016), and
Matricaria chamomilla L. (Sturm et al. 2016). Addition-
ally, Sturm et al. (2016) investigated the root growth of
the weeds and observed suppression effects up to 46%.
In contrast, the application of neutral phytocannabinoids
suppressed the germination rate but had a stronger effect
on the root growth of the weeds, with the exception of
A. myosuroides, where the germination rate was increased.
Furthermore, the phytocannabinoid applications inhibited
the root growth of Z. mays less compared to the weeds, as
also observed in HE, without having an influence on the
crop’s germination rate. Therefore, root growth appears to
be a more sensitive indicator of the phytotoxicity of HE and
phytocannabinoids than the germination rate. This is further
supported by the study of Patanè et al. (2023), who ob-
served that the application of aqueous C. sativa leaf extracts
resulted in a stronger inhibition of root growth in Triticum
durum Desf. and Hordeum vulgare L. compared to shoot
growth and germination rate. According to Nishida et al.
(2005) who investigated the allelopathic effects of volatile
monoterpenoids from Salvia leucophylla Greene on Bras-
sica campestris L. seedlings, one reason for the stronger
suppression of root growth by allelopathic substances may
be the higher permeability of root apex compared to shoot
apex. Moreover, the allelopathic substances in HE, such as
the phytocannabinoids, may have affected root growth by
inhibiting the mitotic process in the root tips and causing
changes in the ultrastructure (three major layers: the middle
lamella, the primary wall, and the secondary wall) of the
cells, as observed by the application of aqueous leachates
of Sicyos deppei G. Don. to seedling roots of Phaseolus
vulgaris L. in the study by Cruz-Ortega et al. (1998). This,
however, was not investigated further in our study. Addi-
tionally, among the phytocannabinoid applications, CBD
and CBDV in the highest concentration (2mg ml–1) exhib-
ited the most pronounced suppressive effect on root growth,
which was comparable to the effect of HE in the highest
concentration (500mg ml–1), and in the case of CBDV
and CBD, even the lowest concentration (0.125mg ml–1)
decreased the root length of all weed species by 62–89%
and 20–51%, respectively, compared to the control. De

Vita et al. (2022) demonstrated in their study, through
phytochemical analyses, that methanol-extracted essential
oils from the leaves of the hemp genotype ‘Futura 75’, the
same genotype as used in our study, contain besides the
phytocannabinoids CBD, cannabiclyclol (CBL) and CBDV
mainly sesquiterpenes and its oxygenated derivatives such
as β-caryophyllenes, caryophyllene oxide, α-humulenes,
α-bisabolol oxide B, and allo-aromatidene epoxides. Patanè
et al. (2023), on the other hand, detected phenols in aque-
ous leaf extracts derived from the hemp variety ‘Futura 75’
as in the present study and assumed that these phenols are
primarily responsible for the observed seedling growth and
germination suppressive effects on H. vulgare and T. du-
rum in their bioassays. The total phenolic content of the
aqueous C. sativa extract in the present study was 12mg
gallic acid equivalent g–1 fresh weight, which was similar
high as in the study of Patanè et al. (2023) with 13mg
gallic acid equivalent g–1 dry weight, who used 20mg dried
C. sativa leaves per ml water for the aqueous extracts
instead of 500mg C. sativa fresh shoot biomass per ml
water. Furthermore, Shikanai and Gage (2022) conducted
bioassays to investigate the suppression of Brassica na-
pus L. germination through the application of an extract
from leaves and inflorescences of the C. sativa genotype
’21 Mother PH4’. They attributed the phytocannabinoids
CBDa, THCa, CBD, and CBN, as well as the monoter-
penes (-)-β-pinene and the sesquiterpenes β-caryophyllene,
a-humulene, and guaiol as primarily responsible for the
phytotoxic effects because these secondary metabolites
constituted the major proportion in the performed chemical
analysis of the extract. Therefore, we assume that besides
the phytocannabinoids CBD and CBDV, terpenes and other
phenolic compounds seem to be mainly responsible for the
suppression of germination and root growth of the inves-
tigated plants by HE in our Petri dish bioassays, which
however cannot be completely confirmed due to the lack
of a chemical analysis of HE regarding the identification
of these secondary metabolites.

Impact of Applied Pre-emergence Formulations
Based On the Phytocannabinoids Cannabidiol and
Cannabidivarin, and Aqueous Cannabis sativa
Extracts On Zeamays and RelevantWeeds

In contrast to the germination test in the laboratory, the
application of HE, CBD, and CBDV formulations in the
pre-emergence greenhouse trial stimulated the germination
rate of all plants examined, but especially of E. crus-galli,
which additionally was the only plant where significant dif-
ferences between the formulations (RGR (CBD)< RGR (HE))
were observed. Likewise, the biomass production of Z. mays
and E. crus-galli was stimulated in the pre-emergence trial
through all formulations, while the shoot dry matter was
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decreased in the other weed species. Particularly remark-
able was that the plants reacted differently to HE and phy-
tocannabinoid formulations by the pre-emergence applica-
tion, but there were only minimal differences, or none, in
the effect between the formulations in the individual plants.
All these are indicators that the phytocannabinoids CBD
and CBDV are partly responsible for the visible stimulatory
as well as suppressive effects observed in HE. Furthermore,
one reason for the stimulation was the concentration of the
formulations, which had a suppressive effect on germina-
tion under laboratory conditions but was probably too low
for greenhouse application. We assume that this could be
attributed to the physicochemical properties of the soil, such
as pH, temperature, soil moisture (Patni et al. 2023), and
organic matter content (Bayja et al. 2023), as well as bio-
logical conversion and degradation processes, mainly driven
by microorganisms (Fisher 1978), which may have led to
the detoxification or conversion of the chemical substances.
In addition, we assume according to Tanase et al. (2019),
phenolic compounds, which are present in C. sativa ex-
tracts and to which phytocannabinoids also belong chem-
ically, act in low concentrations as bioregulators that in-
fluence the hormonal balance of plants by showing auxin
effects potentially resulting in increased biomass produc-
tion. Therefore, HE, CBD, and CBDV formulations could
be used, for example, in the form of a pre-emergence bio-
herbicide to break seed dormancy by stimulating weed seed
germination prior to sowing the main crops, like the me-
chanical integrated weed management methods of the false
seedbed or stale seed (Messelhäuser et al. 2022). These ger-
minated weeds can then be controlled by integrated weed
management methods before sowing the cash crop. For the
final evaluation of the use of phytocannabinoids as a pre-
emergent bioherbicide for breaking the seed dormancy of
weeds under practical farming conditions, future field trials
with different concentrated phytocannabinoid formulations
at different locations with different soil types and under
different climatic conditions are required.

Conclusion

In summary, the study shows that HE and especially the
phytocannabinoids CBD and CBDV had a strong suppres-
sive effect on the plants in the laboratory, especially on
root growth but also on germination. However, partly stim-
ulating effects on germination and biomass formation of
the plants could be observed in the greenhouse experiment.
The individual plants reacted differently to the various phy-
tocannabinoid formulations, and significant differences in
the responses to the applied phytocannabinoids among the
plants became evident. In both trials, the weeds exhibited
a much more sensitive response to the application of HE

and the different phytocannabinoids compared to Z. mays.
HE in the highest concentration demonstrated the strongest
suppressive effect in the laboratory concerning the germina-
tion rate and root length of the investigated plants. Whereas,
applied CBD and especially CBDV, as opposed to HE, al-
ready displayed a very strong suppressive effect on root
growth already in lowest concentration. In addition, further
research is needed in the future regarding the weed sup-
pression properties of higher concentrated phytocannabi-
noid formulations and the acidic forms of phytocannabi-
noids such as CBDA and CBDVA, which are mainly found
in the living C. sativa plants.
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