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Abstract

Weeds are one of the biotic factors that cause crop productivity losses worldwide. Due to the consequences to human health
and the environment of the indiscriminate use of synthetic herbicides, alternative methods involving the use of the allelopathy
phenomenon have been gaining prominence. Here, we explore the allelopathic effect of Jatropha gossypiifolia L. on the weed
Bidens bipinnata L. and investigate its potential herbicidal allelochemicals. In vitro bioassays demonstrated that the use of J.
gossypiifolia leaf powder was able to inhibit seed germination and early growth of B. bipinnata seedlings, obtaining signifi-
cant reductions with increasing concentration. Bioguided fractionation of the aqueous extract indicated that the hexane and
ethyl acetate fractions were bioactive in inhibiting weed growth. Metabolomics based on mass spectrometry and molecular
networks was used to annotate the allelochemicals of the bioactive fractions, generating the dereplication of metabolites from
the classes of alkaloids, phenolics, fatty acids, steroids, and terpenoids, which may be associated with herbicidal activity.
These results point to the allelopathic effect of the J. gossypiifolia leaf powder and its putative herbicide allelochemicals,
providing subsidies for future studies on the application of this species in alternative weed management strategies.

Keywords Allelopathy - Jatropha gossypiifolia L. - Bidens bipinnata L. - Bioherbicide - Untargeted metabolomics -
Molecular networking

Introduction

Weeds are defined as any plant that grows in places
unwanted by humans (Brighenti and Oliveira 2011), and
their infestation constitutes a challenge in crop management
worldwide. They often undermine agricultural productivity
by competing for primary resources such as light, water,
nutrients, and space. The estimated losses caused by weeds
can reach approximately 34% of agricultural productivity,
causing substantial financial losses (Singh et al. 2022).
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Weed control is an important factor in ensuring produc-
tivity and quality in food production. Chemical control is
the main method used (Pannacci et al. 2017); however, its
indiscriminate use is associated with problems such as the
development of herbicide-resistant species, destruction of
natural enemies, destruction of native flora and fauna, and
problems related to human health (Bhushan and Pathma
2021). The introduction of efficient and sustainable strate-
gies has become a challenge in agriculture.

Plant species with allelopathic activity represent an
alternative for the sustainable management of weeds, and
their importance in agriculture is increasingly recognized
(Pannacci et al. 2017; Macias et al. 2019). Allelopathy
is the inhibitory or stimulating effect of one plant on
another through the release of allelochemicals into the
environment (Rice 1984). These compounds are present
in all plant tissues and belong to the classes of phenolics,
terpenoids, and alkaloids (Rice 1984; Latif et al. 2017).
They can interfere with plant germination and growth,
alter cell membranes and stomatal conductance, affect cell
division, photosynthesis, respiration, protein synthesis,
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and enzymatic activities, and reduce mineral absorption
(Jabran 2017; Silva and Mendes 2022).

Recent studies have demonstrated the allelopathic
capacity of Jatropha gossypiifolia L. (Euphorbiaceae)
(Lopes et al. 2022; Panda et al. 2020). This species is
native to South and Central America with a pantropi-
cal distribution (Wu et al. 2019). Bioactive metabolites
belonging to the classes of phenolic compounds, alkaloids,
terpenoids, lignoids, and steroids have been reported in
the stem, leaf, root, bark, seed, and latex (Wu et al. 2019;
Silveira et al. 2020). Its wide distribution and diverse com-
position of bioactive metabolites suggest that this species
may be useful for application in integrated weed manage-
ment systems.

Aqueous extracts of J. gossypiifolia inhibit the seed ger-
mination and seedling growth of Bidens bipinnata L. (Aster-
aceae) under laboratory conditions and cause phytotoxicity
in plants under greenhouse conditions (Lopes et al. 2022). B.
bipinnata is a weed that adapts to both wet and dry situations
(Xu and Deng 2017), causing productivity losses in cultiva-
tion areas by competing with different crops (Meissner and
Beyers 1986), in addition to serving as a host for diseases
(Miléo et al. 2007). Information on the allelopathic ability
of J. gossypiifolia on B. bipinnata is still limited, such as the
direct use of leaf powder and the identification of herbicidal
allelochemicals, encouraging further investigation for weed
control purposes.

The allelopathic potential of using powders from different
parts of plants to inhibit the germination and early growth of
other plant species has been widely demonstrated. Melissa
officinalis L. shoot powder inhibited the germination and
growth of roots and shoots of Amaranthus caudatus L., Digi-
taria sanguinalis L., and Lactuca sativa L. cv. Grand Rap-
ids (Kato-Noguchi 2003). Brassicaceae plants’ seed powder
was used to control Orobanche crenata Forsk. infestation of
Pisum sativum L. (Ahmed et al. 2020). Pea seed powder acts
as a natural herbicide for controlling weed-infested wheat
plants (El-Rokiek et al. 2019). Artemisia argyi H.Lév. &
Vaniot leaf powder exhibited a significant inhibitory effect
on the germination and growth of weed seeds in pot and field
experiments (Li et al. 2021). To the best of our knowledge,
this is the first report on the assessment of the allelopathic
effect of J. gossypiifolia leaf powder on a weed.

Thus, in this study, we explored the allelopathic effect of
J. gossypiifolia leaf powder on B. bipinnata and investigated
the potential allelopathic substances. First, in vitro bioas-
says with direct use of J. gossypiifolia leaf powder were
carried out to evaluate its effect on the seed germination and
early growth of B. bipinnata. Bioguided fractionation of the
aqueous extract from J. gossypiifolia leaves was developed
to determine biologically active fractions, which were char-
acterized by metabolomics based on mass spectrometry and
molecular networking.
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Materials and methods
Plant material

Leaves of the aerial parts of J. gossypiifolia (in the adult
stage with flowers and fruits) and B. bipinnata seeds were
collected in the morning in a native area in the region
of Bom Jesus, PI, Brazil (9°04'26.6"S 44°20'31.1"W and
9°04'56.8" S 44°19'41.8"W, respectively). Exsiccates were
deposited at the Graziela Barroso Herbarium (Federal Uni-
versity of Piaui, Teresina, PI, Brazil), under registration
numbers TEPB 32,521 (B. bipinnata) and TEPB 32,525
(J. gossypiifolia), and the plants were registered by n°
AODBS8D9 and AE123A5 in the National System for the
Management of Genetic Heritage and Associated Tradi-
tional Knowledge (SisGen) (Lopes et al. 2022). The leaves
were washed in running water and dried in an oven with
forced air circulation at 45 °C for 72 h. After drying, the
material was crushed in a knife mill and sieved through a
250 um mesh sieve.

In vitro bioassays of seed germination and seedling
growth

For the seed germination bioassay, pulverized leaves of J.
gossypiifolia were mixed with sterilized quartz sand (25 g)
in Petri dishes (diameter =9 cm) and subsequently mois-
tened with 10 mL of distilled water (Kato-Noguchi 2003).
The powder concentrations used were 0, 10, 30, 100, and
300 mg per Petri dish. Then, thirty seeds of B. bipinnata,
previously sterilized in sodium hypochlorite solution (2%
w/v) for 15 min and washed four times with distilled water,
were distributed on quartz sand in each Petri dish. The
plates were placed in a germination chamber at 25 °C with
a 12 h photoperiod for 7 days. The number of germinated
seeds was counted daily for 7 days, with germinated seeds
being those with a primary root protrusion >2.00 mm in
length. The length of the primary root and hypocotyl was
measured from the base of the stem to the tip of the root
and from the stem to the plumular hook, respectively,
using a digital calliper.

The evaluated variables were germination percent-
age (PG), germination speed index (GSI), and allelo-
pathic effect response index (RI), according to their
respective equations. PG =(N/A) x 100, where N = num-
ber of germinated seeds and A =total number of seeds.
GSI=(G1/N1+ G2/N2...Gn/Nn), where G1, G2, and Gn
corresponded to the number of seeds germinated in the
first, second, and last counts, respectively, and N1, N2,
and Nn were the number of days elapsed until the last
count (Maguire 1962). RI=1—-C/T (when T >C) and
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RI=T/C -1 (when T < C), where C is the control germi-
nation speed and T is the treatment germination speed;
RI> 0 represents a stimulatory effect, RI <0 represents
an inhibitory effect, and the absolute value is consistent
with the allelopathy intensity (Williamson and Richardson
1988).

For the seedling growth bioassay, B. bipinnata seeds were
germinated on filter paper in a germination chamber at 25 °C
and a 12 h photoperiod for 4 days. Then, 10 germinated
seeds were separated and distributed over sterilized quartz
sand (25 g) mixed with pulverized leaves of J. gossypiifolia
in Petri dishes (diameter=9 cm) moistened with 10 mL of
distilled water. The plates were incubated in a germination
chamber at 25 °C and a 12 h photoperiod for another 3 days,
totaling 7 days of the experiment. Afterwards, the hypocotyl
and radicle lengths were measured with the aid of a digital
calliper.

The bioassays were conducted in a completely rand-
omized design (CRD) with 4 replications. The Shapiro—
Wilk test was performed to test the normality of the data,
which were subsequently submitted to analysis of variance
(ANOVA) using SISVAR 5.6 software (Ferreira 2019), fol-
lowed by regression analysis in SigmaPlot v12.0 (Systat
Software Inc. Chicago, USA). The statistical significance
criterion was p <0.05.

Bioguided fractionation of aqueous plant extract

Powdered J. gossypiifolia leaves (192.56 g) were macer-
ated with water three times for 6 days at room temperature
(no growth of microorganisms in the aqueous extract was
detected by visual and olfactory observations). The filtrates
were combined and partitioned with hexane and ethyl acetate
solvents in increasing order of polarity, obtaining hexane
(HF: 0.1623 g), ethyl acetate (AF: 0.2719 g), and residual
aqueous fractions (RF: 0.9558 g). The biological activity of
the fractions was determined using the B. bipinnata growth
bioassay.

For this purpose, HF, AF, and RF samples were resus-
pended in a 1% dimethylsulfoxide (DMSO) solution, and
1.5 mL was pipetted into Petri dishes (diameter=5 cm) con-
taining a filter paper disk, in which 10 B. bipinnata seeds
previously germinated for 4 days at 25 °C and a 12 h pho-
toperiod were deposited. The concentrations used for each
treatment with the different fractions were 0.00, 0.63, 1.25,
2.50, and 5.00 mg mL~!. Hypocotyl and radicle lengths were
measured after 7 days of incubation using a digital calliper.
The bioassay was conducted in CRD with 4 replications in
a 3x4+1 factorial. The first factor was the fraction type,
and the second factor was the concentration. The data were
submitted to ANOVA and regression analysis in SISVAR
5.6 software (Ferreira 2019).

Characterization of bioactive fractions
by untargeted metabolomic analysis

Sample preparation

The bioactive samples, HF and AF, were resuspended in
1 mL of acetonitrile, vortexed (30 s), sonicated (10 min),
and centrifuged for 10 min at 4 °C and 12,000 rpm. Then,
800 pL of the supernatant was removed, dried in N,, and
resuspended in the mobile phase of the chromatographic
system proportionally to the initial weight.

Liquid chromatography coupled to high resolution
mass spectrometry (LC-HRMS) analysis

All samples were analysed in an Acquity H-Class liquid
chromatography system (Waters®, Manchester, United
Kingdom) coupled to a Xevo QTOF G2-XS mass spec-
trometer (Waters®, Manchester, United Kingdom) using
an ACQUITY UPLC® CSH™ C18 column (2.1 x 100 mm,
1.7 um). The analyses were adapted from Anhesine et al.
(2019). The column temperature was set at 30 °C, and the
mobile phase flow rate was maintained at 0.4 mL min~!.
Mobile phase A was 0.1% formic acid aqueous solution,
and phase B was 0.1% acetonitrile/formic acid. Gradient
conditions were 0—18 min, 35% of B; 18-26 min, 100% of
B; 26-30 min, 100% of B; 30.0-30.1 min, returned to initial
condition 5% of B and remained until the end of the analysis
for 6 min, totalling 36 min of running.

Positive (+) and negative (—) ion modes were recorded
separately. The injection volume was 1 pL for both modes,
and the instrument was operated in MS® mode in the m/z
range of 50-1200, with an acquisition time of 0.5 s per
scan. Other parameters were as follows: source tempera-
ture =140 °C, desolvation temperature =550 °C, desolvation
gas flow=900 L h™!, capillary voltage=3.5 kV (+)/2.5kV
(=), cone voltage =40 V. MSF analysis was operated at
6 V for low collision energy and a ramp of 20-50 V for
high collision energy. Leucine enkephalin (molecular
weight=555.62; 200 pg pL") was used as a lock mass for
accurate mass measurement. Analyses were performed in
triplicate.

Feature-based molecular networking (FBMN)

Raw LC-HRMS data were imported into Progenesis QI®
v2.0 software (Nonlinear Dynamics, Newcastle, UK) for
peak alignment, pick picking, and deconvolution. The fea-
ture quantification table (CSV file) and the MS/MS spec-
tral summary (MSP file) were exported and uploaded to the
GNPS platform (Global Natural Products Social Molecular
Network, https://gnps.ucsd.edu, Wang et al. 2016) using
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WinSCP (https://winscp.net) to generate an FBMN (Nothias
et al. 2020) to investigate the metabolic profile of the dataset.

The data were filtered by removing all MS/MS fragment
ions within + 17 Da of the precursor m/z. MS/MS spectra
were window filtered by choosing only the top 6 fragment
ions in the +50 Da window throughout the spectrum. The
precursor ion mass tolerance was set to 0.02 Da and the MS/
MS fragment ion tolerance to 0.02 Da. A molecular network
was then created where edges were filtered to have a cosine
score above 0.7 and more than 4 matched peaks. Further-
more, edges between two nodes were kept in the network
if and only if each of the nodes appeared in each other’s
respective top 10 most similar nodes. Finally, the maximum
size of a molecular family was set to 100, and the lowest
scoring edges were removed from molecular families until
the molecular family size was below this threshold.

The spectra in the network were then searched against
GNPS spectral libraries (Wang et al. 2016; Horai et al.
2010). The library spectra were filtered in the same manner
as the input data. All matches kept between network spectra
and library spectra were required to have a score above 0.7
and at least 4 matched peaks. The molecular networks were
visualized using Cytoscape software (Shannon et al. 2003).
The FBMN results on the GNPS platform for the positive
mode can be accessed at https://gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=a93b12ab83dc4188b878adb0cfc2d13e and
for the negative mode at https://gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=d46fac0722e54elaaa2b206ac0d17b52.

Molecular networks were visualized using Cytoscape
software version 3.9.1 (Cytoscape Consortium, San Diego,
CA, United States; Shannon et al. 2003). Nodes correspond
to ion features, while edges between nodes represent cal-
culated MS/MS cosine scores. The nodes were represented
as pie charts, whose proportion corresponds to the feature
abundance (peak area) in the samples (Nothias et al. 2020).
The node size was dimensioned in relation to the sum of the
peak areas obtained in the samples in which the feature was
detected. Compounds with the same MS/MS spectrum but
with different retention times were represented as separate
nodes, indicating isomers (Mannochio-Russo et al. 2022).

Results and discussion

Effect of J. gossypiifolia leaf powder
on the germination and initial growth of B.
bipinnata

Seed germination and seedling growth of B. bipinnata were
investigated after treatment with J. gossypiifolia leaf pow-
der (Table S1) to deepen studies on the allelopathic effects
of this plant. There was a decline in the germination per-
centage of B. bipinnata seeds with increasing doses of J.
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gossypiifolia leaf powder, which differed significantly from
each other (p=0.0001) (Table S2). Significant differences
between concentrations (p=0.0005) (Table S2) were also
verified for the GSI data. The dose—response curves for both
parameters were fitted to a cuamulative Gaussian distribution
function (Fig. 1A and B), reaching 100% inhibition at the
highest concentration of 300 mg per Petri dish.

Regarding the allelopathic effect response index (RI),
there was a significant difference between the doses
(p<0.0000) (Table S2). The Rl indicates a stimulatory effect
on germination when its values are positive in relation to the
control treatment, while negative values indicate inhibition
(Williamson and Richardson 1988). The RI dose—response
curve was fitted to a modified Gaussian function (Fig. 1C)
and showed an inhibitory effect for all evaluated concentra-
tions of J. gossypiifolia leaf powder on the germination of
B. bipinnata, with the maximum efficiency achieved with
300 mg per Petri dish. B. bipinnata seedling growth was
measured by hypocotyl and radicle lengths (Table S1), for
which there were significant differences between concentra-
tions (p=0.0154 and 0.0000, respectively) (Table S2). The
dose—response curves of these parameters were fitted to a
logistic regression model (Fig. 1D and E), showing greater
inhibition at 100 and 300 mg per Petri dish.

Panda et al. (2020) demonstrated that aqueous extracts of
J. gossypiifolia leaves affected the germination and growth
of Cicer arietinum L., as well as the water and chlorophyll
contents, under laboratory conditions. Lopes et al. (2022)
carried out in vitro bioassays and pot experiments to evalu-
ate the allelopathic and phytotoxic effects of the aqueous
extract from J. gossypiifolia leaves on B. bipinnata and
showed an inhibitory effect on germination and initial
growth. Flavonoids, phenolic acids, and terpenoids were
detected in J. gossypiifolia aqueous extracts using attenu-
ated total reflectance Fourier transform mid-infrared (ATR
FT-MIR) spectroscopy and were suggested by the authors
as possible herbicidal allelochemicals involved in the allelo-
pathic mechanism.

Aqueous extracts of the leaves and stems of J. gossypi-
ifolia and J. curcas completely inhibited the germination of
Striga hermonthicca (Del.) Benth (Sawadogo/Ilboud et al.
2022). The aqueous methanol extract of J. curcas leaves
showed an inhibitory effect on the germination of cress
and the seedling growth of lettuce and alfalfa (Islam and
Kato-Noguchi 2013). J. curcas leaf extract also inhibited
the germination of wheat, mustard, sesame, black gram and
other crops (Abugre and Sam 2010; Ma et al. 2011; Rejila
and Vijayakumar 2011; Venkatesh et al. 2011; Tomar and
Agarwal 2013). Mahmoud et al. (2016) demonstrated that
an allelopathic effect of J. curcas on wheat was limited to
intact green leaves, while dry plant parts amended in soils
improved wheat grain yield in pot experiments.
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Fig. 1 Dose—response curves for germination percentage (A), germination speed index (GSI) (B), allelopathic effect response index (RI) (C),
and hypocotyl (D) and radicle (E) lengths of B. bipinnata treated with J. gossypiifolia leaf powder

Bioactive fractions of J. gossypiifolia aqueous
extract in inhibiting the growth of B. bipinnata

seedlings

Seedling growth bioassays were performed using the hex-
ane, ethyl acetate, and aqueous residual fractions obtained

from the fractionation of the J. gossypiifolia aqueous
extract to identify the fraction with an allelopathic inhib-
itory effect on the growth of B. bipinnata seedlings. For
the hypocotyl length variable, there were significant dif-
ferences between the treatments with the different types of
fractions (p=0.0000) (Table S3) and between the different
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concentrations evaluated (p=0.0079), with interaction
between the two factors (p=0.0000) and differences from
control treatments (p=0.0000).

The unfolding of the interaction effect, in which the levels
of one factor are compared within each level of the other
factor, showed significant differences between the concen-
trations only for the HF treatment (p=0.0000, Table S3),
whose curve dose—response was fitted to a cumulative
Gaussian distribution function (Table 1). Therefore, treat-
ments with AF (p=0.0556) and RF (p=0.1542) showed a
nonvariable effect between the evaluated doses (0.63; 1.25;
2.50, and 5.00 mg mL™!). However, all treatments with dif-
ferent concentrations of AF differed significantly in rela-
tion to the control treatment, while RF was significantly
similar to the control, and HF differed only at 1.25 and
2.50 mg mL~! (Table 1).

At a concentration of 1.25 mg mL~!, treatments with
AF and HF did not differ, showing reductions in hypocotyl
length of 10.31 and 12.66 mm, respectively. At 2.5 mg mL™",
HF had a stronger effect in suppressing hypocotyl develop-
ment, reaching a mean value of 7.84 mm, approximately half
the hypocotyl length value for the control treatment with
1% DMSO (15.00 mm), differing from AF, which had an
average value of 12.60 mm. AF was, therefore, the bioactive
fraction in reducing hypocotyl development at all concentra-
tions evaluated, while HF bioactivity was dose dependent,
and RF did not show bioactivity.

Regarding the radicle length, the treatments with
the different types of fractions also differed statistically
(p=0.0000) (Table S4), as well as for the fraction concen-
tration factor (p=0.0002). There was an interaction between
the two factors (p=0.0001), which differed from the con-
trol treatments (p=0.0000). The unfolding of the interaction
effect showed significant differences between the concentra-
tions for the HF (p=0.0000) and RF (p=0.0014) samples
(Table S4), which presented dose—response curves fitted
to the cumulative Gaussian distribution function (Table 2),

while for AF, there was no significant difference between the
evaluated concentrations.

When evaluating the effect of the different types of frac-
tions within each of the doses, it was observed that all frac-
tions differed significantly from each other at concentrations
of 0.63, 1.25, and 2.50 mg mL™! (Table 2), with AF reaching
the lowest mean values of radicle length, followed by FH
with an intermediate effect and RF with a lower inhibitory
effect. The strongest inhibitory effect of AF was 7.40 mm at
2.50 mg mL~!, with a reduction of more than 50% compared
to the control treatments, which were approximately 22 mm.
At a concentration of 5.00 mg mL~!, there was no significant
difference in FA and FH, which differed from FR, which
presented lower performance.

In general, the mechanism of action of allelochemicals in
the target plant is related to interference in its vital activities.
They affect respiration, photosynthesis, stomatal opening,
chlorophyll content, nutrient absorption, inhibition of oxy-
gen uptake by mitochondria, protein synthesis, plasma mem-
brane permeability, cell division and elongation, organic
synthesis, hormone balance, and enzymatic activities (Pires
and Oliveira 2011). Silva et al. (2022) demonstrated the inhi-
bition of the primary root growth of Euphorbia heterophilla
L. by ethyl acetate and hexane fractions obtained from the
methanolic extract of the aerial parts of Lonchocarpus cul-
tratus (Vell.) AM.G. Azevedo & H.C. Lima and observed
a possible correlation between flavonoids and allelopathy.

The application of an ethyl acetate extract obtained from
Agerantum conyzoides L. leaves completely controlled Ama-
ranthus spinosus L. at a concentration of 20%, similar to
2,4-D (Erida et al. 2021). Ethyl acetate and hexane fractions
of the aqueous extract from Cryptomeria japonica (Thunb.
Ex L.f.) leaves inhibited the hypocotyl and radicle lengths
of Robinia pseudoacacia L., and cryptomeridiol was shown
to be the active component in the allelopathic effect (Tanaka
et al. 2020). Our results pointed to AF and HF as bioactive
fractions of the aqueous extract of J. gossypiifolia leaves in

Table 1 Effects of different concentrations of hexane (HF), ethyl acetate (AF), and residual (RF) fractions of J. gossypiifolia aqueous extract on

the hypocotyl length (mm) of B. bipinnata seedlings

Control H,O Control DMSO 1% Fraction Concentrations (mg mL™") Equations R?
0.63 1.25 2.50 5.00
18.160 15.00A«x AF 12.82aB 10.31aB 12.60bB 12.04aB ns -
HF 13.14aA 12.66aB 7.84aB 14.00abA y=13.73 - 592 *exp(—0. 0.99
5* ((x — 2.58)/0.74)"2)
RF 16.35bA 16.63bA 15.83cA 14.53bA ns -

Means followed by the same lowercase letter in the column do not differ significantly at the 0.05 level of probability by Tukey’s test, as well as
means followed by the same capital letter, which correspond to the comparison of each treatment in relation to the 1% DMSO control. Means
followed by a (comparison between controls): there is no significant difference

ns no significant difference
**Significant at the 1% probability level by the t test
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Table 2 Effects of different concentrations of hexane (HF), ethyl acetate (AF), and residual (RF) fractions of J. gossypiifolia aqueous extract on

radicle length (mm) of B. bipinnata seedlings

Control H,0 Control DMSO 1% Fraction Concentrations (mg mL™") Equations R?
0.63 1.25 2.50 5.00
21.44a 22.09Aa AF 11.75aB 8.93aB 7.40aB 10.90aB ns -
HF 14.83bB 13.40bB 10.52bB 11.59aB y=15.55 — 10.58%ex 0.99
p(-0.5*(x - 3.3
5)/1.18)"2)
RF 19.23cA 19.63cA 18.38cA 14.87bB y=19.41 * exp(—0. 0.99

5*((x=0.73)/5.
82)"2)

Means followed by the same lowercase letter in the column do not differ significantly at the 0.05 level of probability by Tukey’s test, as well as
means followed by the same capital letter, which correspond to the comparison of each treatment in relation to the 1% DMSO control. Means
followed by o (comparison between controls): there is no significant difference

ns no significant difference
**Significant at the 1% probability level by the t test

inhibiting the initial growth of B. bipinnata, with stronger
bioactivity demonstrated by the FA fraction, suggesting the
presence of metabolites with allelopathic herbicidal activity
in these fractions.

Metabolite annotation of the bioactive fractions
of J. gossypiifolia aqueous extract

The AF and HF fractions of the J. gossypiifolia aqueous
extract, which showed inhibitory activity on the growth of
B. bipinnata seedlings, were analysed by LC—MSE in both
positive and negative modes (Fig. S1). Preprocessing the
dataset resulted in a total of 16,544 and 18,199 mass peaks
for the positive and negative modes, respectively. Spectral
data were used to generate molecular networks in FBMN
mode.

The computed FBMNSs revealed putative annotations via
an automated library spectral match with the GNPS public
spectral libraries, which found a match for 69 out of 1711
spectral nodes in the positive mode and 31 out of 1942
spectral nodes in the negative mode (Fig. S2). However,
53 hits were initially rejected due to excessive mass errors
(>5 ppm). These matches were manually evaluated and
compared to the literature, resulting in level 2 annotations
according to the Metabolomic Standards Initiative (MSI)
(Sumner et al. 2007).

The molecular network uses spectral similarity to group
metabolites since similar molecular structures will gener-
ate similar fragmentation patterns obtained by tandem
mass spectrometry analysis. Molecular families and mol-
ecules similar only to themselves are represented by clusters
and singlets, respectively. In the cluster, similar molecules
(nodes) are connected by edges, whose thickness represents
the level of their similarity (Aron et al. 2020).

A total of 30 compounds were annotated by library
matching of nodes within and outside families (i.e., clusters
or singlets) (Table 3 and Fig. S3), including alkaloids, fatty
acids, phenolic compounds, terpenoids and steroids. Flavo-
noids were the most abundant class of metabolites among
the annotated compounds, with representatives of the sub-
classes of flavone, flavanone, methoxylated flavonol and fla-
vone, and C- and O-glycosylated flavonoid. Representative
molecular networks of some flavonoids are shown in Fig. 2.

Apigenin 7-O-rhamnoglucoside (15) was found exclu-
sively in AF, while the other flavonoids were present in both
extracts; however, they showed a higher concentration in
AF, as well as caffeic acid (18) (Table 3). Sinapic acid (23),
2-hydroxy-4-methoxybenzophenone (24), and 2-methoxy-
cinnamaldehyde (25) showed the highest concentrations in
HF. The phenolic compounds present exclusively, or mostly,
in AF may be associated with its stronger allelopathic effect
on B. bipinnata radicle development compared to HF, which
showed an intermediate effect. The effect of HF on hypoco-
tyl length inhibition was statistically similar to that of AF
depending on the dose.

Phenolic compounds constitute the most important and
common class of plant allelochemicals in the ecosystem,
with not only physiological functional capacity but also
allelopathic potential, interfering with several important
plant enzymes and physiological processes (Latif et al.
2017). Phenolic acids are the main allelochemicals, which
have a primary effect in sensitive species to reduce hydraulic
conductivity and net nutrient uptake by roots and thus even-
tually growth (Blum 1996). Furthermore, they can inhibit
photosynthesis in plants, decrease energy metabolism, and
inhibit cell division and root branching (Li et al. 2010). In
the field, mixtures of phenolic acids and other organic com-
pounds can inhibit plant growth even at individual concen-
trations below their inhibitory levels (Blum 1996). Caffeic

@ Springer
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AF

Peak area

HF

A m/z (ppm)

Compound

Exact mass

Molecular formula

MSE fragment ions

Adduct type

m/z

time (min)

Table 3 (continued)
Retention

No

@ Springer

48,957.69

C,oH;30 154.1358  Citronellal isomer 0.45 461,260.38

137.13, 133.10, 129.07, 121.10,

[M+H — H,0]"

137.1323

29 26.03

119.08, 109.10, 105.07, 95.05,
91.05, 81.07, 77.04, 67.05

Steroids

41,479.46

306.2559 17-Methylandrostane-3,17-diol 1.79 260,642.24

C20H3402

280.14, 241.05, 199.15, 187.15,

[M+H — H,0]*

289.2515

30 23.63

173.13, 159.12, 145.10, 133.10,
119.08, 105.07, 91.05, 81.07,

67.05

and synapic acids, found in HF and AF fractions, have pre-
viously been reported in numerous plant species with an
allelopathic effect (Blum 1996; Bertin et al. 2003; Mahda-
vikia and Saharkhiz 2015).

Many flavonoids act as strong inhibitors of the germina-
tion and growth of weeds and crops, playing important phys-
iological roles in plants and protecting them against biotic
stress. Aglycones and flavonoid glycosides are released
by root exudation and tissue degradation or leaching and
are found in soil solutions and root exudates (Weston and
Mathesius 2013). Flavonoids produced by roots play roles in
signaling to microbes and other plants, as well as protection
against soil pathogens, and their accumulation in roots is
highly dependent on biotic and abiotic environmental con-
ditions (Rao 1990). Flavonoids act primarily as regulators
of auxin transport and degradation, in addition to showing
affinity for many enzymes necessary for mitochondrial res-
piration in plants and animals (Weston and Mathesius 2013).

Apigenin (14) delayed the germination speed of L. sativa
seeds and promoted shoot and root growth inhibition at
3 mmol L™!, which was potentiated with increasing concen-
tration (Liu et al. 2011). Zhang et al. (2017) demonstrated
that luteolin (19) and eriodictyol (17), bioactive flavonoids
identified in Canadian Conyza L. leachates, significantly
decreased seed germination and seedling growth of Agros-
tis stolonifera L. and L. sativa, respectively. Apigenin-6-C-
glycoside (13), isolated from the hydroalcoholic extract of
Machaerium eriocarpum Benth. leaves, demonstrated allelo-
pathic inhibitory activity on the germination and growth of
sorghum, as well as inhibition of the number of lateral roots
in cucumber (Bento et al. 2018). 7-Hydroxy-6,8-dimethox-
ycoumarin (11) was found in the bark of Ailanthus altissima
(Mill.) Swingle (Caramelo et al. 2021) and leaves of aerial
parts of the genus Artemisia (Tan et al. 1998; Ivdnescu et al.
2021) have been reported to have allelopathic effects. The
allelopathic activity of quercetins is also well described in
the literature (Golisz et al. 2007; Fernandez-Aparicio et al.
2021).

Quinoline (1, 2), indole (3, 4), and pyrrole (6) alkaloids
were detected in both bioactive fractions but showed higher
concentrations in AF, and pyrrolidine alkaloid (5) was the
major alkaloid in HF (Table 3). Representative molecular
networks of some alkaloids are shown in Fig. 3. The major
presence of most alkaloids in AF may also be associated
with the greater inhibitory activity of this fraction on the
radicle. Many alkaloids have strong allelopathic effects on
weeds and crops as growth inhibitors. Inhibition of seed ger-
mination by quinoline alkaloids synthesized by plants has
been reported (Aerts et al. 1991). Lovett and Hoult (1995)
studied the defense mechanisms of barley (Hordeum spp.)
through the release of gramine and hordenine alkaloids from
plant roots; these alkaloids have been shown to have allel-
opathic effects in seedling bioassays. The indole alkaloid



Acta Physiologiae Plantarum (2024) 46:61

Page 110of 15 61

024

452.0851 7
A\

HO
Apigenin 6-C-glucoside

m/z 433.1124 [M+H]*

WSS

wr » g37
0 blehd @
OH i
OH

Apigenin 7-O-rhamnoglucoside
m/z 579.1713 [M+H]*

Fig.2 Molecular networks of some flavonoid subclasses generated
from the feature-based molecular networking (FBMN) workflow and
annotated based on spectral correspondences in the GNPS platform.
Each node represents a tandem mass spectrometry (MS/MS) spec-

gramine in barley behaves as a photophosphorylation uncou-
pler (Andreo et al. 1984). Alkaloids can inhibit plant growth
by several mechanisms, including interference with DNA,
enzyme activity, protein biosynthesis, and membrane integ-
rity in developing plants (Latif et al. 2017).

Isomers of the monoterpenes carveol (26 and 27, Table 3)
and citronellal (28, 29) were detected in both fractions, but
mostly in HF (Fig. 4), as well as steroids (30). Terpenoids
perform multiple biological activities in plants, such as act-
ing as hormones, photosynthetic pigments, electron trans-
porters, structural components of membranes, and mediators
of polysaccharide assembly, in addition to acting in com-
munication and defense (Kim and Shin 2003). Due to their
allelopathic activity, they are considered possible leaders
in the development of new agrochemicals based on natural
products (Macfias et al. 2008, 2019).
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trum, while the edges connecting them represent MS/MS fragmen-
tation similarity (cosine>0.7). Pie charts indicate the relative abun-
dance of ions in the HF (green) and AF (yellow) fractions. Node sizes
are relative to the summed peak areas of the precursor ion

Monoterpenes are volatile metabolites that have been
described as responsible for allelopathic interactions in
several plants. Inhibition of germination has been reported
for several monoterpenes in pure form or as mixtures of
essential oils. Monoterpenes such as citronellal, citronellol,
linalol, and cineol inhibit germination and initial seedling
growth of weeds such as Cassia occidentalis L., Amaran-
thus viridis L., Echinochloa crus-galli L. (P.). Beauv, and B.
pilosa under in vitro conditions (Singh et al. 2002, 2004).
Singh et al. (2006) demonstrated that citronellal causes
severe phytotoxicity in weeds. Registration in the patent
bank was found involving the use of citronella oil as an her-
bicide (Ryan and Morris 1999).

Citronellal isomers detected in HF are, therefore, one
of the likely allelochemicals responsible for the inhibitory
effect on hypocotyl and radicle development observed for
this fraction. Chaimovitsh et al. (2017) demonstrated that

@ Springer
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Pie charts indicate the relative abundance of ions in the HF (green)

Fig.3 Molecular networks of some alkaloid subclasses generated
using the feature-based molecular networking (FBMN) workflow and and AF (yellow) fractions

annotated based on spectral correspondences in the GNPS platform.

Citronellal isomers
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Carveol isomers
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AF
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Fig.4 Molecular networks of monoterpenes generated using the feature-based molecular networking (FBMN) workflow and annotated based on
spectral correspondences in the GNPS platform. Pie charts indicate the relative abundance of ions in the HF (green) and AF (yellow) fractions
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(+)-citronellal can promote enantioselective disruption of
plant microtubule assembly at high and low dosages, while
(—)-citronellal had dose-dependent activity, indicating that
these compounds have specific isomeric activity.

Terpenoids, lignoids, and steroids were previously
detected in J. gossypiifolia extracts (Wu et al. 2019). Sil-
veira et al. (2020) detected several phenolic acids, triterpe-
noids, and flavonoids, including apigenin and luteolin, in
the hydroalcoholic extract of J. gossypiifolia. Many metabo-
lites still need to be identified in this species, considering
the number of molecular networks generated in the FBMN
mode. However, among the annotated compounds, many
have already been registered in the literature as allelopathic
and with herbicidal potential, which explains the effect on
the reduction of hypocotyl and radicle lengths of B. bipin-
nata observed in our studies.

Conclusions

J. gossypiifolia leat powder demonstrated an allelopathic
inhibitory effect on the germination and initial growth of
the weed B. bipinnata. Untargeted metabolomic analysis of
hexane and ethyl acetate fractions from the J. gossypiifo-
lia aqueous extract, which were bioactive in inhibiting the
growth of B. bipinnata seedlings, revealed the presence of
several secondary metabolites, including alkaloids, pheno-
lics, and terpenoids, probably associated with allelopathic
herbicidal activity.

Considering the search for eco-friendly weed control
methods, the present investigation provides subsidies for
future studies involving the use of J. gossypiifolia in inte-
grated weed management systems as a strategy to reduce
dependence on synthetic chemical herbicides. Assessing the
effectiveness of using the powder under field conditions is a
fundamental step in this process.
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