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The search for new tools appear to be crucial to ensure sustainable weed

management and the study of allelochemicals in plants plays a strategic role in

the eco-friendly agrochemical development. This study aims, for the first time, to

identify and quantify allelopathic substances in aqueous extracts from leaves (BL)

and roots (BR) of the invasive species Baccharis halimifolia L. (Asteraceae) and to

assess their phytotoxic activity at different dilutions in both germination tests and

greenhouse pot trials for the weed species Abutilon theophrastiMedik., Solanum

nigrum L., Lolium rigidum Gaudin and Setaria pumila Roem. & Schult. HPLC-

DAD-(ESI)-MS analysis revealed the presence of several saponins and phenolics

(e.g. Apigenin and Protocatechuic acid), possibly implicated in the observed

phytotoxic action. The most relevant effects were observed in the germination

test, where BRwasmore effective than BL and at 20% v/v dilution caused a 50-75%

reduction in root length of all weed species. Maximum reduction (>85%) in root

length occurred at 100% v/v dilution of both extracts for all species. Pre- and post-

emergence greenhouse trials showed unstable and variable herbicidal activity

among the tested species and extract doses. Effects were observed mainly on

the grasses S. pumila and L. rigidum, where BR application in post-emergence

reduced plant biomass by 42% and 34%. This study suggests that B. halimifolia

could be a potential source of natural herbicides; however, it also showed the

difficulties in reproducing, under the field-like conditions of pot trials, the

phytotoxic effects observed in germination tests due to radical differences in

applied doses and exposure conditions. This highlights the importance of studies

that consider field application and the need of green extraction methodologies

that improve active substances concentration in extract.
KEYWORDS

phytotoxicity, allelopathy, invasive species, saponins, phenolics, natural
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1 Introduction

Since weeds are among the main biotic cause of crop yield loss,

their Integrated Management is necessary to ensure the

productivity and sustainability of agricultural production

(Riemens et al., 2022). Herbicides remain the most widely used

and effective tools for weed control (Gianessi, 2013; Tudi et al.,

2021), but in the last decades, critical issues have arisen on a

political, environmental, health, and technical level (Loddo et al.,

2021). This adds a criticality to the future of weed control and

highlights the need to find new eco-friendly tools for management

(Westwood et al., 2018).

The importance of research into new natural herbicides derived

from plant extracts and essential oils is also due to the continuing

growth of organic farming in Europe (Eurostat, 2024). In this

farming system, there is a shortage of technical tools for weed

control, which is currently based mainly on cultural, physical and

mechanical methods (Merfield, 2023).

A growing number of studies are emphasizing the potential

phytotoxic activity of aqueous extracts from which new eco-friendly

herbicides can be developed (Chon and Nelson, 2010; Scavo et al.,

2018; Hasan et al., 2021; Vitalini et al., 2020, 2021). These studies,

however, are mainly based on laboratory tests and rarely include

trials under field or field-like conditions even if they are necessary

steps in the development of any new agrochemical (Kostina-

Bednarz et al., 2023). This is a major limitation given that

phytotoxic effects observed during in-vitro experiments do not

automatically translate into real herbicidal activity under field

conditions. This knowledge gap is currently hindering the

development of plant-based herbicides and contributing to the

present scarcity of commercially available natural herbicides in

comparison with other categories of biopesticides (Marrone, 2024)

and the lack of consistent performance in terms of weed control

reported for the few existing products (Loddo et al., 2023; Torres-

Pagán et al., 2024).

Allelopathy is the natural phenomenon whereby organisms

positively or negatively affect other nearby organisms by releasing

chemical compounds known as allelochemicals (Kostina-Bednarz

et al., 2023). The ability of producing allelochemicals as phenolic

compounds and terpenes has been largely described for the

Asteraceae botanical family in general (Chon et al., 2003; Chon

and Nelson, 2010; La Iacona et al., 2024) and the genus Baccharis in

particular (Dias et al., 2017; Ibáñez and Zoppolo, 2011; Miranda-

Arámbula et al., 2021). Research on secondary metabolites with

allelopathic action is critical to the improvement of sustainable

weed management tools, such as the selection and breeding of

allelopathic cover crops and the development of natural herbicides

(Khamare et al., 2022).

Baccharis halimifolia L. (Asteraceae) is a North American shrub

that is invading estuarine communities in Europe and forms

extremely dense, monospecific communities (Fried et al., 2016)

leading to its inclusion in a list of invasive plants important for the

European Union (Commission Implementing Regulation (EU)

2016/1141). Mechanical weeding is currently the most widely

used control technique and large quantities of plant residues like
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leaves, branches, and roots are generated (EPPO, 2016). From a bio-

circular economy perspective, the reuse of this plant waste for

agrochemical production would be desirable (Mikula et al., 2021).

B. halimifolia can contain several classes of secondary

metabolites (Martinez et al., 2005; Fernandes et al., 2022; Desrini

et al., 2023). Despite being the most invasive species of its genus,

researchers have not yet investigated B. halimifolia allelopathy

(Lázaro-Lobo et al., 2022).

In this study, for the first time, the phytotoxic activity of B.

halimifolia roots and leaves aqueous extracts was evaluated with

three experiments: (i) a germination test to assess effect on weed

seed germination, then a (ii) pre- and (iii) post-emergence pot trials

in greenhouse simulating field-like conditions. Chemical analyses

were carried out to characterize the compounds in the extracts.
2 Materials and methods

2.1 Plant material, weed seeds and
aqueous extracts preparation

The species tested in this study were the broadleaf weedsAbutilon

theophrasti Medik. (ABUTH hereinafter) and Solanum nigrum L.

(SOLNI) and the grasses Lolium rigidum Gaudin (LOLRI) and

Setaria pumila Roem. & Schult. (SETPU). These species were

chosen because they are all important weeds and have different

physiological, such as a C4 photosynthetic pathway for SETPU and

a C3 for LOLRI, and morphological characteristics, such as a greater

presence of hairs on leaves in SETPU than in LOLRI, different leaf

inclination between ABUTH and SOLNI, that could suggest a

potential different sensitivity to allelochemicals. Weed seeds were

collected at the Experimental Farm of the University of Padova (45°

N, 11°E) according to the methodology described by Loddo et al.

(2023) and stored in the fridge at 4°C until use.

B. halimifolia leaves and roots were collected from more than

thirty plants during the flowering phenological phase in October

2022 on an artificial island located in the Venice Lagoon (45°N, 12°

E). Both young and old pathogen-free plants were randomly chosen

for sampling. The plants were uprooted entirely by hand, taking

care not to break the roots. Roots were then separated from the

trunk with a pruning shear. Next, the roots and all branches with

leaves were air-dried separately in the dark for three weeks at room

temperature ranging from 18 to 25°C. Once dry, the leaves detached

from the branches and the roots were powdered in an electric mill

(RETSCH Cutting Mill SM 300).

The aqueous extracts were prepared according to the

methodology described by Vitalini et al. (2021). Distilled water

was added to B. halimifolia powder of leaves and rhizomes in 1:10 v/

v. Using an orbital shaker, the mixtures were agitated at room

temperature for 24 hours in a flask covered with foil to avoid light

contact. After that, it was filtered through double gauzes to remove

big solid residues and centrifuged at 4500 rpm for 30 min. Until use,

the extracts were stored in the freezer at -20°C. Hereinafter, B.

halimifolia extracts obtained from leaves and roots will be named

BL and BR, respectively.
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2.2 HPLC-DAD-(ESI)-MS analysis

For the analysis, an Agilent 1260 chromatograph equipped with

1260 series diode array and Varian MS 500 mass spectrometer

(Varian, Santa Clara, CA, USA) was used. As stationary phase an

Agilent C18 SB (4.6 x 250 mm) 5 µm was used, and water 1% Formic

acid (A), Acetonitrile (B) and Methanol (C) were used as mobile

phase. A gradient program was used as follows: 0⟶ 0.5th min: A:B:

C (95:5:0)⟶A:B:C (95:5:0), 0.5⟶5th min: A:B:C (95:5:0)⟶A:B:

C (85:15:0), 5⟶15th min: A:B:C (85:15:0) ⟶ A:B:C (60:30:10),

15⟶20th min: A:B:C (60:30:10) ⟶ A:B:C (20:70:10), 20⟶25th

min: A:B:C (20:70:10) ⟶ A:B:C (0:90:10), 25⟶30th min: A:B:C

(0:90:10) ⟶ A:B:C (0:90:10), 30⟶31th min: A:B:C (0:90:10) ⟶

A:B:C (95:5:0), 31 ⟶37th min: A:B:C (95:5:0)⟶ A:B:C (95:5:0).

Flow rate was 0.750ml/min. After the column, a “T” junction split the

flow to the DAD and to a Varian MS 500 mass spectrometer

equipped with ESI as ion source. MS spectra were acquired using

Electrospray (ESI) in negative ion mode acquiring spectra in the

range m/z 50–1500. For qualitative purposes, MSn spectra were used

to identify the compound, with the use of reference when available.

DAD detector was set at 287, 254, 330, and 350 nm. Compounds

were identified based on MS data and UV spectra. Liquid extracts

were filtrated and the solution was used for LC-MS analysis.
2.3 Germination test

The germination test was conducted in 9 cm diameter Petri

dishes covered by 2 filter paper discs Whatman No. 1, (Whatman,

Maidstone, UK). BL and BR extracts were diluted with distilled water

to obtain solutions diluted to 2.5, 5, 10, 20, 40, and 100% v/v. Twenty

seeds of ABUTH, SOLNI, LOLRI, and SETPU were sown in Petri

dishes moistened with 4 ml of each solution. Three replicates (Petri

dishes) were prepared for each combination of target species (4) *

extracts (2) * dilutions (6). Finally, to obtain an untreated reference, 3

Petri dishes with twenty seeds for each target species moistened with

distilled water (0% dilution of the plant part extract) were included.

The experiment was conducted twice. Thus, a total of 156 Petri dishes

were used for each experiment repetition for a total of 312 Petri

dishes. Petri dishes were placed in a germination chamber (KW

Apparecchi Scientifici) set at an alternate temperature regime of 25

(light) − 15 (dark) °C and a 12 h light photoperiod as already adopted

in previous experiments (Loddo et al., 2023).

Seed germination was monitored daily for 7 days for ABUTH

and LOLRI and 14 days for SETPU and SOLNI due to the slower

germination of these species. The final survey included also the

measurement of root length. Germination (Germ%NT hereinafter)

and Root Length (RootLenght%NT) of the treated replicates were

expressed as percentage of the mean germination or mean root

length of the respective untreated for each target species.
2.4 Greenhouse pre-emergence trial

To test the herbicidal effects of BL and BR under field-like

conditions of a pre-emergence application, a pot trial was
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conducted in a greenhouse located at the Experimental Farm of

the University of Padova (Italy).

To break dormancy and promote germination of SOLNI, its

seeds were sown in plastic boxes containing a mix of 60% silty loam

soil, 15% sand, 15% perlite, and 10% peat (potting mix hereinafter).

These boxes were kept in a refrigerator at 4°C for 8 days.

Subsequently, they were placed for 3 days in a germination

chamber at an alternate temperature regime of 25 (light) −15

(dark) °C and a 12 h light photoperiod. Afterward, 25 seeds of

SOLNI, LOLRI, SETPU, and ABUTHwere sown at 2 cm of depth in

plastic pots (15*15*30 cm) containing the potting mix. For the

entire duration of the experiment, pots were irrigated to maintain

the substrate at field capacity. Irrigation was suspended from 24 h

before to 24 h after the application of extracts.

On the third day after sowing, when seedlings emergence had

not yet started, BL and BR extracts were applied on the pot surface

with a precision bench sprayer equipped with three flat fan

hydraulic nozzles (TeeJet TP11001‐VH, Glendale Heights, IL,

USA) at a pressure of 215 kPa and speed of 0.6 ms−1.

In order to increase the phytotoxic compounds applied on pot

surface, only non-diluted BL and BR extracts were applied and 3

different spray volumes (330, 660 and 990 L ha-1) were tested to

identify potential dose-effect of the plant part extracts. Spray

volumes were chosen to simulate the volumes normally adopted

for field herbicide applications.

Three pots (replicates) were prepared for each combination of

target species (4 levels) * type of plant part extracts (2 levels) * spray

volume (or doses, 3 levels). In addition, 3 pots for each target species

were prepared for the untreated as control for a total of 84 pots. The

experimental layout was a completely randomized design. The

experiment was conducted twice.

Seedlings emergence and fresh weight of aboveground biomass

(fresh biomass hereinafter) were evaluated 2 weeks after treatment.

Seedlings emergence of the treated pots was expressed as a

percentage of the mean seedlings emergence observed in

untreated pots of the same target species (Emerg%NT parameter

hereinafter). For each target species, fresh biomass was measured

using a precision balance; then, the average individual plant

biomass was calculated by dividing total fresh biomass by the

number of live plants. For each target species, to assess biomass

reduction, the average individual plant biomass of treated replicates

was expressed as a percentage of the average individual plant

biomass of the untreated (Biomass%NT hereinafter).
2.5 Greenhouse post-emergence trial

Seedlings of ABUTH, LOLRI, SETPU and SOLNI were

obtained according to the procedure described by Loddo

et al. (2023).

For each target species and replicate, 6 seedlings were

transplanted into a plastic pot filled with the same potting mix

used in pre-emergence trials. Pots were transferred in the

greenhouse with regular irrigation to maintain optimal water

availability throughout the experiment. Irrigation was suspended

from 24 h before to 24 h after the application of extracts.
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BR and BL were sprayed on when plants reached the

phenological stage of fourth-sixth leaves (BBCH 14-16).

The application method and the experimental design were the

same as in the greenhouse pre-emergence trial (completely

randomized experimental design, three spray volumes of the non-

diluted BR and BL extracts, three replicates for each treatment, and

two experiment repetitions).

Plant survival and fresh biomass of treated plants were

evaluated 2 weeks after treatment. Plant survival was expressed as

a percentage of the living plants before the treatment. Fresh biomass

was measured with the same methodology adopted for the pre-

emergence trial and was expressed as a percentual of the untreated

(Biomass%NT).
2.6 Statistics analysis

For each of the three experiments (Germination test, Pre- and

Post-emergence pot trials in greenhouse) the statistical analysis was

conducted separately for each target species. The main aim of this

study was indeed to investigate the phytotoxic activity of leaves (BL)

and roots (BR) extract of B. halimifolia. Thus, several target species

were included to assess whether these extracts had a phytotoxic

effect on at least one of them and not to compare their species-

specific response. Conversely, including all target species in a single

analysis, that is considering Species as an explanatory variable,

could have made the result interpretation more challenging due to

the potentially different response of the target species and eventually

overshadowed the main aim of this study.

To investigate the effect of extracts on weed germination, data

normality (Shapiro - Wilk Test, p>0.05) and the homogeneity of the

variances (Levene Test, p>0.05) were firstly verified for the

dependent variable Germ%NT through R (R Core Team, 2024).

The Box-Cox transformation was applied to species that did not

follow a normal distribution, in order to determine the best value

which maximizes the Likelihood function. A 2-way ANOVA was

then performed on a mixed linear model with the dependent

variable Germ%NT, the random factor Experiment (2 levels)and

the explanatory variables Extracts (2 levels) and Dose (6 levels). The

2-way ANOVA was followed by the post-hoc Tukey test (p>0,05).

To include the representation of the untreated in the graphs, a

statistical analysis was carried out on its variability (mean, median,

standard deviation, confidence interval, standard error).

Given the large variations observed for the response variable

RootLenght%NT at the different plant part extracts doses for all target

species, a dose-response analysis was performed to assess the extract

dilutions (7 levels) on root length using an approach already adopted

to evaluate weed sensitivity to herbicides (Loddo et al., 2020; Panozzo

et al., 2020). Non-linear regression was conducted to estimate ED50

(Effective Dilution50 i.e. the extract dilution required to reduce root

growth by 50% in comparison to the untreated control for each target

species) with their Confidence Intervals 95% (CI95 hereinafter). This

analysis was done with the Windows Excel macro Bioassay97

(Onofri, 2005) using the following log-logistic model:
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Y (x) = C +
D − C

½1 + ( x
ED50

)b�

( )

Where Y(x) is the root length at the extract dilutions x, C and D

are the lower and upper asymptotes, ED50 is the extract dilution

required to reduce root length by 50% in comparison with the

untreated control, b is the slope. No constraints were imposed on

lower or upper asymptotes.

Data of each target species were analyzed with a single curve but

including the value of each replicate to estimate a single specific

ED50 parameter but taking into account the existing variability

between replicates. The two experiments were initially analyzed

separately, and then an ad-hoc lack-of-fit test was performed for

each target species to evaluate whether data from the two

experiments could be pooled. Finally, the ED50 values estimated

for target species and plant part extracts were compared using the

criteria that two values were considered statistically different only if

their CI95 did not overlap.

For the pre- and post-emergence trials in the greenhouse, data

analysis was performed with the same methods described for the

analysis on germination [check of normal distribution of the data,

Box Cox transformation and homoscedasticity, compute 2-way

ANOVA followed by a post-hoc Tukey test (p<0.05)] using as a

dependent variable the Emerg%NT and the Biomass%NT for the

pre-emergence trial and only Biomass%NT for post-emergence trial

since no difference in Plant survival was observed across all

replicates. For both pre- and post-emergence trials, Experiment (2

levels) was considered as random factor and Extracts (2 levels) and

the Dose (3 levels) as fixed factors of the ANOVA.
3 Results

3.1 Chemical characterization

Aqueous plant part extracts were analyzed by LC-DAD-MS and

chromatograms at 287 nm presented the most intense signals in BL

compared to BR (Figure 1).

The BL chromatogram presents an intense peak at 5.9 min and

its UV spectra is related to flavonoid compounds. Other small peaks

are present and can be ascribed to general phenolics structure on

the basis of UV absorption. In all the chromatograms, a broad peak

is present between 15 and 20 minutes, that in mass spectrometry

was found to be formed by species that present high molecular

showing m/z 827, 811, 829, 825 and 813. The fragmentation of these

species is characterized by losses of 86 and 206 Da that can be

ascribed to malonyl and sugar moieties as described (Pollier et al.,

2011). Considering the high molecular weight and the mass

fragmentation pattern, those ion species can be ascribed to

different saponin derivatives, as previously reported for Baccharis

species (Gené et al., 1995; Martinez et al., 2005).

We estimated the total content of saponin in the two plant part

extracts and the results are reported in Table 1. The phytochemical

investigation of the obtained plant part extracts revealed the
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presence of some phenolic compounds, sulphate carbohydrate

derivatives and saponins BL and mainly saponins in BR.

Other secondary metabolites were identified in the plant part

extracts based on mass fragmentation pathway and comparison

with the literature. Apigenin-6,8-di-C-glucoside, protocatechuic

acid hexoside sulfate, and several sulphate sugar derivatives are
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present in BL as reported in Table 2. Different ions are observed

with common fragmentation pathways and characteristic ions at

241 m/z and 96 m/z. The signal at m/z 241 is formed through

intramolecular rearrangements, in which the sulfate group is

transferred to the thioglucose moiety (Bianco et al., 2017; Jara

et al., 2022). Different ions are present and are comparable with
FIGURE 1

Chromatogram at 287 nm of B. halimifolia leaves extract (BL) and B. halimifolia roots extract (BR); numbers (1-11) indicate the peaks of the identified
compounds as reported in Table 2.
TABLE 1 Concentrations (means + standard error) and doses of characterized compounds in leaves (BL) and roots (BR) extracts of B. halimifolia used
in the germination test (concentration expressed in µg/mL) and in the pre- and post-emergence greenhouse pot trials (doses expressed in g/ha).

BR BL

G
er
m
in
at
io
n 
te
st

Extract dilution Saponins Saponins Phenolics Sulphate compounds

% v/v µg mL-1 µg mL-1

2.5 0.26 0.39 1.80 2.54

5 0.51 0.79 3.60 5.09

10 1.03 1.57 7.19 10.17

20 2.05 3.14 14.39 20.34

40 4.11 6.28 28.78 40.68

100 10.27 ± 0.51 15.71 ± 1.80 71.94 ± 5.44 101.71 ± 10.21

G
re
en

ho
us

e 
p
o
t 
tr
ia
ls Spray volume Saponins Saponins Phenolics Sulphate compounds

L ha-1 g ha-1 g ha-1

330 3.39 5.18 23.74 33.56

660 6.78 10.37 47.48 67.13

990 10.17 15.55 71.22 100.69
Extract dilution (% v/v) indicates the percentage of pure extract diluted in distilled water; spray volume (L ha-1) indicates the amount of pure extract (100% v/v) distributed per hectare.
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those reported in Parthenium argentatum A. Gray (Jara et al., 2022).

The authors observed the same pattern of fragmentation and

indicated such compounds as sulphate compounds.
3.2 Germination test

In the germination test, the ANOVA performed for the

dependent variable Germ%NT showed no significant effect for

ABUTH and SETPU. Germ%NT remained indeed above 80%

across all treatments for ABUTH, while an increase of

germination % in comparison with the untreated was even

observed for some treatments for SETPU (Figure 2).

For LOLRI, a significant effect was identified for the factor Dose

(F=56.56; p<0.001***), Extract (F=32.32; p<0.001***) and their

interaction Extract*Dose (F=37.62; p<0.001***). As evidenced by

the Tukey test, BL at the 100% v/v dilution significantly reduced

LOLRI germination compared to the other doses of both extracts

resulting 48.8% lower than the untreated reference, while Germ%

NT was close to 100% for all the other treatments (Figure 2).

For SOLNI, a significant effect of the fixed factors Dose (F=8.75;

p<0.001***) and Extract (F=9.61; p<0.01**), and the interaction of

Extract*Dose (F=3.23; p<0.05*). On the overall, no clear dose effect on

germination was observed and high values of Germ%NTwere obtained

for most treatments with both plant part extracts (Figure 2). In some

cases, as 5 and 40% v/v dilutions for both plant part extracts, a

significant increase of Germ%NT was even detected by the Tukey test.

Tables with the results of the ANOVA and Tukey tests for all

target species can be found in the appendix.
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Dilution-dependent reduction in RootLenght%NT was instead

noted for both plant part extracts, with LOLRI and ABUTH being

the most sensitive target species showing relevant inhibition already

at 20% BL and 10% BR v/v dilutions (Figure 3). Overall, BR was

more effective than BL; indeed, BR at 20% v/v dilution provoked a

50-75% RootLenght%NT reduction for all target species. Maximum

reduction (>85%) occurred at 100% v/v dilution of both plant part

extracts for all target species. Conversely, low dilutions (<5% v/v) of

both plant part extracts increased RootLenght%NT of SETPU

and SOLNI.

Since the lack-of-fit F-test identified no significant differences

between experiment repetitions, the data were pooled enabling the

estimation of a single ED50 value for each target species and plant

part extracts. On the overall, significantly higher ED50 values were

estimated for BL than for BR for all target species (Figure 4). A

proper estimation of an ED50 value was not possible in the case of

SOLNI BL due to the lesser inhibition of root length suffered by this

species. Mean RootLenght%NT was indeed above 60 and 50% at 20

and 40% v/v of BL, respectively, and a marked decrease was

observed only in the undiluted extract (100% v/v). Thus, given

that ED50 in the case of SOLNI BL probably lies in the 40-100% v/v

interval, we decided to report it simply as ED50 > 40% v/v.
3.3 Pre-emergence trial in greenhouse

In the greenhouse pre-emergence pot trial, no mortality and no

phytotoxicity symptoms were observed. Values of Emerg%NT were

close to or even above 100%, so no relevant reduction of seedlings
TABLE 2 Identification of secondary metabolites in B. halimifolia leaves extract (BL); RT, retention time (min); [M-H]-, ion in negative ion mode; MS2

MS3 MS4, mass fragmentation steps.

N° RT [M-H]- MS2 MS3 MS4 Identification

1 1.1 331 241 151 223 97 Sulphate carbohydrate derivative

2 1.3 343 257 241 150 97
Sulfate compound 1
Jara et al. (2022)

3 2.5 395 351 315 153 109
Protocatecuic acid hexoside sulfate

derivative 1

4 2.8 395
351 (-44)
241 (-153)
153 (-241)

109 81
Protocatecuic acid hexoside sulfate

derivative 2

5 4.1 349 241 150 97
Sulfate compound 2
Jara et al. (2022)

6 4.7 469 423 409 241 223 151 97 Sulphate carbohydrate derivative

7 5.1 401
321 (-80)
241 (-160)

159
303 159 303 159 Sulphate carbohydrate derivative

8 5.5 239 159 97 141 123 113 83 Sulphate carbohydrate derivative

9 5.8 593 503 473 383 353 353 353 Apigenin 6,8 di C glucoside

10 10.4 405 241 97
Sulfate compound 5
Jara et al. (2022)

11 10.8 579 447 285 255
Luteolin/keampferol
pentoside hexoside
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emergence from a reliable crop protection perspective was observed

for all treatments (Figure 5). Nonetheless, some statistically

significant effects and differences were detected.

The ANOVA showed a significant effect of the fixed factor

Extract (F= 6.73, P<0.05*) on Emerg%NT for ABUTH. The BL

extract on overall significantly reduced weed emergence compared

to BR, with mean Emerg%NT of 91.5 and 99.2%, respectively. For

LOLRI, SETPU and SOLNI, the ANOVA did not detect any

significant effects on Emerg%NT.

A different response was observed for the target species in terms

of Biomass%NT reduction at the different plant part extract doses

(Figure 6). No significant decrease in plant biomass was observed

across all doses of the two plant part extracts for ABUTH

and LOLRI.

SETPU was the species in which the greatest biomass reduction

due to the application of BL and BR extracts was observed

(Figure 6). The ANOVA performed for SETPU identified the

significant effect of factors Dose (F= 4.23; p<0.05*) and Extract

(F= 8.39; p<0.01**) on Biomass%NT. On the overall, BL was more

effective and provoked a significantly higher Biomass%NT

reduction than BR (36.4% and 21.6%, respectively) (Figure 7).

Furthermore, considering the two plant part extracts together,

the 330 L ha-1 dose significantly reduced plant biomass more than

the 660 L ha-1 dose (60 and 79.4% Biomass%NT, respectively).

Only a minimal reduction of plant biomass was observed for

SOLNI after the BR and BL application, with values of Biomass%

NT even exceeding 100% for some treatments (Figure 6).
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The ANOVA identified the Extract as the only significant

explanatory factor (F= 5.08; p<0.05*). As already observed for

SETPU, BL provoked on average a significantly higher biomass

reduction of the treated plants compared to BR (Figure 7). While

biomass of BR-treated plants was similar to the untreated (on

average 102.5% Biomass%NT), BL showed a 14.1% average

biomass reduction compared to control.

Tables with the results of the ANOVA and Tukey tests for all

target species can be found in the appendix.
3.4 Post-emergence trial in greenhouse

No mortality or damage was observed in the plants treated with

any of the BR and BL doses. Nevertheless, more relevant effects of

plant part extracts application were observed on the weed fresh

biomass, with different responses between the studied

weeds (Figure 7).

For ABUTH, the ANOVA showed a significant effect for the

main factor Extract (F= 18.11; p<0.001***) and almost significant

for Dose (F=3.21; p=0.055). ABUTH had indeed a different

response to the application of the two plant part extracts

(Figure 7). BL on average increased plant biomass by 20.4%

(Biomass%NT ranged from 132.8 ± 19.46 at 330 L ha-1 to 106.3

± 17.84 at 990 L ha-1) while BR reduced biomass by 16.6%

compared to untreated control (Biomass%NT ranged from 95.7 ±

34.58 at 330 L ha-1 to 69.4 ± 36.81 at 990 L ha-1). Although BR and
FIGURE 2

Weeds germination at dilutions of the B. halimifolia extracts (BL leaves extract and BR roots extract). The values, expressed as % of the untreated, are
the mean of 6 replicates and the bars are the standard error. Different letters indicate significant differences by Tukey test (p<0.05).
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BL had overall different effect on ABUTH, the Tukey test showed

that a significant reduction of plant biomass was observed for both

plant part extracts as application doses increased. The highest dose

of 990 L ha-1 indeed significantly reduced plant biomass (-12.2% to

untreated) when compared to the lowest dose of 330 L ha-1 (+14.3%

to untreated).

The ANOVA for LOLIUM showed a significant effect for the

main factor Extract (F= 22.28; p<0.001***). On average, BR extract

reduced indeed plant biomass by 34% compared to untreated

(Biomass%NT ranged from 62.2 ± 21.75 at 330 L ha-1 to 69.0 ±

30.80 at 990 L ha-1) while plants treated with BL extract achieved

similar or even higher biomass than the control (Figure 7).

For SETPU, significant effects for the main factor Extract (F=

15.10; p<0.001***) and the interaction Extract*Dose (F= 3.58;

p<0.05*) were observed. SETPU had the highest response among

the target species to the post-emergence extract application, with

biomass values lower than the untreated for all treatments apart

from BL at 660 L ha-1 (Figure 8). On average, a reduction in plant

biomass compared to the untreated was noted for both BR (-42%)

and BL (-16.6%), showing again the highest post-emergence

herbicidal activity of BR (Figure 7).

For SOLNI, significant effect for the main factor Extract (F=

7.84; p<0.01**) was only detected. Also for SOLNI BR seemed to

have a higher herbicidal activity (average biomass reduction of 8.8%

compared to untreated) compared to BL (average biomass increase

of 20.1% compared to untreated), as shown in Figure 7.
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Tables with the results of the ANOVA and Tukey tests for all

target species can be found in the appendix.
4 Discussion

The results confirmed the BR and BL phytotoxic activity,

consistent with findings of other Asteraceae and species of the

genus Baccharis (Chon and Nelson, 2010; Ibáñez and Zoppolo,

2011; Dias et al., 2017; La Iacona et al., 2024) highlighting the

presence of allelopathic compounds that may enhance B.

halimifolia competitive ability and invasion capacity (Lázaro-Lobo

et al., 2022).

HPLC-DAD-(ESI)-MS analysis revealed the presence of

phenolic compounds, sulphate carbohydrate derivatives and

saponins in BL and mainly saponins in BR. It is worth noting

that this is, to our knowledge, the first report regarding the

phytochemical composition of B. halimifolia aqueous plant part

extracts as previous studies have only studied essential oils

(Desrini et al., 2023). The presence of carbohydrate derivative

sulphate compound and saponin mixture seems to be unusual in

Baccharis species (Martinez et al., 2005), although saponins have

already been identified as the main constituent in Baccharis

trimera (Less) DC (Gené et al., 1995). On the contrary, many

previous studies reported the presence of phenolics such as

flavonoids and coumarins among the main biologically active
FIGURE 3

Inhibition effects of B. halimifolia extracts dilutions (BL leaves extract, BR roots extract) on root length for the four weeds. The values expressed as %
of the untreated (NT) are the average of 6 replicates and the bars are the standard error. The dotted lines are the log logistic fitted model

Y (x) = C + D−C
½1+( x

ED50
)b �

� �
where b, c, d, e are model parameters.
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substances of the genus (Fernandes et al., 2022; Martinez et al.,

2005). Among the compounds identified in BL and BR extracts,

relevant phytotoxic effects have been usually attributed to

saponins and phenolics (Kostina-Bednarz et al., 2023; Li et al.,
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2010). Sulphate carbohydrate derivatives seem to have less

phytotoxic potential. They are mainly known to be involved in

the processes of increasing salinity tolerance in plants (Nafees

et al., 2014).
FIGURE 4

Extract dilution values (% v/v) representing ED50 Root length for the four weeds (ABUTH for A. theophrasti, LOLRI for L. rigidum, SETPU for S. pumila,
SOLNI for S. nigrum and the two B. halimifolia extracts (BR, roots extract, brown triangle and BL, leaves extract, green square). Bars are the
Confidence Interval 95%.
FIGURE 5

Weeds seedlings emergence at different doses of B. halimifolia leaves (BL) and roots (BR) extracts in the Pre-emergence trial. The values expressed
as % of the untreated are the mean of 6 replicates and the bars are the standard error.
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The phytotoxic effect of both plant part extracts in the

germination test was relevant to root growth, while germination

inhibition was minimal for all tested weeds. This contrasting

response has been frequently reported across previous studies

testing the phytotoxicity of different natural extracts (Chon and

Nelson, 2010). Nonetheless, a significant reduction of germination

occurred for LOLRI at the BL 100% v/v and this may be due to

phenolic compounds. Many studies confirm that these compounds

can affect the germination of numerous weed species (Li et al., 2010;

Dias et al., 2017; Kostina-Bednarz et al., 2023) and, in agreement

with our study, it has been observed that species of the genus Lolium

are highly susceptible to extracts containing phenolic compounds

like Protocatechuic acid (Vitalini et al., 2020). This compound,

which was identified in BL, is reported in previous studies as a main

allelochemical with action on germination of Lolium multiflorum,

Echinochloa oryzoides, and Lactuca sativa (Li et al., 2010; Vitalini

et al., 2020). Apigenin is another compound that may have had a

phytotoxic action in BL extract. This substance has already been

found in Baccharis species (Del Corral et al., 2012) and its

phytotoxic action on germination and root growth has been

confirmed (Basile et al., 2000; Cipollini et al., 2008; Vitalini et al.,

2020). Nevertheless, the BR and BL effects on germination were

smaller than those noted in other studies that have adopted similar

methodologies (Dias et al., 2017; Scavo et al., 2018; Miranda-

Arámbula et al., 2021; Vitalini et al., 2021) and respect to studies

that used organic solvents (e.g. methanol and ethanol) or different
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extraction methodologies (e.g. essential oil extraction) (Ibáñez and

Zoppolo, 2011; Scavo et al., 2019, 2020; Vitalini et al., 2022).

As observed in most studies on the phytotoxicity of aqueous

extracts, BL and BR showed their inhibitory activity mainly against

root growth. This is because seed imbibition during germination

probably facilitated the entry of phytotoxic compounds that then

exerted their biological activity in the early stages of growth (De

Martino et al., 2012). The reduction in root growth observed is

greater or similar to values reported in previous studies on essential

oils of Baccharis dracunculifolia DC (Ibáñez and Zoppolo, 2011),

aqueous extracts of Baccharis sp (Dias et al., 2017; Miranda-

Arámbula et al., 2021) and other phytotoxic species (Vitalini

et al., 2020, 2021).

BR provoked a stronger inhibition of root growth than BL in all

target species, being the estimated BR ED50 values at least half of

the corresponding BL ED50 for each target species. Since chemical

analysis showed the presence of only saponins in BR, it would seem

that the other compounds detected in BL did not improve the

inhibition effect, despite the presence of compounds with

phytotoxicity such as phenolics (Li et al., 2010; Kostina-Bednarz

et al., 2023). Furthermore, considering that higher saponin

concentration was detected in BL than in BR (15.71 and 10.27 µg

mL-1, respectively) and different saponins were present in the two

plant part extracts as showed by HPLC-DAD-(ESI)-MS analysis, it

is likely that the saponins present in BR have greater in vitro

phytotoxicity. In contrast, other works have found that the lower
FIGURE 6

Biomass of weeds treated with the different doses of roots (BR) and leaves BL extracts of B. halimifolia in the Pre-emergence trial. The values
expressed as % of the untreated (NT) are the mean of 6 replicates and the bars are the standard error.
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content of active substances in roots also corresponded to a lower

phytotoxic effect (Scavo et al., 2022).

Saponins are glycosides of triterpene and steroids which in

plants have mainly pre-defense functions against disease and

herbivory, but it has been shown that they can be the

phytochemical compounds with a high phytotoxic activity

(Mugford and Osbourn, 2013; Stavropoulou et al., 2017). Some

authors argue that their phytotoxicity may be due to their

interaction with the cytoplasmatic membrane and its constituents

(Faizal and Geelen, 2013; Kostina-Bednarz et al., 2023). According

to the available literature, the phytotoxic action of saponins was

observed mainly on early root growth rather than germination

(Oleszek, 1993; Waller et al., 1995, 1999; Hoagland et al., 1996;

Faizal and Geelen, 2013).

Supporting our hypothesis that the phytotoxicity occurred

during the germination test was mainly due to saponins, the

browning of root apex in treated plants was observed with both

plant part extracts (see the Petri dishes germination test photo in

the Supplementary Material), a symptom brought back to the action

of saponins which can lead to the decay of the root system (Oleszek,

1993; Hoagland et al., 1996).

Interestingly, the increase in root growth observed for SETPU

and SOLNI at low dilutions of both plant part extracts agreed with a

previous study that reported a root growth stimulation with an

aqueous extract of Baccharis uncinella DC. at 2.5% v/v dilution
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(Dias et al., 2017). This phenomenon, called hormesis, is also

described for several herbicides (Duke et al., 2006) and may be

caused by saponins and phenolics compounds (e.g. luteolin) at low

concentrations as reported by previous studies (Waller et al., 1995;

Hoagland et al., 1996; De Martino et al., 2012).

If we assume that the phytotoxic effects observed with BR are

caused exclusively by saponins without considering synergistic or

addictive effects with other substances, it can be stated that BR, in

which saponins are present at 10.27 µg mL-1, provoked stronger

inhibition of root growth than those described in other studies

conducted with pure saponin molecules such as medicagenic acid

glycosides, hederagenic glycosides, zahnic acid glycosides, and

soyasaponin I (Oleszek, 1993; Waller et al., 1995; Hoagland et al.,

1996). For example, Waller et al. (1995) observed very mild

phytotoxicity at concentrations of 10-100 µg mL-1, with

significant effects (80-90% reduction of root growth) only at

concentrations of 500-1000 µg mL-1.

In the greenhouse pre-emergence trial, no relevant herbicidal

effects were observed for both plant part extracts at any doses.

Despite this, some phytotoxic effects have been observed. BL

reduced seedlings emergence in ABUTH and had greater effects

on plant fresh biomass than BR, reducing the average Biomass%NT

of SETPU and SOLNI. It has been shown that both saponins and

phenolic compounds accumulation in the soil can cause

phytotoxicity (Waller et al., 1999; Li et al., 2010) and the
FIGURE 7

Effect of roots (BR) and leaves (BL) extracts of B. halimifolia on weed biomass expressed as % of the untreated (NT) in the Pre-emergence (top) and
Post-emergence (bottom) trials. The box plots show the 25-75% percentiles, the lines indicate the median, the white points is the mean, the
whiskers identify the outliner range, and the black points are the outliers for each group. Different letters indicate significant differences by Tukey
test (p<0.05).
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allelopathic action of these compounds seems to be carried out

mainly through the leaching in the soil from leaf litter (Li et al.,

2010). Furthermore, Ibáñez and Zoppolo (2011) have measured a

higher amount of phenolics correlated with a noticeable decrease in

plant diversity in soils under B. dracunculifolia plantation, so the

presence of this allelopathic mechanism in B. halimifolia can

be supposed.

In the greenhouse post-emergence trial, no plant mortality and

only partial herbicidal activity were observed but, in contrast to

what was observed in the pre-emergence trial, BR provoked even

larger plant biomass reduction for all target species, while an

increase in plant biomass compared to the untreated ones was

often noticed after BL application. With an average reduction in

plant fresh biomass of up to 34 and 42% compared to the controls,

LOLRI and SETPU were the most susceptible species to post-

emergence treatment with BR. This result may be explained by

the presence of saponins, amphiphilic molecules that may have

penetrated the leaf cuticle. A higher sensitivity to phytotoxic effects

of saponins has already been observed by Hoagland et al. (1996) and

Waller et al. (1995) for the grass species Bromus secalinus L. and

Echinochloa crus galli (L.) P. Beauv.

Although some herbicidal activity mainly in terms of plant

biomass reduction were detected in pre- and post-emergence

trials, no relevant results on seedlings emergence or plant

mortality were observed. Moreover, these effects were often
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variable between replicates or experiment repetitions,

indicating that BR and BL herbicidal activity was limited and

unstable under the experimental conditions of greenhouse pot

trials. This can be related to the low doses of phytotoxic active

substances applied in these trials. Even if all phenolics and

saponins identified in the two plant part extracts had

phytotoxicity, the whole concentration of active substances

would be about 85 and 10 µg mL-1 for BL and BR, respectively.

Thus, given the highest tested spray volume of 990 L ha-1, the

highest dose of active substances applied in pre- and post-

emergence pot trials would be about 85 and 10 g ha-1 for BL

and BR respectively (Table 1). Such doses are largely lower than

label doses of most synthetic chemical herbicides and achieving

only limited and unstable herbicidal activity with them is

therefore expectable and reasonable.

There are very few studies evaluating the phytotoxicity of

aqueous extracts with spray volumes and extract doses

comparable to field conditions (Kostina-Bednarz et al., 2023),

making difficult to compare the results of the present study with

the available literature. Large experimental variability in magnitude

of phytotoxicity, e.g. reduction of treated plant biomass, leading to

unsatisfactory weed control from a practical perspective, were often

observed in studies testing plant-derived natural products as

herbicides (Loddo et al., 2023; Torres-Pagán et al., 2024; Khamare

et al., 2022).
FIGURE 8

Biomass of weeds treated with the different doses of roots (BR) and leaves (BL) extracts of B. halimifolia in the Post-emergence trial. The values
expressed as % of the untreated (NT) are the mean of 6 replicates and the bars are the standard error. Different letters indicate significant differences
by Tukey test (p<0.05).
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Finally, substantial differences in the phytotoxicity were

observed between the germination test in Petri dishes and the

greenhouse pre- and post-emergence pot trials. Several factors

probably contributed to this result, but first it is necessary to

underline the different conditions of exposure of weeds to the

aqueous plant part extracts in the three trials. In the germination

test, the phytotoxicity was high because weed were directly and

continuously exposed to aqueous extracts during seed imbibition

and root growth. Conversely, in pre-emergence pot trials, seeds

were in the soil, and plant part extracts were sprayed on the soil

surface with water volumes to reproduce field-like conditions of

herbicide applications. Exposure to phytotoxic compounds could

have occurred if those compounds moved from soil surface and

reached the germinating seeds, or when seedlings growing

belowground passed through the superficial soil layer where

extracts were applied, or later when plant roots started adsorbing

water. To have phytotoxicity after soil application, active substances

must have relevant soil mobility and persistence. Besides, these

substances must be effective at low concentrations, given the

dilution effect caused by the soil volume, when few mL of spray

solutions diffuse in dozens of Liters of soil, and the buffering effect

through the adsorption of allelopathic compounds on organic

matter and clay particles. Regarding post-emergence pot trials,

plant part extracts were applied as spray droplets on leaves

surface, and active substances must penetrate the leaf cuticle and

at least spread into the underlying leaf cells to cause relevant

damage. This can be difficult for hydrophilic compounds, as those

likely contained in an aqueous extract, given the lipophilic nature of

the leaf cuticle (Hasan et al., 2021).
5 Conclusions

This study suggests that B. halimifolia could be a potential

source of active substances with phytotoxic activity, but both

aqueous extracts tested in this study (BR and BL) are not yet

directly usable as natural herbicides in field conditions since they

did not reach acceptable control efficacy in the greenhouse trials.

Given that the main reason for this lack of efficacy was probably the

low dose of active substances applicable with spray volumes

representative of realistic field conditions, as those adopted in the

pre- and post-emergence trials, future efforts should aim at

increasing their concentration in the extracts either by changing

the extraction method or by improving the formulation. Similarly, it

is relevant to identify the compounds of the two extracts with

greater phytotoxic activity, by fractioning the extracts and testing

the fractions separately.
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