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Abstract: The allelopathic plant extracts can be applied as soil or foliar bioherbicides and are
capable of suppressing germination and growth of several weeds, some of which are herbicide
resistant. This study evaluated the allelopathic activity of the aqueous extract of aerial biomass
of mugwort (Artemisia vulgaris L.) on seed germination and seedling growth of redroot pigweed
(Amaranthus retroflexus L.) and maize (Zea mays L.), in order to be applied as a potential bioherbicide.
The aqueous extract of mugwort was qualitatively examined for the presence of bioactive compounds
and it was applied in a Petri dish and pot bioassays quantifying its effects on redroot pigweed and
maize by non-linear regression analyses according the log-logistic model. The aqueous extract of
mugwort showed the presence of several bioactive compounds with allelopathic activity, such as
polysaccharides, organic acids, flavonoids and terpenoids. The aqueous extract of mugwort, at the
concentrations from 7.5% to 10% w/v, were found to be the optimal concentration range since
it is able to inhibit seed germination, seedling emergence and plant growth of redroot pigweed,
without affecting seed germination and seedling emergence of maize, or rather, stimulating its radicle,
mesocotyl and plant’s growth. EC90 values for the seed germination, radicle and hypocotyl length of
redroot pigweed were in the order: 6.1% and 8.1%, 3.2% and 6.2%, 3.8% and 5.7% w/v of aqueous
extract in the two repeated bioassays, respectively. Due to potential herbicidal activity against weeds
and biostimulant action on the crops, this extract could be the ideal solution in an integrated weed
management program, in order to suppress weeds, increasing competitive ability of crops.

Keywords: redroot pigweed; Zea mays L.; allelopathy; integrated weed management (IWM);
natural herbicide; biostimulants

1. Introduction

Maize (Zea mays L.) is one of the world’s three major cereal crops, ranking second in importance
after wheat and before rice as area harvested, and first in importance as yield production, in 2018 [1].
The world production of maize was estimated at 1.05 million thousand tons in 2019 and it is considered
as a staple food in many parts of the world: the largest producer of maize is the United States of America
(USA) contributing about 33% of the total world maize production [2]. In Southern and Eastern Africa,
it is the main source of food and agricultural income for smallholder farmers [3]; while within the
28 Member States of the European Union (EU) the production in 2019 reached 70 million tons mainly
used for animal feed (80%) and secondarily for industry (13%) and humans (7%) [4]. Maize is a source
of nutrition as well as phytochemical compounds (carotenoids, phenolic compounds, phytosterols)
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that play an important role in preventing chronic diseases and it is believed to have potential anti-HIV
activity due to the presence of Galanthus nivalis agglutinin (GNA) lectin or GNA-maize [5]. It is widely
processed into various types of products such as cornmeal, grits, starch, flour, tortillas, snacks and
breakfast cereals.

Weeds regularly cause important maize crop losses that can reached 90% in the developing
countries, such as Africa [3]. Therefore, weed control has a major effect on the success of maize growth,
because the competition ability of maize is relatively low, especially at early crop growth stages [6].
In fact, in more developed parts of the world, which are characterized by higher agricultural inputs,
farmers rely heavily on the use of herbicides to control weeds; more than 90% of the maize production
area in all European regions is manage with herbicides [7].

However, environmental and human health impact of herbicides use, increasing of herbicide
resistance and organic farming were the main factors that stimulated the interest to develop weed
control methods alternative to chemical control [8–11]. Allelopathy, defined as all direct positive or
negative effects of a plant on another plant or on micro-organisms by the liberation of biochemicals into
the natural environment, could be used as a weed control tool in order to reduce the use of herbicides
and improve weed management strategies, both in the integrated and organic farming systems [12–15].
Combining the pre-emergence inoculation with the fungal pathogen Pyrenophora semeniperda and
post-emergence imazapic application limits the spread of cheatgrass (Bromus tectorum L.) [16]. In two
field experiments in winter wheat (Triticum aestivum L.), the mugwort (Artemisia vulgaris L.) aqueous
extract (20% w/v) in mixture with chlorsulfuron in a pre-emergence application, allowed to reduced up to
80% the dose of the herbicide, maintaining an effectiveness of 70% against Lolium multiflorum Lam. [17].
Interesting results were obtained by selecting allelopathic crop types, using allelopathic cover crops or
phytotoxic extracts from crop residues [18]. A description of the latest updates of allelopathy for weed
control and its possible integration to an IWM strategy for herbaceous field crops were reported by
Scavo and Mauromicale [19]. Furthermore, recently, it was be noted an increased interest in studying
allelopathic plant extracts as bioherbicides, with a particular attention on the allelopathic potentiality
of weeds [20,21]. Many weeds are now achieving importance as agents of weed control, due to the
production of allelochemicals, defined as secondary metabolites belonging to different chemical classes
with inhibitory effects on target organisms [22]. The genus Artemisia (Asteraceae), consisting of over
200 species of herbs and shrubs, is well known for its wide spectrum of biological activities, including
medicinal ones, due to the presence of volatile oils [23]. A. vulgaris (mugwort) is a rhizomatous
perennial weed that commonly infests roadsides, waste areas and crop fields [24]. A remarkable
number of secondary metabolites have been isolated from mugwort tissue and many of these being
terpenes [24]. The rhizomes contain large quantities of 1,8-cineole, ascorbic acid, quercetin and vulgarin,
a sesquiterpene lactone [25]. Mugwort exhibits strong allelopathic properties, either by foliar-produced
or living rhizome-exudated phytotoxins, inhibiting the growth of several weeds and crops [17,26,27].
The allelopathic effects of the fresh leaves could not be reproduced with individual volatile isolates
(monoterpenes), suggesting that toxicity results from a combination of monoterpenes [28].

Recently, Harker and O’Donovan [29] stressed as “given herbicide-resistant weed issue and
consistent public pressure to reduce overall pesticide use, herbicide alternatives and true integrated
weed management (IWM) strategies are urgently required now more than ever”.

Redroot pigweed (Amaranthus retroflexus L.) is a common C4 weed in many agricultural areas
and is reported to have a negative influence on several crops, such as sugar beet (Beta vulgaris L.),
soybean (Glycine max L.), potato (Solanum tuberosum L.), cotton (Gossypium hirsutum L.) and maize
(Z. mays L.) [30]. The maize yield loss due to redroot pigweed competition was reported to be from
5–34% [31] and ≤50% [32], depending on the redroot pigweed density. The intense use of certain
herbicides led to the development of resistant populations of this weed worldwide. This resistance
in redroot pigweed has evolved mainly due to herbicides in the Groups C1/5 (Photosystem II
inhibitors) and B/2 (ALS inhibitors) [33]. Although mechanical and physical weed control methods
are available to control redroot pigweed and other weeds in organic maize [10,34], the development
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of bioherbicides, defined as products of natural origin for weed control, needs to be enhanced [35].
Recently, Masi et al. [36] isolated two new phytotoxic copaane sesquiterpenoids, named stoechanones
A and B, from the organic extract of Lavandula stoechas L. that showed phytotoxic effects against seed
germination and seedling growth of redroot pigweed.

The allelopathic plant extracts can be applied as soil or foliar bioherbicides and are capable of
suppressing germination and growth of several weeds, some of which are herbicide resistant [17,22].

Some studies were carried out on the allelopathic effects of mugwort against weeds and crops
under laboratory, greenhouse and field conditions [37–39]; however, the allelopathic activity of
mugwort against redroot pigweed and maize were not yet investigated.

The aim of this study was to evaluate the allelopathic activity of the aqueous extract of aerial
biomass of mugwort on seed germination and seedling growth of redroot pigweed and maize in order
to be applied as a potential bioherbicide.

2. Materials and Methods

2.1. Plant Sampling and Extractions

Plants of mugwort were collected from an uncultivated field in Marsciano, Perugia, central Italy
(42◦56′ N, 12◦23′ E, 165 m a.s.l.) at the growth stage of 61–62 BBCH scale (beginning of flowering:
10–20% of flowers open) [40]. Fresh mugwort plants were dried in a hot-air oven at 45 ◦C for 5 days,
and aerial biomass (leaves + stems) was ground with an electrical grinder, sieved through a 1 mm sieve,
and kept in a dry and dark bag at 10 ◦C for future use. In laboratory, aerial biomass at 25 g dry tissue
was soaked in 100 mL of distilled water (25% w/v) for 24 h at 24 ◦C. After soaking, the aqueous solution
was filtered through 4-layers of cheesecloth to remove the fibre debris and then the aqueous extract
was filtered again through filter paper. The resulting filtrate (used as stock extract in the following
experiments) was frozen at −20 ◦C until extraction and analysis.

An aliquot of the aqueous stock extract (5 mL) was lyophilized yielding a residue of 127.2 mg.
10 mg of this residue were dissolved in D2O and filtered on 0.2 µm filters to record an 1H-NMR
(proton nuclear magnetic resonance) spectrum of the hydrophilic compounds.

An aliquot of the aqueous stock extract (2 mL) was dialyzed in tubes with exclusion limits of
3500 Da. The dialysis was conducted in a discontinuous manner against large volumes of Milli-Q
water and the contents of the dialysis tubing was lyophilized to give a residue of 32.1 mg. Then, 10 mg
of this residue were dissolved in D2O and filtered on 0.2 µm filters to record an 1H-NMR spectrum of
the high (>3500 Da) molecular weight compounds.

An aliquot of the aqueous stock extract (40 mL) was extracted in sequence with n-hexane, CH2Cl2,
EtOAc and n-butanol (three times with 40 mL of each solvent). The combined organic extracts, obtained
using the same solvent, were dried with Na2SO4 and evaporated under reduced pressure yielding 1.7,
17.2, 23.5 and 20.3 mg of organic extracts as oily residues, respectively. These samples were checked by
1H-NMR and their chromatographic profiles were compared on TLC (Thin Layer Chromatography)
using two different solvent systems (CH3Cl-i-PrOH 9:1 v/v and EtOAc-MeOH-H2O 8.5:1.5:1.0 v/v/v).
Solvents with increasing polarity were used in sequence to fractionate the low molecular weight
compounds present in the aqueous stock extract.

An aliquot of the aqueous stock extract (40 mL, pH = 7) was acidified with formic acid at pH = 2
and extracted with EtOAc (three times with 40 mL) to obtain the low molecular weight organic acids.
The combined organic extracts were dried with Na2SO4 and evaporated under reduced pressure
yielding 147.9 mg as a brown oily residue which was checked by TLC and 1H-NMR.

2.2. Extracts Chemical Characterization

1H-NMR spectra were recorded at 400 MHz in D2O, CDCl3 and CD3OD on a Bruker
(Billerica, MA, USA) spectrometer. The same solvent was used as internal standard. Analytical TLC
were performed on silica gel (Kieselgel 60, F254, 0.25 mm) plates (Merck, Darmstadt, Germany). The
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spots were visualized by exposure to UV radiation (253 nm), or iodine vapor, or by spraying first with
10% H2SO4 in MeOH and then with 5% phosphomolybdic acid in EtOH, followed by heating at 110 ◦C
for 10 min. Sigma-Aldrich Co. (St. Louis, MO, USA) supplied all of the reagents and the solvents.

2.3. Experiment 1: Petri Dish Bioassays

Petri dish bioassays were carried out according to the methodology already showed by
Pannacci et al. [17,18,41]. Seeds of maize (Z. mays subsp. Indurata, “flint corn”, cv. 65b) and redroot
pigweed were pre-sterilized with 2% sodium hypochlorite for 5 min and washed with distilled water.
Fifty seeds of redroot pigweed were evenly placed on filter paper in sterilized separate 120-mm Petri
dishes; while thirty seeds of maize were evenly placed on 150 g of quartz sand (inert substrate, 0.2–2 mm
mesh size, 1.24 g mL−1 bulk density and 38.5 mL 100 mL−1 maximum water holding capacity) in sterilized
separate 150-mm Petri dishes and then covered adding another 50 g of quartz sand. Stock extract of aerial
biomass was diluted with distilled water to prepare 0, 2.5, 5, 10, 17.5, 25 % w/v concentrations, these were
added at 6 mL and 39 mL per Petri dish, for redroot pigweed and maize, respectively. The treatments were
replicated thrice according to a completely randomised design and the bioassay with redroot pigweed was
repeated twice. All Petri dishes in bioassays were placed in a growth chamber at dark, with temperature
cycles of 12 h at 20 ◦C and 12 h at 30 ◦C for maize and 24 h at 20 ◦C forredroot pigweed. Germinated
seeds were counted after 10 days and six representative seedlings per Petri dish were chosen to determine
the radicle and hypocotyl lengths. Germination, radicle and hypocotyl length data for each species were
converted to percentage relative to untreated control [42].

2.4. Experiment 2: Pot Culture Bioassays

Plastic pots (55 mm Ømax, 37 mm Ømin, 50 mm depth, 3 holes in bottom) were previously closed,
putting discs (37 mm Ø) of filter paper (specific weight 90 g m−2) in the bottom and then were filled with
65 mL (corresponding to 80.6 g) of quartz sand (inert substrate, 0.2–2 mm mesh size, 1.24 g mL−1 bulk
density and 38.5 mL 100 mL−1 maximum water holding capacity) and were allocated over the saucers
(80 mm Ø and 20 mm depth). Four seeds of maize and 30 seeds of redroot pigweed were sown per
pot. These pots were kept in glasshouse (minimum/maximum air temperature: 10 ◦C/25 ◦C; light/dark
period: 13/11 h) in completely randomised design with three replications. Pots were subirrigated
to maximum water holding capacity with 6-extract concentrations (0, 2.5, 5.0, 7.5, 10.0 and 12.5%
w/v) using saucers as the “subirrigation system”. After emergence, seedlings were counted and then
thinned to 5 (redroot pigweed) and 3 (maize) plants per pot. Water content was daily adjusted to
maximum water holding capacity by subirrigation with a nutrient solution containing all necessary
macro and micro-elements (Flory 9®, Agrimport; 1 g c.f. L−1 + urea 0.1 g c.f. L−1 + Sequestrene® NK
138 Fe, Ciba-Geigy 0.04 g c.f. L−1). Three weeks after emergence, plants were harvested and the above
ground fresh and dry weight per pot was recorded. Data of seedling emergence, fresh and dry weight
were expressed as percentage of untreated control [42].

2.5. Statistical Analysis

Bioassays data were subjected to non-linear regression analyses by using the log-logistic model
proposed by Streibig et al. [43]:

Y = C +
D−C

1 + exp{b[log(X) − log(a)]}
(1)

where Y is the response (i.e., percentage of seed germination, radicle or meso/hypocotyl length of
seedlings, seedling emergence and fresh or dry above-ground biomass of plants) of the test seed or
plant as a function of the extract concentration X, D is the upper asymptote (response of the untreated
control), C is the lower asymptote (response at extremely high concentration), a is the concentration
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that give a response half way between upper and lower asymptotes and b is the slope around the
inflection point.

In some cases, growth stimulation was observed at low concentration doses, hence, the following
peaked model was used [44]:

Y = C +
D−C + f X

1 + exp{b[log(X) − log(a)]}
(2)

where, f is the parameter for stimulation.
Fitted equations were used to calculate the extract solution concentration required to give 10%,

50% and 90% reduction of the control value in terms of seed germination, radicle or meso/hypocotyl
length of seedlings and plant biomass, i.e., EC10, EC50 and EC90 (effective concentration) [45]. In the
case of plant biomass, EC values were generated by using both the fresh and dry weight data. As the
fresh weight and dry weight data showed a similar trend, only EC10, EC50 and EC90 values, on the
basis of the dry weight data, were included.

The assumption that dose–response curves could be fitted to the data was assessed by an F-test
for lack-of-fit comparing the residual sum of squares of an analysis of variance and the non-linear
regression [46].

The models were fitted to the experimental data using the EXCEL® Add-in macro BIOASSAY97 [47].

3. Results and Discussion

3.1. Qualitative Composition of the Extract

The aqueous extract of mugwort was qualitatively examined (using chromatographic and
spectroscopic methods) for the presence of bioactive compounds as detailed in the Materials
and Methods section. The preliminary investigation of the 1H-NMR spectrum (Figure 1a) of the
lyophilized aqueous extract showed the presence of different signals due to sugars (monosaccharides,
oligosaccharides or polysaccharides) protons. The presence of high (>3500 Da) molecular weight
compounds was confirmed by spectroscopic analysis of the dialysis tubes content after dyalization of
the aqueous extract in tubes with exclusion limits of 3500 Da. In fact, the 1H-NMR spectrum (Figure 1b)
of its lyophilizate showed the presence of the typical signals of carbohydrates as well as the signals of
methyl groups probably due to the presence of some amino- and deoxy-sugars [48,49].

The presence of lipophilic low molecular weight metabolites, belonging to different classes of
natural compounds, was ascertained by carrying out successive extractions with organic solvents of
increasing polarity. The 1H-NMR analysis (Figure 1c–e) of the organic extracts obtained revealed the
presence of signals due to aromatic double bonds, methoxy groups, methylenic protons and methyl
groups. These signals are significant for the presence of different flavonoids and terpenoids which are
already reported as phytochemical constituents of mugwort [50].

The aqueous extract was also acidified at pH 2 and a brown oily residue (147.9 mg) was obtained
in good yield compared to the organic extracts obtained at pH 7 (Table 1).

Table 1. Yield (mg) of organic extracts obtained from the aqueous stock extract (40 mL) of mugwort
plants using solvents with different polarity and different pH values.

pH Value Organic Solvent

n-hexane CH2Cl2 EtOAc n-butanol
7 1.7 mg 17.2 mg 23.5 mg 20.3 mg
2 n.d. 1 n.d. 147.9 mg n.d.

1 n.d. = not determined.
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Figure 1. (a) 1H NMR spectrum of the aqueous stock extract recorded at 400 MHz in D2O; (b) 1H NMR
spectrum of the dialysis tubes content after dyalization of the aqueous stock extract recorded at 400 MHz
in D2O; (c) 1H NMR spectrum of the CH2Cl2 organic extract recorded at 400 MHz in CDCl3; (d) 1H NMR
spectrum of the EtOAc organic extract recorded at 400 MHz in CDCl3; (e) 1H NMR spectrum of the
n-butanol organic extract recorded at 400 MHz in CD3OD; (f) 1H NMR spectrum of the EtOAc organic
extract obtained acidifying the stock solution at pH 2 recorded at 400 MHz in CD3OD.

The acid extract showed the presence of several organic acids when analyzed by TLC and NMR
(Figure 1f). This result is in agreement with the literature data which showed that chlorogenic,
caffeic and dicaffeoylquinic acids are the major low molecular weight constituents produced by
mugwort [51].

Thus, the qualitative chemical analysis of the aqueous extract of mugwort showed that beside the
large number of polysaccharides also good amount of organic acids and interesting terpenoids and
flavonoids are contained. However, further analyses are needed in order to identify the compounds
contained in the extract responsible for its phytotoxic activity.

3.2. Exp.1: Effects of Extract on Seed Germination, Radicle and Hypocotyl Lengths of Seedling in Maize and
Redroot Pigweed

In Petri dish bioassays, the aqueous extract of aerial biomass of mugwort inhibited the seed
germination of redroot pigweed but not that of maize (Figure 2a). The EC10, EC50 and EC90 values
were estimated only from the dose–response curves of redroot pigweed, while, EC values were not
estimable in maize, since the extract did not influence its seed germination (Figure 2a and Table 2).
In particular, EC90 values for the germination of redroot pigweed in the two repeated bioassays were
6.1% and 8.1% w/v of aqueous extract, that means as these concentrations of mugwort extract were
able to reduce of 90% the germination of redroot pigweed compared to untreated control.
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Table 2. EC10, EC50 and EC90 values (% w/v) of aqueous extracts of mugwort, on seed germination, radicle and meso/hypocotyl length of maize and redroot pigweed
(A. retroflexus) (1 and 2 mean the two repeated bioassays) seedlings (standard errors and confidential intervals are in parentheses; n.e.: not evaluable).

Species Germination (%) Radicle Lenght Meso/Hypocotyl Length

EC10 EC50 EC90 EC10 EC50 EC90 EC10 EC50 EC90

A. retroflexus_1 1.2 (0.06) 3.1 (0.06) 8.1 (0.37) 2.9 (0.03) 4.2 (0.02) 6.2 (0.03) 4.4 (4.00–4.55) 4.8 (4.58–4.84) 5.7 (5.45–6.10)
A. retroflexus_2 1.1 (0.06) 2.6 (0.04) 6.1 (0.24) 2.5 (0.001) 2.8 (0.02) 3.2 (0.04) 3.5 (1.77–4.70) 3.6 (1.78–4.70) 3.8 (1.71–4.70)

Maize >25 >25 >25 17.7 (n.e.) >25 >25 18.8 (3.50–31.56) >25 >25
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Figure 2. Effects of aerial biomass aqueous extracts of mugwort on seed germination (graphic a),
radicle length (graphic b) and mesocotyl/hypocotyl length (graphic c) of maize and redroot pigweed
(A. retroflexus) seedlings (1 and 2 mean the two repeated bioassays). Symbols show observed data in
the experiment 1, lines show fitted curves according to models 1 and 2.

Radicle and hypocotyl length of redroot pigweed were severely affected by mugwort extract
that at the concentrations of 10% w/v and over, inhibited completely their growth (Figure 2b,c).
In particular, EC10, EC50 and EC90 values were similar between radicle and hypocotyl length, ranging
from 2.5% to 4.4%, from 2.8% to 4.8% and from 3.2% to 6.2% w/v, respectively, in the two repeated
bioassays (Table 1). Inhibitory effect against radicle length of redroot pigweed was observed also
by Scavo et al. [52], studying the differences in the allelopathic activity of three Cynara cardunculus L.
botanical varieties (globe artichoke, cultivated and wild cardoon) leaf aqueous extracts on the seedling
growth of redroot pigweed. Radicle and mesocotyl of maize showed a low growth inhibition only at
the highest concentration of mugwort extract, while at the lowest extract concentrations, radicle and
mesocotyl were highly and significantly stimulated to growth. Stimulation parameters were: f = 75.1
(p = 0.018) for radicle length; f = 26.2 (p = 0.008) for mesocotyl length (Figure 1b,c).

In particular, the extract concentrations from 7.5% to 10% w/v, can be defined as the optimal
concentration range since it is able to inhibit the germination and growth of redroot pigweed,
without to affect germination of maize, or rather, stimulating its radicle and mesocotyl growth.
This stimulation phenomenon, known as hormesis, has been observed both with herbicides and
allelopathic extracts [18,41,53] and also with extracts of mugwort in potato cultivation [54]. From an
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agricultural point of view, it could be exploited to increase the crop production and quality as done by
plant biostimulants [55].

Recently, plant extracts were considered as plant biostimulants, according the following definition:
“A plant biostimulant is any substance or microorganism applied to plants with the aim to enhance
nutrition efficiency, abiotic stress tolerance and/or crop quality traits, regardless of its nutrients content.”
Indeed, in this definition, a substance may be either a single chemical compound or a group of
compounds having a well-established biological origin, e.g., plant extracts, but not necessarily a fully
characterized composition [55]. In this context, a plant extract with potential herbicidal activity against
weeds and biostimulant action on the crops, like mugwort extract, could be the ideal solution in an
integrated weed management program, in order to suppress weeds, increasing competitive ability
of crops.

3.3. Exp.2: Effects of Extract on Seedlings Emergence and Plant Growth in Maize Andredroot Pigweed

In pot culture bioassays, the data confirmed the results obtained in Petri dish bioassays.
In particular, the aqueous extract of aerial biomass of mugwort inhibited the seedlings emergence of
redroot pigweed but not that of maize (Figure 3a). The EC10, EC50 and EC90 values were estimated
only from the dose–response curves of redroot pigweed, while, EC values were not estimated in maize,
since the extract did not influence its seedlings emergence (Figure 3a and Table 3).
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Figure 3. Emergence (graphic a) and dry weight (graphic b) of maize and A. retroflexus plants as affected
by aerial biomass extract of mugwort. Symbols show observed data in the experiment 2, lines show
fitted curves according to the models 1 and 2.

Table 3. EC10, EC50 and EC90 values (% w/v) of aerial biomass aqueous extracts of mugwort on seedling
emergence and plant dry weight of maize and redroot pigweed (A. retroflexus) (standard errors and
confidential intervals are in parentheses).

Species
Seedling Emergence Plant Dry Weight

EC10 EC50 EC90 EC10 EC50 EC90

A. retroflexus 1.1 (0.35) 3.0 (0.39) 8.5 (1.90) 5.4 (5.33–5.42) 6.0 (5.89–6.04) 7.3 (7.52–7.12)
Maize >12.5 >12.5 >12.5 >12.5 >12.5 >12.5

In particular, EC values for seedlings emergence of redroot pigweed were comparable with
those of seed germination obtained in the experiment 1, confirming the inhibitory effects of the
extract, also in pot conditions with the presence of a substrate. Indeed, in pot bioassays, the extract
inhibited seed germination at the same concentration levels of the Petri disc bioassays, so affected the
seedlings emergence of redroot pigweed (Figure 3a). These evidences are promising from a practical



Agriculture 2020, 10, 642 10 of 13

point of view, for the application of the extract as a pre-emergence bioherbicide, directly in the field.
In this case, the behaviour of allelochemicals in the soil is fundamental for the determination of their
phytotoxic effects, particularly the adsorption–desorption balance, which influences the concentration
of allelochemicals in soil water [56]. The soil can reduce the bioavailability of the extract and so its
phytotoxic effects, as already observed by Pannacci et al. [17], that found a bioavailability of 50%,
for the aqueous extract of mugwort in a sandy loam soil. The EC levels of extract, just as determined in
this pot experiment using an inert substrate, can be adapted to different soil types by knowing the
bioavailability of the extract in each soil [41,57]. In this way, the EC levels of mugwort aqueous extract
reported in Table 3 could be adapted to the sandy loam soil above mentioned, reduplicating their
values, if the extract would be applied in the field as a pre-emergence bioherbicide to control redroot
pigweed in maize crop.

The effect of the increasing of mugwort extract concentration on plant growth in maize and
redroot pigweed at three weeks after emergence were reported in Figure 3b. In particular, the dry
weight of maize plants increased linearly (y = 2.78x + 100.94, R2 = 0.71) with the increasing of extract
concentration, confirming the stimulatory effects of the extract on maize growth, as already observed
in Petri dish experiment on radicle and hypocotyl length of maize seedlings (Figure 2b,c and Figure 3b).
As in the case of seedlings emergence, the EC values were estimated only from the dose-response curves
of redroot pigweed, while, EC values were not estimated in maize due to stimulation effect of the extract
(Table 3). The dry biomass of redroot pigweed was completely inhibited at the extract concentrations
higher than 7.5% w/v (Figure 3b), as shown by the ED90 value of 7.3% w/v (Table 3). These results were
in line with those of the experiment 1, confirming that the extract concentrations from 7.5% w/v to
10% w/v, were the optimal concentration range to apply the extract as a pre-emergence bioherbicide.
Indeed, this range of extract concentrations was able to inhibit the emergence and biomass growth
of redroot pigweed plants, without to affect emergence of maize and stimulating its biomass growth.
The application of mugwort aqueous extract as a potential pre-emergence bioherbicide were also tested
by Pannacci et al. [17] in two years’ field experiments in winter wheat, where, the same extract at the
concentration of 20% w/v, gave a 50% efficacy to reduce the emergence of Lolium multiflorum Lam.
plants, showing a good selectivity to the crop. However, further research is needed to increase the data
on the efficacy of mugwort extract against other weeds and on its selectivity to other crops. For this
reason, in the experiment 1, the mugwort extract was also tested on green bean (Phaseolus vulgaris L., cv.
Blue lake s7) obtaining results comparable with those of maize, in terms of seed germination, radicle and
mesocotyl lengths (data not shown). Furthermore, Kadioglu and Yusuf [38] found that methanol
extract of mugwort’s plants inhibited the germination of several weeds, such as Abutilon theophrasti
Medik, A. retroflexus L., Avena sterilis L., Rumex crispus L. and Lolium perenne L., confirming our results
and showing so a good allelopathic activity of the extract to control both grass and broadleaves weeds,
regardless seeds size.

4. Conclusions

The qualitative chemical analysis of the aqueous extract of mugwort showed the presence of several
bioactive compounds with allelopathic activity, such as polysaccharides, organic acids, flavonoids
and terpenoids.

In Petri dish bioassays, the aqueous extract of aerial biomass of mugwort inhibited the seed
germination of redroot pigweed, but not that of maize. Radicle and hypocotyl length of redroot
pigweed were severely affected by mugwort extract that at the concentrations of 10% w/v and over,
inhibited completely their growth, while radicle and mesocotyl of maize were highly and significantly
stimulated to growth.

In pot culture bioassays, the aqueous extract of mugwort inhibited the seedlings emergence and
the subsequent plant growth of redroot pigweed, while maize was not affected in seedlings emergence
with a stimulation of plant biomass.
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The extract concentrations from 7.5% to 10% w/v, were found to be the optimal concentration
range since it is able to inhibit the germination and growth of redroot pigweed, without to affect
germination of maize, or rather, stimulating its radicle, mesocotyl and plant’s growth.

These evidences are promising from a practical point of view, for the application of the extract as
a bioherbicide in pre-emergence, directly in the field. Indeed, a plant extract with potential herbicidal
activity against weeds and biostimulant action on the crops, could be the ideal solution in an integrated
weed management program, in order to suppress weeds, increasing competitive ability of crops.

However, further analyses are needed in order to identify the compounds contained in the extract
responsible for its phytotoxic activity, understanding the modes of action involved in the inhibition of
seed germination and seedlings growth of weeds. Doing that, it will be possible to improve the use of
the extract as a pre-emergence bioherbicide or to open the way for the discovery of new herbicides
with new modes of action. Furthermore, for an optimal use of allelopathic potential of mugwort’s
extract, under field conditions, the influence of environmental factors could be a limitation and needs
to be more investigated in the future, as well as, the phytotoxic effects of the extract against other
weeds and crops, in order to extend the potential application as bioherbicide to control more weeds in
different crops and environmental conditions.
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