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Abstract: Plant protection with natural products is a new trend in environmentally friendly agriculture. Nepeta rtanjensis 
Diklić et Milojević is an endemic and critically endangered plant species in Serbia. We explored the phytotoxic potential of 
a water emulsion of Nepeta rtanjensis essential oil (NrEO) with high amounts of trans,cis-nepetalactone on five weeds. The 
most sensitive was Stellaria media (L.) Vill., as NrEO (from 0.013% to 0.1%) completely inhibited germination. Germina-
tion of Amaranthus retroflexus L. and Artemisia vulgaris L. was completely inhibited at the highest applied concentrations 
of NrEO (0.1%), while Ambrosia artemisiifolia L. germination was reduced to 48% at the same concentration of NrEO. The 
most tolerant species was Cephalaria transsylvanica (L.) Schrad. ex Roem. & Schult. as the final germination rate at the 
highest applied concentration of NrEO (0.1%) was 81%, like the control (82%). To our knowledge, this is the first time the 
interaction of essential oils on the germination and growth of A. vulgaris and C. transsylvanica is reported. The germina-
tion dynamics of S. media in pots with soil were significantly inhibited when the soil was initially treated with the highest 
applied concentration of the NrEO water emulsion (1%). Spraying S. media seedlings with NrEO significantly inhibited 
growth parameters (shoot height, shoot fresh weight, and the number of nodes) at the higher applied concentrations of 
NrEO (0.5% and 1%). Therefore, the water emulsion of the essential oil of N. rtanjensis could be potentially developed for 
use in the control of invasive and allergenic weeds.
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INTRODUCTION

Many weed species have been accidentally introduced 
into different parts of the world, where, due to their 
adaptability, they not only survive but become the 
most prevalent in these areas. Weeds, especially in-
vasive species, germinate, flower, and form fruits in 
a wide range of environmental conditions, allowing 
them to spread successfully across space and time. The 
formation of different subspecies, varieties, forms, and 
subforms helps weed species persist in newly colonized 

habitats. Weeds are a major problem in agriculture 
because they seriously reduce the yield of crops by 
up to 34%, compared to animal pests and pathogens, 
which cause fewer losses (18% and 16%, respectively) 
[1,2]. A significant number of allergenic weed species 
also have a direct negative impact on human health. 
Excessive use of pesticides leads to the accumulation 
of chemicals in the environment and indirectly affects 
human health [3]. In recent years, great attention has 
been paid to environmental protection. It has resulted 
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in an increased interest in alternative strategies, leading 
to the development of biodegradable compounds [4]. 
Considerable resources are spent researching natural 
herbicides or bioherbicides [5].

Allelopathic compounds, a promising type of 
bioherbicide, include various groups of secondary 
metabolites, the most important of which are volatile 
terpenoids and phenolic compounds [6,7]. Essential 
oils are mixtures of different groups of volatile com-
pounds whose main components are easily evaporating 
terpenoids, especially monoterpenes. Stereoisomers of 
these compounds are very common and have different 
physicochemical properties [8]. The stereochemistry 
of nepetalactone largely determines its antimicrobial 
and allelopathic activity, with the trans,cis isomer be-
ing more active than the cis,trans isomer in inhibiting 
bacterial [9] and root growth, as well as suppressing 
superoxide dismutase activity in ragweed [4]. In ad-
dition, the trans,cis isomer induces changes in the 
antioxidant system of cress seedlings by disrupting the 
normal expression and activity patterns of antioxidant 
enzymes [10]. The trans,cis stereoisomer is highly toxic 
to some insects and acts as a more potent repellent [11].

The genus Nepeta is one of the largest genera in 
the family Lamiaceae (subfamily Nepetoideae, tribe 
Mentheae), and its members are commonly known 
as catnip or catmint. It comprises 280 species that are 
important to humans as medicinal, ornamental, and 
culinary plants [12]. The subfamily of Nepetoideae 
consists of two groups – the iridoid-rich species, which 
include N. rtanjensis, and the iridoid-less species. 
Since Nepeta rtanjensis is an endemic species of the 
Rtanj mountain in eastern Serbia [13] and a natural 
rarity protected by law, it is important to point out 
that enough plant material for distillation of the es-
sential oil could only be obtained through the process 
of micropropagation under in vitro conditions as well 
as through vegetative propagation in the greenhouse 
and in the field.

The species of the genus Nepeta have medicinal 
properties due to the composition of their essential oil, 
which is characterized by the presence of nepetalac-
tone in significant quantities. Nepetalactones are a 
special group of monoterpenes – iridoids, which can 
be present in the form of eight stereoisomers, four 
diastereoisomers and corresponding enantiomers. With 
few exceptions, only 7S diastereoisomers have been 

found under natural conditions (Supplementary Fig. 
S1) [14]. The trans,cis stereoisomer of nepetalactone 
(4aα,-7α,-7aβ-nepetalactone) is predominantly present 
in the essential oil of N. rtanjensis, while the cis,trans 
stereoisomer (4aβ,-7α,-7aβ-nepetalactone) is present 
at a much lower percentage [4,15-17].

We selected the following weeds mostly because of 
their wide distribution and the considerable damage 
they cause to crops. Redroot pigweed (Amaranthus 
retroflexus L.) is a summer annual weed in fields of 
cultivated plants and ruderal habitats. To date, it has 
been recorded as a widespread weed in many differ-
ent crops (wheat, barley, oats, flax, canola, sunflower, 
alfalfa, tomato, potato, etc.) [18]. The harmful effects of 
A. retroflexus are reflected in yield and quality losses in 
crops, toxicity to livestock, and allelopathic influence 
on crops [19]. It may also serve as an alternative host 
for certain plant pathogens and pests. Its pollen is a 
harmful allergen to humans [20]. Ragweed (Ambrosia 
artemisiifolia L.), one of the most important weeds in 
fields of cereals, sunflower, soybean, root crops, etc. 
[21] and non-agricultural habitats, is an invasive weed 
species in many regions of central and southeastern 
Europe, as well as in other parts of the world [22]. Its 
rapid spread can be explained by its distinct adaptability 
[23]. In addition, the seeds can survive in the soil for 
a very long time, germinating even after 40 years [24]. 
Ragweed pollen causes serious seasonal asthma and al-
lergic rhinitis [25-27]. The widespread weed mugwort 
(Artemisia vulgaris L.) negatively affects crops with its 
highly branched rhizome, which is a very strong com-
petitor for water and nutrients [18,28], as well as the 
production of numerous phytotoxic compounds [29]. 
The pollen of A. vulgaris is considered highly allergenic 
[30]. Cephalaria transsylvanica (L.) Schrad. ex Roem. & 
Schult. does not require specific habitat requirements; 
it grows at altitudes from 0 to 1600 m on dry and arid 
sites, limestone slopes, the edges of wetlands, roadsides, 
canals, fields, and on steppes [31]. Chickweed (Stellaria 
media (L.) Vill.) is a widespread weed species native 
to Europe and one of the most widespread weeds in 
the world [32]. It is found in fields with various crops 
such as barley, wheat, sugar beet, etc. [33-35] and in 
ruderal sites, along roads, fences and in forest clearings. 

In our previous studies, we demonstrated the alle-
lopathic potential of the essential oil of N. rtanjensis via 
air under in vitro culture conditions on the growth of 
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ragweed seedlings [4], as well as on the germination of 
seeds of some crops and weed species [36]. The novelty 
of this study is that the effect of a water emulsion of the 
essential oil of N. rtanjensis on the germination of five 
invasive weeds was investigated in direct contact and 
under non-sterile conditions, more similar to those 
in the field in order to find an economic application 
of the essential oil in weed control. In our work, the 
influence of Nepeta rtanjensis essential oil on the seed 
germination of selected weed species, Amaranthus 
retroflexus, Ambrosia artemisiifolia, Artemisia vulgaris, 
Cephalaria transsylvanica, and Stellaria media, was 
studied. Germination of S. media seeds in pots in soil 
initially treated with NrEO was also studied, as well 
as the early development of seedlings after additional 
spraying with NrEO by measuring growth parameters.

MATERIALS AND METHODS

Plant material

Mature seeds of five weed species: redroot pigweed 
(Amaranthus retroflexus L.), ragweed (Ambrosia artemi-
siifolia L.), mugwort (Artemisia vulgaris L.), Cephalaria 
transsylvanica (L.) Schrad. ex Roem. & Schult, and 
chickweed (Stellaria media (L.) Vill.) were collected 
in the wider area of Belgrade, Serbia. The collection 
was done by picking the branch tips, whole branches, 
or plant parts with seeds. After drying, the seeds were 
separated and stored in a dark chamber where they 
were kept at room temperature until the beginning of 
the experiment. The essential oil of Nepeta rtanjensis 
Diklić et Milojević was obtained courtesy of Dr. Danijela 
Mišić from the Institute for Biological Research “Siniša 
Stanković”, National Institute of the Republic of Serbia, 
University of Belgrade, Serbia. The composition of the 
essential oil of N. rtanjensis, determined by GC-MS 
and GC-FID, was documented in [4].

Seed germination

The seeds were germinated in glass Petri dishes with a 
diameter of 60 mm on two layers of filter paper in 2 mL 
of distilled water or the tested solution. The emulsion 
of Nepeta rtanjensis essential oil was prepared from N. 
rtanjensis essential oil, methanol, and Tween 20 in the 
volume ratio 1:4:1, using distilled water to the desired 

concentrations of N. rtanjensis essential oil of 0.006%, 
0.013%, 0.025%, 0.05%, and 0.1% for the germination 
of seeds of A. retroflexus, A. artemisiifolia and C. trans-
sylvanica, and 0.003%, 0.006%, 0.013%, 0.025%, 0.05%, 
and 0.1% for the germination of seeds of A. vulgaris 
and S. media. Two control groups were included in the 
experimental design: (1) Cmt – treated with the same 
maximum amount of methanol and Tween 20 (0.4% and 
0.1%, respectively) in distilled water, and (2) C – distilled 
water. Fifty seeds were sown in each Petri dish and the 
experiment was repeated three times. According to our 
previous research [37], we have presented the light and 
temperature conditions for seed germination of A. ret-
roflexus, A. artemisiifolia, A. vulgaris, C. transsylvanica, 
and S. media in Supplementary Table S1. Before the 
seeds of A. retroflexus and A. vulgaris were exposed to 
different temperature and light conditions, they were 
stratified at a temperature of 3±2°C for 2.5 weeks, and 
the seeds of A. artemisiifolia for 6 weeks. Seeds with a 
visible radicle (1 mm) were recorded as germinated.

An experiment with potted plants

Stellaria media seeds were selected for the experiment 
because they were the most sensitive to N. rtanjensis 
essential oil compared to the other weed species tested 
in this study. The seeds of S. media were germinated in 
pots with 100 g of sterilized soil (Seedling Substrate, 
Klasmann-Deilmann GmbH, Germany). The essen-
tial oil of N. rtanjensis, methanol, and Tween 20 were 
prepared in the volume ratio 1:1:1, and water was 
added to the desired emulsion concentration. Before 
sowing, the topsoil layer (approximately 10 mm) was 
sprayed with N. rtanjensis emulsion (0.06%, 0.13%, 
0.25%, 0.5%, and 1%) under a pressure of 0.25 MPa. 
Control groups were sprayed with (i) the same maxi-
mum volume of methanol and Tween 20 (both 1%) 
in distilled water, or (ii) distilled water. S. media seeds 
were germinated in a phytotron at 25/20°C in a 16 
h/8 h light/dark photoperiod. Fifty seeds were sown 
in each pot and the experiment was repeated four 
times. Twelve days after sowing, five healthy S. media 
seedlings at a similar stage of development (2 nodes) 
were left in each pot and additionally sprayed with 3 
mL of an emulsion of N. rtanjensis essential oil at the 
same concentration as added to the soil at the begin-
ning of the experiments (0.06%, 0.13%, 0.25%, 0.5%, 
and 1%) or with control liquids: (1) Cmt - a solution 
with the same maximum amount of methanol and 
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Fig. 1. The effect of the water emulsions of the essential oil of Nepeta rtanjensis on the germination of  A – Amaranthus retroflexus, B – 
Ambrosia artemisiifolia, C – Artemisia vulgaris, D – Cephalaria transsylvanica and E – Stellaria media seed germination (%) in Petri dishes. 
F – The effect of the water emulsion of N. rtanjensis essential oil on seed germination of Stellaria media (%) in pots. Two control groups 
were included in the experimental design: Cmt – treated with the same maximum amount of methanol and Tween 20 in distilled water, 
and C – distilled water. The values with the same letter indicate statistically homogeneous groups (P≤0.05) according to Fisher’s LSD test.



9Arch Biol Sci. 2024;76(1):5-14 

Tween 20 (both 1%) in distilled water, and (2) C - 
distilled water. Twelve days after additional spraying, 
the growth parameters (number of stem nodes, shoot 
height, fresh weight, and dry weight of shoot) of the 
remaining seedlings were measured, and the number 
of seedlings that did not survive was also recorded.

Statistical analysis 

Statistical data analysis was performed using the 
STATISTICA 7 software. Data were subjected to one-
way analysis of variance (ANOVA). Statistical signifi-
cance of differences between means were determined 
using Fisher’s LSD test at a confidence level of P ≤0.05. 

RESULTS

The effect of the essential oil of Nepeta rtanjensis 
on the seed germination of selected weed species 

The germination of five weed species, Amaranthus 
retroflexus, Ambrosia artemisiifolia, Artemisia vulgaris, 
Cephalaria transsylvanica, and Stellaria media, was 
tested in a water emulsion of Nepeta rtanjensis essential 
oil (from 0.003% to 0.1%) and two control conditions 
(Cmt – with the same maximum amount of methanol 
and Tween 20 in distilled water or C – distilled water) 
under the temperature and light conditions shown in 
Supplementary Table S1. Based on previous experi-
ments [37], we selected the optimal temperature and 
light regimes for each weed species to achieve the 
highest germination rates. Final germination in the 
Cmt and C control treatments was not significantly 
different for any of the studied weed species, except C. 
transsylvanica, where it was significantly lower in the 
Cmt control treatment (Fig. 1). Since it was shown that 
methanol at the applied concentration did not affect 
seed germination of the five weeds studied (unpublished 
data), in C. transsylvanica germination was inhibited 
on Cmt, probably due to the individual effect of Tween 
20 or the synergistic effect of methanol and Tween 20 
(Fig. 1D). We interpreted the germination results of 
the NrEO treatments compared to the Cmt control. 

The final germination of A. retroflexus seeds in the 
emulsion of NrEO (0.006%, 0.013%, 0.025%, 0.05%, 
0.1%) was significantly reduced in all treatments, except 
in the treatment with the lowest NrEO concentration 

(0.006%) compared to the control (Cmt) (Fig. 1A). The 
effect on germination dynamics was observed even 
in the treatment with the lowest NrEO concentration 
(0.006%), as germination was 25% one day after the 
beginning of the experiment, while it was 76% in the 
control treatment (Cmt). With increasing NrEO con-
centration, germination was significantly delayed and 
reduced. On day 15, only 5% of A. retroflexus seeds 
germinated at 0.05% NrEO, while germination was 
completely inhibited at 0.1% NrEO.

A. artemisiifolia seeds in Cmt attained the highest 
final germination (87%) 22 days after sowing (Fig. 1B). 
Treatments with NrEO (0.05% and 0.1%) significantly 
reduced final seed germination to 75% and 43%, re-
spectively. Treatment with 0.025% NrEO until the 4th 
day after sowing inhibited germination compared to 
Cmt, while after that it was stimulated, but not sig-
nificantly (Fig. 1B).

The seeds of A. vulgaris achieved complete ger-
mination (99%) on the 6th day after sowing (Fig. 1C). 
Final seed germination was not significantly affected at 
lower NrEO concentrations (from 0.003% to 0.013%), 
while a higher NrEO concentration (0.05%) significantly 
inhibited final seed germination to 68% compared to 
Cmt. Germination of A. vulgaris seeds was completely 
inhibited at 0.1% NrEO (Fig. 1C). 

The effect of NrEO on the germination of C. trans-
sylvanica seeds was observed from the 3rd to the 15th 
day (Fig. 1D). It was found that treatment with 0.1% 
NrEO had an inhibitory effect on seed germination 
dynamics, but final germination was not significantly 
affected compared to Cmt. In all other treatments, 
final germination was higher, and even significantly at 
NrEO concentrations of 0.05% and 0.006% compared 
to Cmt (Fig. 1D). A stimulatory effect of NrEO (0.006% 
and 0.05%) on seed germination in relation to the 
Cmt control was observed only in C. transsylvanica 
compared to the other weed species tested (Fig. 1). 

Stellaria media seeds in control (Cmt) reached 
maximum germination (99%) on the 7th day after 
sowing. They were very sensitive to NrEO because at 
the lowest applied NrEO concentration (0.003%), seed 
germination was delayed and reached only 43% (Fig. 
1E). This value was significantly lower than the Cmt. 
NrEO concentrations higher than 0.006% completely 
inhibited seed germination (Fig. 1E).
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Effect of Nepeta rtanjensis essential oil on seed 
germination and seedling growth of Stellaria 
media sown in pots

Since the seeds of Stellaria media were most sensitive 
to the essential oil of N. rtanjensis, we selected them 
for further experiments in pots. Before sowing, the 
topsoil layer was sprayed with N. rtanjensis emul-
sion (0.06%, 0.13%, 0.25%, 0.5%, and 1%), while the 
control treatments were sprayed with (1) the same 
maximum amount of methanol and Tween 20 (both 
1%) in distilled water (Cmt), and (2) distilled water 
(C) (Fig. 1F and Fig. 2). Germination was performed 
at 25/20°C in a 16 h/8 h light/dark photoperiod for 
12 days. Thereafter, 5 seedlings were left in each pot 
and additionally sprayed with the same concentration 
of NrEO emulsion or distilled water with or without 
methanol and Tween 20 as at the beginning of the 
experiments. After 12 days of additional spraying, 
growth parameters (shoot height, number of nodes, 
fresh weight, and dry weight of shoots) were measured 
(Fig. 2) and the number of seedlings that did not sur-
vive was also recorded. The plateau of germination 
of S. media was reached on the 5th day after sowing. 
Only the 1% NrEO treatment resulted in significantly 
lower sprouting (84%) compared to the control and 

the other treatments, whereas sprouting was equal to 
or higher than 90% in all other treatments (Fig. 1F). 
Reduction in S. media shoot growth after additional 
spraying with NrEO emulsion was observed (Fig. 2). 
Statistically significant inhibition of plant elongation 
was observed 12 days after additional spraying with 
1% NrEO. The average height of control shoots was 
37.5 mm, while shoots sprayed with the lowest NrEO 
concentration (0.06%) were higher than those in Cmt, 
but this was not statistically significant (Fig. 2A). The 
average number of nodes in the control treatment 
(Cmt) was 5.9, while it was significantly lower in the 
treatments with 0.5% NrEO and 1% NrEO (5.1 and 4.2, 
respectively) compared with Cmt (Fig. 2B). The shoot 
fresh weight of seedlings was significantly lower 12 days 
after subsequent spraying with 0.25%, 0.5%, and 1% 
NrEO, while the dry weight was significantly reduced 
at all applied concentrations of NrEO, except for 0.06%, 
compared to Cmt. The statistically significant increase 
in fresh and dry weight of S. media shoots occurred 
after spraying with 0.06% NrEO, compared to Cmt 
(Fig. 2C, D). The highest applied NrEO concentration 
(1%) caused 45% mortality in S. media seedlings, while 
0.5% NrEO, 0.13% NrEO, and the C treatment caused 
5% mortality. There was no mortality in the 0.25% 
NrEO, 0.06% NrEO, and Cmt treatments.

Fig. 2. Growth parameters: A – height of 
seedlings (mm), B – number of nodes per 
shoots, C – fresh weight (mg), D – dry 
weight of shoots (mg) Stellaria media 
seedlings 24 days after sowing in pots 
sprayed with Nepeta rtanjensis emul-
sion (0.06%, 0.13%, 0.25%, 0.5% and 1%) 
before and 12 days after sowing. Control 
groups were sprayed with 1) the same 
maximum amount of methanol and 
Tween 20 (both 1%) in distilled water 
– Cmt and in distilled water – C. Values 
with the same letter indicate statistically 
homogeneous groups (P≤0.05), according 
to Fisher’s LSD test.
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DISCUSSION

Allelopathic compounds directly affect many bio-
chemical and physiological processes, including seed 
germination and plant organ growth and development 
[38]. Essential oils include volatile compounds that 
achieve their allelopathic effects through the air in the 
natural environment. However, in our experimental 
setup, the allelopathic effect of the essential oil was 
demonstrated by the direct contact of the seeds with 
the water emulsion. Essential oils containing high 
levels of low molecular weight terpenes affected seed 
germination and early seedling growth by altering 
normal cell division processes, reducing mitotic in-
dex, and causing chromosomal abnormalities in root 
meristems [39]. Monoterpenes are known to cause 
anatomical and physiological changes in plants by 
inhibiting DNA synthesis and disrupting mitochon-
drial and nuclear functions [40], disrupting the cell 
membrane, increasing fluidity, or inhibiting membrane 
enzymes, and promoting the formation of reactive 
oxygen species (ROS) [41].

The significantly delayed and reduced germination 
of A. retroflexus with increasing NrEO concentration 
agrees with Mutlu et al. [41] that the germination of 
A. retroflexus was completely inhibited at a concen-
tration of 0.02% essential oil of Nepeta meyeri, which 
has a very similar content of nepetalactone to that 
of N. rtanjensis in the essential oil. Mutlu et al. [42] 
showed that the germination of ten other weed spe-
cies was inhibited by N. meyeri essential oil. Kordali 
et al. [43] demonstrated that the inhibitory effect of N. 
meyeri essential oil on the germination and seedling 
growth of four weed species, including A. retroflexus, 
was similar to or higher than that of the commercial 
herbicide trifluralin.

Dmitrović et al. [4] demonstrated that N. rtanjensis 
and N. cataria essential oils had a strong inhibitory ef-
fect on the shoot and root growth of A. artemisiifolia in 
vitro. Tworkoski [44] showed that A. artemisiifolia was 
damaged after spraying with essential oils of Thymus 
vulgaris and Satureja hortensis at a concentration of 
1%, while 5% and 10% killed the seedlings, which, 
like Nepeta species, belong to the Lamiaceae family. 
Our results that NrEO treatment reduces the final 
germination of A. artemisiifolia seeds are consistent 
with literature data.

A. vulgaris is one of the most abundant weeds 
in the world [18,45]. To our knowledge, there are no 
literature data on the interaction of essential oils with 
A. vulgaris. We show that germination of A. vulgaris 
was completely inhibited at 0.1% NrEO, which is a 
very important contribution of our work. Some other 
interactions with A. vulgaris have been demonstrated 
in the literature. The allelopathic potential of weed 
species against crops is commonly reported. On the 
contrary, Onen [46] showed that a water extract of 
Medicago sativa shoot and root significantly reduced 
seed germination and growth of A. vulgaris seedlings in 
Petri dish experiments, while mixing the shoot biomass 
of M. sativa with soil strongly inhibited the sprouting of 
rhizome fragments and growth of A. vulgaris seedlings 
and caused leaf discoloration in pot experiments. 

Like A. vulgaris, Medicago sativa root and shoot 
extract inhibited imbibition and germination and 
reduced radicle and hypocotyl length and dry weight 
of C. syriaca [47]. As regards A. vulgaris, we did not 
find any previous studies on the effect of essential oils 
on the germination and growth of Cephalaria. Since 
we have demonstrated an unexpected stimulatory ef-
fect of NrEO on the germination C. transsylvanica, we 
believe that this result could be helpful for cultivation 
of N. rtanjensis in the field. It would be interesting to 
investigate whether higher concentrations of NrEO 
would cause inhibition of C. transsylvanica germination.

We have shown that S. media is very sensitive 
to NrEO, as a low concentration completely inhibits 
seed germination. This is consistent with Nestorović 
Živković et al. [36], who showed a very strong inhibi-
tory effect of NrEO in an ambient atmosphere on the 
germination of S. media. The inhibitory effect of plant 
extracts on S. media seed germination [48,49] has been 
demonstrated, while the importance of the interaction 
with essential oils needs to be further investigated.

The essential oil of N. rtanjensis had a significantly 
lower inhibitory effect on the germination of A. arte-
misiifolia than on the A. retroflexus, A. vulgaris, and S. 
media seeds, since the germination rate at the highest 
concentration (0.1%) was 43%, in contrast to the other 
species where germination was completely inhibited. 
The least sensitive species was C. transsylvanica, as 
germination at the highest applied concentration of N. 
rtanjensis EO (0.1%) did not affect germination com-
pared to Cmt; there was even a statistically significant 
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stimulation of C. transsylvanica germination at some 
concentrations of NrEO (0.006% and 0.05%).

Based on our results of the effect of NrEO on the 
germination of five weed species in Petri dishes, we 
selected the most sensitive species, S. media, for the pot 
experiment. We demonstrated that the highest applied 
NrEO concentration caused about 50% mortality in 
S. media seedlings. This is consistent with Kordali et 
al. [43], who demonstrated mortality of A. retroflexus 
seedlings of 43% to 64% 24 and 48 h, respectively, after 
spraying with an emulsion of N. meyeri essential oil (2%) 
under greenhouse conditions. In addition, Dyanat and 
Asgari [50] made similar observations that spraying 
3-week-old seedlings of A. retroflexus with essential oils 
of N. glocephalata and N. ispahanica at a concentration 
similar to our experiment (1.25%) resulted in visible 
damage and a decrease in seedling dry weight.

In our previous studies, we have shown that at the 
germination stage, some crops, such as oilseed rape, 
are insensitive to NrEO applied in the atmosphere of 
Petri dishes, while some other economically important 
plants, such as lettuce, are very sensitive [36]. Further 
studies are needed to select economically important 
species and the stage of their development at which 
they are least sensitive to NrEO in order to simultane-
ously inhibit the growth of weed species in the field.

Like the statistically significant stimulation of 
germination of C. transsylvanica at some of the tested 
NrEO concentrations, the lowest NrEO concentration 
has a hormesis effect and acts as a growth stimulant on 
the fresh and dry weight parameters of S. media seed-
lings. This effect could be tested on selected crops or 
other economically important species to increase their 
biomass production and yields. On the other hand, it 
is possible that NrEO treatment of S. media or similar 
weeds in the field may have an opposite effect to the 
desired, as rain and irrigation could dilute NrEO in 
the soil to a concentration that stimulates the growth 
of seedlings instead of inhibiting it. Further research 
is needed to find the NrEO concentration that has the 
desired effect on weeds and economically important 
crops at the same time.

Since their negative effects on the environment and 
human health are far less than those of widely used com-
mercial herbicides, it is necessary to further investigate 
the structures and sites of action of allelochemicals, 

including the essential oil of N. rtanjensis, and their 
dominant compounds, so that they can be used as 
natural herbicides. It is necessary to determine for-
mulations that can increase the effectiveness of N. 
rtanjensis essential oil and reduce the shortcomings 
of volatile active ingredients under field conditions. 
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. The light and temperature conditions for seed germination of A. retroflexus, A. artemisiifolia, A. vulgaris, C. 
transsylvanica, and S. media. The seeds of A. retroflexus and A. vulgaris were previously stratified for 2.5 weeks at 3±2°C in the dark, 
while A. artemisiifolia was previously stratified for 6 weeks at 3±2°C in the dark, according to Prijović et al. [37].

Weed species Temperature Light/Dark photoperiod Duration
A. retroflexus 30°C illumination (15 min/day) 15 days
A. artemisiifolia 26/21°C 16 h light/ 8 h dark 22 days
A. vulgaris 26/21°C 16 h light/ 8 h dark 8 days
C. transsylvanica 20°C illumination (15 min/day) 15 days
S. media 20°C illumination (15 min/day) 10 days

Supplementary Fig. S1. 7S-diastereoisomers of nepetalactone according to Liblikas et al. [14].




