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Abstract

The invasion of exotic plant species has emerged as a global problem that impacts
the ecosystems, economy, and human health, and is the reason for biodiversity

loss. Argemone mexicana L. is one of the plants that was recorded as an invasive
plant species in south-western Saudi Arabia. Allelochemical properties have been
stated but not empirically evaluated on economically important staple crops. In the
present study, the phenotype of the A. mexicana L. plant was described using major
and minor phenotypic morphology, and morphological seed. Additionally, laboratory
experiments were conducted to evaluate the allelopathic effects of water extract of
A. mexicana L. on radicle and plumule length of Triticum aestivum and Hordeum
vulgare. Results showed that the allelopathic potential of leaf and seed extracts

of A. mexicana decreased the seed germination (until 66.66%), plumule length
(93.94%-94.94%), and radicle length (96.68%— 96.96%) respectively for T. aestivum
and H. vulgare with a rise in extract concentration. Moreover, it was observed that the
A. mexicana seed extract is more allelopathically effective than leaf extract. Hence,

it could be concluded that the seed and leaf aqueous extracts contain water-soluble
allelochemicals, which could inhibit seed germination of T. aestivum and H. vulgare.

l. Introduction

Allelopathy refers to the chemical interactions between plants, whereby certain
species release phytochemicals into the environment that can inhibit or stimulate the
growth, survival, and reproduction of neighboring plants [1]. These phytochemicals
also known as allelochemicals, are synthesized by the vegetation as the second-
ary products in various biochemical activities [2] and are released either through
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leaching, exudation, volatilization, decomposition or in leachate forms [3,4]. This
process is a significant mechanism for the invasion of alien plants [5]. Invasive alien
plants utilize a wide variety of trait strategies, i.e., superior resource use efficiency
[6], rapid growth [7,8], high degree of plasticity [9], allelopathy [10,11], and better
reproductive performance [12], in the novel environment, which assist them to out-
compete the native species, triggering biodiversity loss and ecosystem imbalance
[13—-15]. A. mexicana, for instance, damages native plant species through allelopa-
thy [16], and many common invasive exotic species utilize allelochemicals to exert
similar effects [17].

An invasive species, introduced as alien, exotic, and non-native to a location, are
often highly competitive and may cause measurable ecological and economic harm.

Globally, invasive alien plants are recognized as major threats to biodiversity
con-servation [18], posing threats to both agricultural and natural systems and affect
the soil and nutrient cycling of the related ecosystem [19,20]. Many invasive spe-
cies are not dominant competitors in their natural habitats but exclude their new
neigh-bors in new environments [21,22]. For example, in Saudi Arabia, species such
as Prosopis juliflora and Calotropis procera have been associated with reductions
in native vegetation cover, soil degradation, and declines in rangeland productiv-
ity [23,24]. Such impacts illustrate the scale at which invasive plants can threaten
biodiversity, agriculture, and ecosystem services. Moreover, In Southwestern Saudi
Arabia, 48 alien species have been recorded, some of which have been established
for decades. A. mexicana was one of the documented exotic invasive species exhibit-
ing a medium allelopathic effect on native plants [25]. Southwestern Saudi Arabia is a
particularly relevant region for allelopathic studies as it supports both rich native bio-
diversity and extensive cultivation of staple cereals, particularly wheat (T. aestivum)
and barley (H. vulgare), which are vital for food security. Arid and semi-arid ecosys-
tems are especially vulnerable to biological invasions because low resource availabil-
ity can magnify competitive effects of invaders. Notwithstanding the fact that harsh
environment and climate change nega-tively affect biodiversity, including species
like A. mexicana [25], taxonomic studies are cru-cial for the effective management of
these invasive plants [26].

A. mexicana L. (Papaveraceae), which is commonly referred to as Prickly Poppy in
English and Premathandu in Tamil, is indigenous to Mexico and has since extensively
naturalized in the United States, India, and Ethiopia [27]. A. Mexicana is a widely
distrib-uted plant throughout the tropical and subtropical regions of the world. It is
found in most places by roadsides and agricultural fields, and it has been recorded
for the first time in South-western of Saudi Arabia [25]. Scientific studies have shown
that A. mexicana contains numerous phytochemicals in high levels, such as carot-
enoids, phenolic, alkaloids, pec-tins, tannins, coumarins, flavonoids, and terpenoids
[28]. Among these, phenolics, alkaloids, and flavonoids are well documented for their
allelopathic activity in other invasive species [29,30], suggesting that similar com-
pounds in A. mexicana could contribute to its suppressive effects.

Although allelopathic properties of several invasive plants have been reported,
empirical data on their effects on economically important cereals in Saudi Arabia are
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scarce. Previous studies elsewhere have demonstrated that cereals such as rice, wheat, and barley are highly sensitive
to allelopathic interactions [31,32]. However, no study has systematically evaluated how A. mexicana affects staple crops
under Saudi Arabian conditions. Therefore, the present study addresses two central research questions: (i) What are the
key morphological characteristics of A. mexicana populations in Southwestern Saudi Arabia? and (ii) Do aqueous extracts
from the leaves and seeds of A. mexicana differentially affect the germination and early seedling growth of T. aestivum
and H. vulgare. It is hypothesized that aqueous extracts of A. mexicana leaves and seeds contain biologically active,
water-soluble allelochemicals capable of suppressing seed germination and inhibiting early seedling growth (radicle and
plumule elongation) in T. aestivum and H. vulgare. Furthermore, it is expected that seed extracts will exert a greater inhibi-
tory effect than leaf extracts due to higher concentrations or activity of allelopathic compounds.

Il. Materials and methods

Young plant leaves and seeds of A. mexicana were collected from different individuals at distinct developmental stages
(i.e., young plants for leaves and mature plants for seeds) growing at Al-Soda farms, in South-western region of Saudi
Arabia. No ethics committee approval was required for this study, as it did not involve procedures subject to ethical clear-
ance under local regulations; the research was conducted in line with accepted scientific standards and with respect for
participants and communities

1. Studying the phenotype of plants

Phenotypic traits were evaluated following the standard descriptors recommended by Bioversity International [33]. Ten
plants were randomly selected from each accession, and five fully expanded leaves per plant were examined for morpho-
logical traits. For seed-related characteristics, thirty seeds per plant were analyzed.

1. The phenotypic morphology of the plant was examined for the root, stem, and leaves in terms of the shape, edge,
base, and apex of the blade.

2. The circumferences of Calyx, Corolla, Androecium stamens, and Gynoecium pistils were examined. The morphological
features of the fresh parts of Argemone mexicana were macroscopically observed and described using sensory organs
and using a calibrated ruler.

3. The stomata and trichomes on the leaf surface were examined using Compound Light Microscope. The types of
stomata were determined based on models of auxiliary cell arrangement [29], whereas the types of trichomes were
determined according to Prabhakar, 2022 [30].

4. Seeds examination: the phenotypic characteristics of the plant’s seed coat were inves-tigated. Moreover, the shape,
color, and size of the seeds were determined using Com-pound Light Microscope [31].

2. Preparation of the aqueous extract solution

The freshly collected leaves and seeds were washed several times with water, and shade dried at room temperature
(25°C — 27°C) for 15 days. Seeds and leaves were separately crushed in a blender into a fine powder. To obtain the
extract from leaves or seeds, 5009 refers to dry weight, measured after reaching constant weight, and crushed were
soaked separately in a corked, conical containing 1000 mL of distilled water for 72 hours at room temperature with gen-
tly agitation and then filtered through Whatman filter paper N° 1. The extracts were diluted to obtain the concentrations
of 5g. mL-" (5%),25g. mL-" (25%), 50g.mL-" (50%), 75g.mL"" (75%) while the distilled water was used in the control
treatment.
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3. Preparation of the crops seeds and the experiment design

The seeds of T. aestivum and H. vulgare were procured from the Agricultural Office. The seeds” of T. aestivum and H.
vulgare were surface sterilized with 0.1% mercuric chloride for 1 min to eliminate the fungal spores on the seeds (Future
investigations will employ safer alternative). Then the seeds were washed with distilled water many times to remove

the mercuric chloride. The seeds were soaked in different concentrations of A. mexicana extracts for 24 hours and then
placed in 9cm Petri dishes lined with sterile cotton. Each Petri-dish contained 6 normal-sized seeds (based on average
diameter and weight), with three Petri dishes (replicates) prepared for every treatment concentration (i.e., a total of 18
seeds per concentration) which were irrigated with 20 ml distilled water on alternative days. Seeds soaked with distilled
water were maintained as control separately. The experiment followed a randomized complete block design (RCBD) with
3 blocks (replications) and 5 treatments randomized within each block. The petri dishes were sealed with caps and kept
inside the cupboards at room temperature (22—-25 °C) (Fig 1 and 2).

Extract/distilled water (a standardized volume of 5ml) was added to moisten the seeds when required. Seeds were
observed every day. Petri dish is considered the experimental unit and the germinated seed is defined consistently (e.g.,
radicle 22 mm).

During the nine days of treatment, plantlets were used for the measurement of the radicle and plumule lengths. The
individual radicles/plumules length values were then noted.

4. Data collection and calculations

Seed germination percentage, germination speed, mean germination time and mean daily germination were determined
following formula described by (Damalas et al. 2019) [34]. Germination index was determined following formula described
by (Akbar et al. 2025) [35]. Germination potential was calculated according to Liu et al., 2015.

Fig 1. The experimental design for the treatment of Triticum aestivum using different concentrations of seeds and leaves aqueous extracts (5,
25, 50, and 75 g-mL-") obtained from Argemone mexicana plant.

https://doi.org/10.1371/journal.pone.0344281.9001
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Fig 2. The experimental design for the treatment of Hordeum vulgare using different concentrations of seeds and leaves aqueous extracts (5,
25, 50, and 75 g-mL-") obtained from Argemone mexicana plant.

https://doi.org/10.1371/journal.pone.0344281.9002

Number of germinated seeds in each Petri dish

TSPy
Germination % Total number of seeds in Petri dish x 100 (W)
I nl n2 n3
= —+ —+_—+...
Germination speed atets @)
Where n1=number of seeds germinated per Petri dish on day d1,
n2=number of seeds germinated on Petri dish on day d2,
n3=number of seeds germinated on Petri dish on day d3.
Mean germination time = 2 nd

2n (3)

where n=number of seeds newly germinated at time d in each Petri dish,
d=days from the beginning of the germination test,
>n=number of seeds at the final germination.

Total number of seeds germinated in a Petri dish
Total number of days (4)

Mean daily germination =
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Number of seeds germinated in a Petri dish on day X + 4 umber of seeds germinated in a Petri dis
Day X o Day Y
(5)

Germination index =

Where the sum (day X+...+day Y) includes all days of observation.

Number of seeds germinated by day X in each Petri dish X100

o ial =
Germination potentia Total number of seeds in Petri dish (6)

where X=6
Each treatment of this experiment was conducted with 3 replications and repeated twice.

5. Statistical analysis

To assess difference in germination and the elongation data among different treatments, we conducted two-way inde-
pendent (concentration x plant part) analysis of variance (ANOVA). Prior to the ANOVA, the normality was examined by
using Shaprio-Wilks test. Also, the variance homogeneity test (Leven'’s test) for each group was performed and data were
transformed as necessary. Duncun’s test was used to determine differences between means at p<0.05. All data were
presented as mean  standard error (SE). A simple linear regression model was employed to investigate the effects of the
A. mexicana exrtracts on the germination indexes and the plumule and radicle elongation at significance level of 0.05, and
a desired power of 95%. We used IBM SPSS statistics (version 23.0, 2015, Armonk, NY, USA) to conduct all analyses.

lll. RESULTS
3.1. Phenotypical characteristics of the vegetative and flowering stages

3.1.1. Biological and growth nature. A. mexicana is an upright herbaceous annual plant, ranging in height from 60
to 110cm, spreads on roadsides, ravine sides and in agricultural areas. This study documented its presence in south-
western Saudi Arabia, between latitudes 17°25’ N and 19°50’ N and longitudes 41°50’ E and 44°00’ E. Its presence was
observed in the Farmlands of Abha, Al-Soda, Al-Mashhad and Al-Faraa cities and villages (Fig 3).

3.1.2. Morphological characteristics. A. mexicana is an annual herb up to 150cm long with a slightly branched peg
root. The plant is upright, branched, usually prickly, pale bluish-green, and exuding foul-smelling yellow sap when cut. The
research findings showed that the aerial parts of A. mexicana ranged from 90 cm to approximately 110cm.

The stem is herbaceous and slightly branched, the vegetative part is spreading and expanding, its diameter (the can-
opy width of the plant) reaches approximately 1 m, the stem appears cylindrical in cross-section.

The leaf is lobed, petiolate, with spiny edges, and the edge is serrated. It alternates on the branch. The leaves are
gray-green in color, thick and leathery. The blade is cleft into rounded segments, pinnate, 6 to 15cm long, and 3 to 8cm
wide. The veining is feathery reticulate, white in color, and very distinct.

The flowers are six-parted, complete, containing the female and male reproductive organs and actinomorphic in sym-
metry. The flower buds are spherical. The calyx consists of 3 separate green sepals that are oval, and the corolla has 4-6
bright yellow rounded petals, 4 cm long and 3 cm wide (flowers 4 to 7 cm in diameter). The androecium is long stamens
from 5 to 10 stamens 10mm long, arranged in a spiral, at two diameters. The gynoecium consists of several fused car-
pels, the ovary is upper, 10 to 15mm long, with 6 fused carpels (each containing 4-5 rows of ovules), and bears 5 stig-
mas, taking on a reddish-purple color, appearing on top of the ovary in the flower (Fig 4). Fruit is a prickly capsule, oblong
or ovoid; seeds are brown, nearly spherical, 1.7—2mm in diameter, with reticulate surface (Fig 4).

Leaf surfaces lacked trichomes, but thorns were present throughout, including on the leaf surfaces and along the
medial vein. The stomata spread on the two surfaces of the leaf, and it contained two patterns of stomata. The first pattern
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Fig 3. Natural habitat and morphological features of Argemone mexicana L. growing in the farmlands of Al-Soda village, Abha, Saudi Arabia.

https://doi.org/10.137 1/journal.pone.0344281.9003

is Anisocytic auxiliary cells, where the stomata are surrounded by renal-shaped guard cells, while the auxiliary cells have
irregular edges and are uneven in size, and their number is three cells.

The second pattern is Actinocytic auxiliary cells which encircle the guard cells in radiating form and are irregular in
number (5—7 cells) as depicted in (Fig 5).

The dual stomatal patterns observed could potentially represent an adaptive trait, although further ecophysiological
investigations are required to substantiate this hypothesis.

3.2. Effects of A. mexicana leaf and seed aqueous extracts on T. aestivum and H. vulgare germination

The germination of T. aestivum and H. vulgare under the treatment of A. mexicana aqueous extracts was investigated

and shown in Table 1. For T. aestivum, the interaction between water extract concentration and A. mexicana plant part
were significant for germination percentage, mean germination speed and germination potential (p<0.05). Although, the
individual impact of concentration was found to be significant for all germination variables (p<0.05). Plant part as separate
factor had no significant impact on mean daily germination. According to H. vulgare, the interaction between A. mexicana
plant part and extract concentration were not significant for germination percentage, mean germination speed, mean ger-
mination time, germination index and germination potential, whereas the interaction was statistically significant for mean
daily germination (p<0.05). The concentration as separate factor was significant for all germination variables (p<0.05). A.
mexicana plant part as a separate factor was significant (p<0.05) for only mean daily germination (Table 1).

As shown in Tables 2 and 3, the aqueous extracts had noteworthy effect on germination variables of the treated plants

in comparison to the control. Increasing the concentrations of both A. mexicana leaves and seeds extracts significantly
decreased all germination variables. A. mexicana extracts exhibited inhibitory effect on germination percentage, mean
germination speed, mean germination time, mean daily germination, germination index and germination potential of both
T. aestivum and H. vulgare with stronger inhibition observed at higher concentrations. For instance, the 50% and 75%

A. mexicana leaves extract concentrations reduced significantly the mean germination percentage of T. aestivum plants
(83.33%-66.66%), the mean germination speed (2.20—1.89) and the mean daily germination (0.44-0.37). In addition, a
significant difference in the mean germination time, the germination index (2.44) and the germination potential (66.66) was
observed under leaves extract concentration of 75% (Table 2). However, the seeds extract concentrations of 25%, 50%
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Stem and leaves

Fruit (Capsule) young fruits mature fruits and seeds

Fig 4. Vegetative and reproductive organs of Argemone mexicana: stem and leaf, flower, fruit, and seed.

https://doi.org/10.1371/journal.pone.0344281.9004

and 75% reduced considerably the mean germination time. The seeds extract concentrations of 50% and 75% decreased
significantly the mean germination speed, the mean daily germination, and the germination potential as well.

On the other hand, the A. mexicana leaves extract concentrations of 5%, 25%, 50% and 75% reduced mean daily
germination of H. vulgare. Moreover, leaves extract concentrations of 50% and 75% reduced significantly mean germi-
nation percentage and mean germination speed and germination potential. However, the A. mexicana leaves extract had
no effect on the mean germination time, germination index and germination potential. A. mexicana seeds extract concen-
trations of 75% decresed remarkably the mean germination percentage, the mean germination speed, mean germination
time, germination index and germination potential (Table 3).

3.3. Effects of A. mexicana leaf and seed aqueous extracts on the plumule and radicle elongation of T. aestivum

The effects of A. mexicana plant part and the extract concentration as well as their interaction on the T. aestivum plu-
mule and radicle elongation were presented in Table 4. However, the shown interaction was not significant for the radicle
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Fig 5. The stomata types of A. mexicana leaves, A: Anisocytic; B: Actinocytic.

https://doi.org/10.1371/journal.pone.0344281.9005

Table 1. ANOVA output (F-ratios) displaying the effects of plant part (PP) and extract concentrations (EC) on germination parameters of T.

aestivum and H. vulgare.

Parameter PP EC PP x EC

T. aestivum

Germination (%) F, g =51.200% F, 4 =38.000% F, g=5-200%
Germination speed F, g =41.083% F, g =38.293% F,g0=4.250%
Mean germination time Fg=19.769% F,e=23.931% F,g0=2.943
Mean daily germination F,4=1.160 F,g=19.811% F,e=0.174
Germination index F, go=13.444* F,g=18.722% F,4=2.056
Germination potential F. g =38.293* F,g=41.083* F, g0 =4.250%
H. vulgare

Germination (%) F,4=0.020 F,e=9.102% F,4=0.429
Germination speed F,4,=0.996 F,g=9.102% F, 4 =0.448
Mean germination time F, 4=0.883 F,q=8.685% F,6=0.381
Mean daily germination F. g=17.000% F,q0=241.235* F,g=10.235%
Germination index F,4=0.344 F, 4 =8.896* F,4=0.374
Germination potential F,g=1.185 F g =8.583* F,4=0.398

* Significant at p<0.05.

https://doi.org/10.1371/journal.pone.0344281.t001

growth, it significantly influenced the plumule length on the 6 and the 9" days of treatment. Extract concentration as
separate factor was significant (p<0.05) for all elongation variables. Plant part as separate factor was significant for the
plumule elongation on the 6" and 9" day of treatment (p<0.05). Also, A. mexicana plant part significantly affected the
radicle length on the 3 day of treatment (p<0.05).
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Table 2. Effect of A.

mexicana leaf and seed aqueous extracts on seed germination of T. aestivum.

Concentration Plant part | Germination Germination Mean germina- Mean daily Germination Germination
(%) (%) speed tion time germination index potential
0 Leaf 100.00+0.002 3.67+0.39° 18.00+£0.00? 0.67+0.012 3.67+0.002 100.00+0.002
Seed 100.00+0.002 3.67+0.39° 18.00+0.00° 0.67+0.012 3.67+0.00° 100.00+0.002
5 Leaf 94.61+5.55% 3.06+0.22% 17.83+0.16° 0.59+0.05% 3.55+0.112 100.00+0.002
Seed 72.38+5.55° 3.02+£0.24% 16.83+0.92% 0.58+0.05% 3.02+0.172¢ 94.44 +5.55°
25 Leaf 89.05+5.55% 2.96+0.29% 16.83+0.922° 0.56+0.03%>* 3.35+0.18% 94.44 +5.55°
Seed 77.77 £5.55 2.85+0.30% 14.00+1.75b¢ 0.51+0.0130cd 2.85+0.25% 77.78+11.112ab°
50 Leaf 83.33+0.00° 2.20+£0.13° 15.83+0.83% 0.44+0.07° 3.14+£0.09% 88.88+5.55%
Seed 50.00+0.00¢ 2.02+0.17° 10.66+0.83¢ 0.38+0.02 cd 2.02+0.09% 61.11+5.55°
75 Leaf 66.66+0.00° 1.89+0.13° 12.00+0.01 0.37+0.04¢ 2.44+0.00 66.66 +£0.00
cd cd
Seed 44.44 +5.55¢ 1.81+0.15° 9.66+0.92¢ 0.34+0.02¢ 1.81+£0.17¢ 55.55+5.55°

Data represented as mean+SE. Means in the same column followed by different letters are significantly different (p <0.05).

https://doi.org/10.1371/journal.pone.0344281.t002

Table 3. Effect of A.

mexicana leaf and seed aqueous extracts on seed germination of H. vulgare.

Concentration Plant part | Mean germination | Mean germina- Mean germination | Mean daily Germination Germination
(%) or (g.mL") (%) tion speed time germination index potential
0 Leaf 100.00+0.002 3.67+0.39° 18.00+0.00° 0.67+0.012 3.66+0.002 100.00+0.002
Seed 100.00+0.00° 3.67+0.39° 18.00+0.002 0.67+0.012 3.66+0.002 100.00+0.002
5 Leaf 78.10£5.55% 3.10+£0.27%® 16.50+0.992° 0.59+0.06° 3.13+0.20® 94.44 +5.55°
Seed 78.10£5.55% 2.85+0.31% 14.00+0.1030<d 0.52+0.01¢ 2.85+0.20% 77.78 £5.55%
25 Leaf 78.10£5.55% 3.04+0.30% 15.66 £0.922b¢ 0.56b+0.02° 3.04+0.17% 88.89 +5.55%
Seed 66.66 + 16.66°>° 2.44+0.26%° 12.00 + 3.0020cde 0.44+0.01¢ 2.44+0.61® 66.67 £ 16.66°
50 Leaf 38.88+14.69 1.42+0.12° 8.66+3.31ck 0.31+0.02¢f 1.61+0.61%° 50.00 £ 19.24%
Seed 55.55+20.02° 2.04+0.22°4 10.00 £ 3.600c 0.37+0.01¢ 2.04+0.73% 55.55+20.02%
75 Leaf 38.88+19.24°%° 1.43+0.16 cd 7.00£1.99 cd 0.26+0.14¢ 1.43+0.40% 38.89+11.112°
Seed 27.77£20.02¢ 1.02+0.11¢ 5.00+3.60¢ 0.19+0.01" 1.02+0.73° 27.78+20.02°

Data represented as mean+SE. Means in the same column followed by different letters are significantly different (p <0.05).

https://doi.org/10.1371/journal.pone.0344281.t003

In the current investigation, the highest lengths of T. aestivum plumules and radicles were observed on the third day of
treatment in control plants (0.39cm and 1.42cm, respectively). Although the A. mexicana leaf and seed extracts had a
substantial inhibitory impact on the plumule elongation of T. aestivum at the concentration of 50%, higher concentrations
of the aqueous extract had no stronger inhibitory effect (Fig 6).
The regression analysis of plumule length and the concentration of leaf and seed extracts showed coefficients of deter-
mination (R?) of 0.65 and 0.61, respectively. This implies that more than 61% of variation in T. aestivum plumule elonga-
tion could be explained by the concentration of either leaf or seed extracts after 3 days of treatment.
Nevertheless, T. aestivum radicles were more sensitive to the A. mexicana aqueous extracts on the 3 day of treat-
ment. In fact, the inhibitory effect of such solutions on the radicle growth was detected at the concentration of 5%, while
higher concentrations of aqueous extracts did not exhibit a significantly enhanced inhibitory effect (Fig 7). Fig 7. The effect
of Argemone mexicana leaf and seed extract treatments on Triticum aestivum radicle elongation (cm). (A) At 3 days of
treatment; (B) At 6 days of treatment; (C) At 9 days of treatment. C indicates control. L5, L25, L50, and L75 represent
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Table 4. Two-way ANOVA output (F-ratios) displaying the effects of plant part (PP), extract concentration (EC) and their interaction (PP x EC)
on plumule and radicle elongation of T. aestivum.

Parameter PP EC PP xEC
Plumule length

Day 3 Foe=1374 F,q=13.010% Fe=1.751
Day 6 F,,,=7.024* F,q=75.853* F, 5o =6.848"
Day 9 F,,,=37.490* F, 4, =100.883* F, g 11.489*
Radicle length

Day 3 F g =6.430 F, 5p=56.434* Fip=1.165
Day 6 F,5=0.313 F, o= 123.888* F,4=0.088
Day 9 F,45=0.017 F, 0 =212.490% F,a=1.209

*Significant at p<0.05.

https://doi.org/10.1371/journal.pone.0344281.t004
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Fig 6. The effect of Argemone mexicana leaf and seed extract treatments on Triticum aestivum plumule elongation (cm). (A) At 3 days of treat-
ment; (B) At 6 days of treatment; (C) At 9 days of treatment. C indicates control. L5, L25, L50, and L75 represent aqueous leaf extract concentrations
of 5g-mL-", 25 g'mL-", 50 g'mL-", and 75 g'mL-", respectively. S5, S25, S50, and S75 represent aqueous seed extract concentrations of 5 g'mL-", 25
gmL-*, 50 g'mL-", and 75 g-mL-", respectively. Data are represented as mean = SE. Bars with different letters are significantly different at p<0.05.

https://doi.org/10.1371/journal.pone.0344281.9006
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Fig 7. The effect of A. Mexicana leaf and seed extracts treatment on T. aestivum radicle elongation (cm) (A) At 3 days of treatment (B) at 6
days of treatment (C) At 9 days of treatment. C indicates control, L5, L25, L50 and L75 represent aqueous leaf extract concentrations of the 5g.mL"",
25g.mL", 50g.mL" and 75g.mL-". S5, S25, S50 and S75 represent aqueous seed extract concentrations of the 5g.mL™", 25g.mL"", 50g.mL"" and
75g.mL". Data are represented as mean+SE. Bars with different letter (s) are significantly different at p < 0.05.

https://doi.org/10.1371/journal.pone.0344281.9g007

aqueous leaf extract concentrations of 5 g-mL-", 25 g-mL-", 50 g'mL-", and 75 g'mL-", respectively. S5, S25, S50, and
S75 represent aqueous seed extract concentrations of 5 g-mL-*, 25 g-mL-", 50 g-mL-", and 75 g-mL-", respectively. Data
are represented as mean + SE. Bars with different letters are significantly different at p<0.05.

The determination coefficient (R?) of the radicle length and both leaf and seed extract concentrations was 0.61 and
0.53, respectively.

After 6 days of treatment, a significant decrease in plumule size was observed at the concentration of 5% of leaf and
seed extracts. This effect was more important at the extract concentration of 75% where the elongation was reduced by
98.63+1.47% under leaf extract and by 91.53+4.80% under seed extract treatments (Fig 6).

The regression analysis established that 77% of variance in plumule elongation of T. aestivum may be attributed to the
concentration of leaf extracts (R?=0.77) and 84% variation is due to the concentration of seed extracts (R?=0.84).

On the 6™ day of treatment, the T. aestivum radicle exhibited sensitivity to 25% leaf and seed extracts, resulting in a
notable reduction in growth (Fig 7).

This inhibitory effect increased at higher concentration of the aqueous extracts. For instance, at leaf or seed extract
concentrations of 75%, the T. aestivum radicle size showed a reduction of 96.98 +0.59% comparing to the control. The
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regression analysis of radicle length and concentration of leaf extracts showed a coefficient of R?=0.69, whereas the
regression analysis of T. aestivum radicle length and the concentration of seed extracts showed a coefficient of R2=0.68.
After 9 days of treatment, the significant inhibitory effect of the leaf and seed extracts on the T. aestivum plumule
and radicle was shown at the concentration of 5%. At a concentration of 75% of leaf and seed extracts, reduction of
93.94+2.48% and 93.94 + 3.23%, respectively were noted on the plumule elongation when compared to the control. The
regression analysis reported that 74% of this variation was due to leaf extract concentrations (R?2=0.74) and 82% of vari-
ability was due to the seed extract concentrations. In addition, at the concentration of 75%, the radicle size of T. aestivum
exhibited a diminution of 96.68+0.73% when treated with leaf extract and 97.18 +0.46% when treated with seed extract.
The regression analysis of radicle length and concentration of leaf extract was R?=0.72, while the regression analysis of
radicle length and seed extract concentrations was R2=0.71(Figs 6 and 7).

3.4. Effects of A. mexicana leaf and seed aqueous extracts on the plumule and radicle elongation of H. vulgare

The effects of A. mexicana plant part and the extract concentration as well as their interaction on H. vulgare plumule and
radicle elongation were shown in Table 5 and Fig 8. The interaction between plant part and extract concentration was
significant for the plumule length on the 6" and the 9" days of treatment. For the radicle elongation, this interaction was
significant on the 6™ day, only. Extract concentration as separate factor was significant (p<0.05) for all elongation vari-
ables. A. mexicana plant part as separate factor was significant for the plumule elongation on the 6" day (p<0.05). Also,
plant part significantly affected the radicle length on the 3 and the 6" day (p<0.05).

The allelopathic effect of A. mexicana leaf and seed extracts on H. vulgare plumule and radicle growth was investigated
and presented in Figs 8 and 9.

The obtained results showed that exhibiting the H. vulgare plant to the 75% aqueous extracts of A. mexicana sig-
nificantly decreases the plumule growth starting from the 3 day of treatment. The determination coefficient (R?) of the
plumule length and concentration of leaf and seed extracts were of 0.56 and 0.76, respectively. However, 5% leaf or seed
extracts effectively reduced the radicle elongation with higher concentrations resulting in greater radicle growth inhibition
after 3 days of treatment. The coefficient of determination (R?) of the radicle length and concentration of leaf and seed
extracts were 0.61 and 0.56, respectively.

On the 6™ day of treatment, although the significant decrease observed in the plumule size of H. vulgare at the con-
centrations of 25% leaf extract and 5% seed extract, treating H. vulgare plants with 75% concentration of leaf and seed
extracts significantly reduced the plumule elongation by 94.94 +1.54% and 97.36 £ 0.92%, respectively. The regression

Table 5. ANOVA output (F-ratios) displaying the effects of plant part (PP), extract concentration (EC) and their interaction (PP x EC) on plu-
mule and radicle elongation of H. vulgare.

Parameter PP EC PP xEC
Plumule length

Day 3 F,4=0.088 F,g=10.912% F,e=0.648
Day 6 F g =4.988* F,g=71.165* F,g=3.432*
Day 9 F,g=23.511 F,q=687.127* F,0=49.797*
Radicle length

Day 3 Flg=4.016* F,g=50.714* F,e=1.926
Day 6 F,g=13.745* F,g=140.316* F,g=5.552*
Day 9 F,4=0.834 F,q=149.214* F,4=0.676
*Significant at p<0.05.

https://doi.org/10.1371/journal.pone.0344281.t005
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Fig 8. The effect of A. Mexicana leaf and seed extracts treatment on H. vulgare radicle elongation (cm) (A) at 3 days of treatment (B) at 6 days
of treatment (C) at 9 days of treatment. C indicates control, L5, L25, L50 and L75 represent aqueous leaf extract concentrations of the 5g.mL",
25g.mL", 50g.mL" and 75g.mL"". S5, S25, S50 and S75 represent aqueous seed extract concentrations of the 5g.mL™", 25g.mL"", 50g.mL"" and
75g.mL". Data are represented as mean+SE. Bars with different letter (s) are significantly different at p<0.05.

https://doi.org/10.1371/journal.pone.0344281.9008

analysis showed that 99% of variation in plumule length of H. vulgare may attribute to the concentration of leaf extract
concentrations (R?=0.99) and seed extract concentrations (R?=0.88).

Furthermore, H. vulgare consistently exhibited sensitivity to the lowest leaf and seed extracts (5%) on the sixth day of
treatment, resulting in a considerable decrease in elongation. The shortest radicle was observed in the samples treated
with the extracts at 75% concentration. At this concentration, the reduction in radicle size was 96.96 + 0.92% with leaf
extract and 98.36 £ 0.64% with seed extract. The coefficient of determination (R?) of the radicle length and concentration of
leaf and seed extracts were 0.65 and 0.57, respectively.

On the 9" day of treatment, the inhibitory effect on H. vulgare plumule growth was observed at 50% concentration of leaf
extract and at 5% of seeds extract. Furthermore, the results revealed that the shortest plumule of H. vulgare was 1.32cm
in plants treated with 75% leaf extract which implied a diminution of 90.89+2.84% comparing to the control and 0.5cm in
plants treated with 75% seed extract with a diminution of 96.55+0.93%. The regression analysis of plumule length and
concentration of leaf and seed extracts recorded the regression coefficients R?=0.96 and R?=0.93, respectively.

The radicle elongation of H. vulgare significantly decreased when subjected to 5% leaf and seed extracts over a
duration of 9 days, as demonstrated for T. aestivum (Fig 9). The radicle size of H. vulgare showed a diminution of
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Fig 9. The effect of A. Mexicana leaf and seed extracts treatment on H. aestivum plumule elongation (cm) (A) at 3 days of treatment (B) At 6 days of
treatment (C) at 9 days of treatment. C indicates control, L5, L25, L50 and L75 represent aqueous leaf extract concentrations of the 5g.mL-", 25g.mL",
50g.mL" and 75g.mL". S5, S25, S50 and S75 represent aqueous seed extract concentrations of the 5g.mL"", 25g.mL"", 50g.mL" and 75g.mL"". Data
are represented as mean+SE. Bars with different letter (s) are significantly different at p<0.05.

https://doi.org/10.137 1/journal.pone.0344281.9009

96.83+1.24% and 97.74 £0.80% when treated with 75% leaf and seed extracts, respectively. The regression analysis of
radicle length and concentration of leaf extract showed a variance of 68% (R?=0.68). The seed extract on the other hand,
had 66% variation in radicle length of H. vulgare (R?=0.66).

IV. Discussion
1. Morphological observations

A. mexicana has been morphologically examined in the current study and found that the plant possesses a lobed, spiny-
edged leaf structure with a pinnate blade and dis-tinct white venation-a trait characteristic of the species. The plant
contains yellow juice, and the vegetative parts, particularly the stem and leaves, have a bluish-green leathery texture. The
morphology of A. mexicana described in this study is consistent with findings from research conducted in Yemen [36] and
the Chihuahuan Desert regions in Mexico [37]. Interestingly, this study revealed two distinguishable stomatal patterns:
anisocytic and actinocytic. These results provide additional depth to prior research conducted in Yemen and Mali, which
primarily found that actinocytic stomata and emphasized the absence of trichomes [36; 38]. The dual stomatal patterns
observed in this study may indicate adaptive traits for regulating water utilization in diverse environmental conditions, a
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crucial attribute for a plant flourishing in semi-arid and desert climates. Additionally, the flowers observed in this study,
with 4—6 bright yellow petals and a spherical bud shape, mirror morphological traits mentioned in several studies [39; 40],
where flower dimensions and coloration have an important role in pollination biology. The results on seed morphology
-brown and spherical seeds with reticulated surfaces align with the Chihuahuan Desert study [37], which described similar
seed morphologies adapted for spreading in arid regions. These comparative observations may confirm the adaptability
of A. mexicana to various ecological environments, including arid and semi-arid habitats, suggesting its resilience and
evolutionary acclimations.

2. Allelopathic effects

The present study indicated that the allelopathic effects of A. mexicana leaf and seed aqueous extracts inhibited the germi-
nation of both crops T. aestivum and H. vulgare. This result is very common to many weed extracts used to treat crop seed
germination [41—43]. Our finding aligns with those of Watakhere et al. (2023) [44] indicating that A. Mexicana extracts have a
concentration dependent effect on wheat germination and seedling length, potentially due to the presence of allelochemicals
that induce changes in physiological and biochemical processes necessary for seed germination [45]. Such allelochemicals
showed the ability to suppress Phaseolus vulgaris and Zea mays seed germination and growth even at low concentrations
of A. mexicana extracts (Ojija, 2023) [46]. Similarly, it was established that A. mexicana extracts reduced Solanum lycopersi-
cum germination and seedling length Lopez et al. (2023) [47]. The allelochemicals present in A. mexicana can cause disrup-
tion of mitochondrial respiration and disrupt the activity of metabolic enzymes that participate in glycolysis [48].

In the current study, A. mexicana extracts also affected the other germination variables, including the germination
speed and the mean daily germination. Similarly, Ojija, 2023 [47] have found a phytotoxic effect of the moss Thuidium
Kanedae on germination percentage, germination index and germination potential of the flowering plant Taraxacum mon-
golicum. Mlombo et al. (2024) [42] have indicated that extracts obtained from Argemone ochroleuca delayed germination
percentage, mean germination time, germination speed, germination index and mean daily germination of soybean. The
observed delay in seed germination can have some important biological and ecological consequences, since it affects
the ability of the seedling to establish itself in natural conditions, resulting in uneven plant stand [49]. Our results indicated
that at high extract concentrations, the different plant parts of A. mexicana have revealed different allelopathic effects on
the germination of T. aestivum and H. vulgare (Tables 2 and 3). These findings align with those of Namkeleja et al. (2013)
[50] showing that A. mexixana seed extracts had more inhibitory effect on Brachiaria dictyoneura germination compared
to extracts obtained from the leaves. Paul and Begum (2007) [51] have explained the different inhibitory potential of A.
mexicana plant parts extracts on varying organs responsible for synthesis and storage of allelopathic phytochemicals.

Previous work of Namkeleja et al. (2014) [52] agreed with the here described high inhibitory effect of A. mexicana
seeds and showed its effect on the soil toxification. Such a finding can implicate to the research of good practices for soil
rehabilitation such as growing cover crops after A. mexicana invasion. Farmers can also use soil flushing to minimize the
allelopathic compound concentrations in the soil.

Allelopathy has been studied in numerous plants and has demonstrated a sub-stantial impact on the growth and
physiology of plant seedlings. Li et al. (2024) [53] found that the allelopathic effect of rice straw in suppressing seedling
growth in wheat. On the other hand, Deng et al. (2024) [54] have found that a leaf aqueous solution of Eucalyptus robusta
Sm. enhances the elongation of rapeseed radicle. In the present investigation and throughout the nine days of treatment,
the radicles exhibited sensitivity to low concentration of A. mexicana leaf and seed extracts for both examined species T.
aestivum and H. vulgare. For instance, at the lowest concentration (5%), both extracts significantly impaired radicle elon-
gation. This result is in alignment with the findings of Samal et al. (2023) [55] who noted the suppression of root elongation
of Vigna Mungo caused by A. mexicana leaf and seed extracts. Similarly, invasive A. mexicana has been claimed to inhibit
the root growth of 4 varieties of Vigna mungo L., 3 varieties of Brassica campestris L. and 4 varieties of Triticum aestivum
L. [52]. The phenomenon of reducing root system in response to invasive species was previously observed in other plants
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such as Juglans regia L. and Solidago canadensis L. and in the crop species; Brassica oleracea, Fagopyrum esculen-tum,
Lupinus albus, and Triticum aestivum [56]. More recent evidence [57] suggests that the allelochemicals found in the aque-
ous extract of invasive plants can modify cellular membrane integrity, inhibit apical cell division, and reduce the growth of
embryonic roots and axes. These modifications collectively could impede the root system elongation and therefore lead to
a reduction in radicle length.

The findings of the current study show the significant reduction of the plumule elongation of both studied species T. aes-
tivum and H. vulgare that subjected to A. mexicana leaf and seed extracts. These findings correspond with those of Siddiqui et
al. (2002) [58] who showed the inhibitory effect of A. mexicana extract on the growth of tomato shoot. In comparative analyses
between the control treatment and the aqueous extracts treatment, it has been noted that the root lengths were more sig-
nificantly affected than shoot lengths. Similar observation was established by Sarkar et al. (2012) [59] who have studied the
potential allelopathic effect of Cassia fora on the seed germination and growth of Brassica campestris L. and have found the
suppressive impact of allelochemicals exhibited more on the roots comparing to the shoots. The differential inhibitory impact
of A. mexicana extracts on roots and shoots was attributed to the roots’ interaction with the filter paper, resulting in a constant
absorption of the extract solution [59; 60] in addition to the higher root permeability and sensitivity toward allelochemicals com-
paring to shoots [61; 62]. Moreover, Chon et al. (2000) [62] have postulated that root length is a good indicator of allelopathic
effect of plant extracts, as it exhibits greater sensitivity to phytotoxic compounds than shoot growth. Root and shoot lengths
are critical parameters that determine plants’ growth and health, as they are essential for nutrient uptak and physical support
of the plant. Thus, the inhibitory effect of invasive plants on root and shoot elongation may adversely affect crop production.

In the present work, it has been shown that H. vulgare exhibited lower sensitivity to A. mexicana leaf extract in compari-
son to T. aestivum. Similar to this study, Grul'ova et al. (2024) [63] demonstrated that the allelopathic effects of Heracleum
mantegazzianum extract were more significant on T. aestivum than on H. vulgare. The here investigated difference in
sensitivity to A. mexicana can be beneficial for agricultural management, e.g., the cultivation of H. vulgare rather than T.
aestivum in the area prone to the invasive species to reduce yield loss. What’s more, the culture of the less sensitive crop
would reduce herbicide use.

Investigations of Burhan and Shaukat (1999) [64] on the germination and growth of T. aestivum treated with the shoot
aqueous extract obtained from A. mexicana revealed the inhibitory effect of this extract on the T. aestivum and were attrib-
utable to the presence of the phenolic compounds including p-hydroxybenzoic acid, vanillic acid and salicylic acid. The
experimental work of Huang et al. (2020) [65] found that the growth of Cucumis sativus L. seedlings was reduced when
treated with high concentrations of phy-droxybenzoic acid. In addition, Ma et al. 2023 [66] have postulated that vanillin
posed allelopathic effect that inhibited the growth of Solanum tuberosum L. when applied a recent study discovered that
cinnamic acid treatment decreased root elongation in Cucumis sativus L. [67].

A. mexicana is increasingly encroaching upon agricultural lands [45]. Its potential to suppress germination and early—
growth [46] caused marked declines in crop yields thereby threatening food security and the livelihoods of farmers
[68; 69]. On the other hand, it was found that exploring allelopathic plants like A. mexicana offers a great implication in
the potential strategies for the development of ecologically friendly bioherbicides. Considering the environmental impacts
caused by the use of the chemical control method and the growing number of species resistant to the different mecha-
nisms of action of herbicides [70] (Miller, 2024), the study of allelopathy is promising for sustainable agriculture. However,
it is important to emphasize the need for further studies to verify the efficiency of the extracts in the emergence of seeds
under field conditions and, later, to evaluate the possibility of using these species as raw material for the development of
formulations to be inserted in the management of weeds.

VI. Conclusion

This study demonstrated that aqueous extracts derived from the seeds and leaves of Argemone mexicana exert significant
inhibitory effects on the germination and early growth of Triticum aestivum and Hordeum vulgare. The degree of inhibition
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increased proportionally with extract concentration, as evidenced by the progressive decline in germination rates, plumule
and radicle elongation, and dry biomass accumulation. These findings confirm the allelopathic potential of A. mexicana and
highlight its capacity to interfere with the early developmental stages of economically important cereal crops.

To deepen our understanding of the underlying mechanisms, further research is warranted to isolate and characterize
the specific allelochemicals involved, and to elucidate their modes of action at physiological and molecular levels. Such
investigations are essential not only to clarify the biochemical pathways responsible for the observed phytotoxicity, but also
to assess species-specific responses among crops and weeds. This knowledge could inform the development of novel,
plant-based strategies for sustainable weed management, particularly in agroecosystems where A. mexicana is prevalent.

From a practical standpoint, the results suggest that the proximity of A. mexicana to cultivated fields may pose a risk to
wheat and barley production. It is therefore advisable to avoid sowing these crops in areas where A. mexicana is estab-
lished or likely to proliferate, as part of an integrated crop management approach aimed at minimizing allelopathic interfer-
ence and optimizing yield performance.

Author contributions

Conceptualization: Manar D. Alshehri.

Data curation: Manal A. Alshaghaa, Manar D. Alshehri.
Formal analysis: Manal A. Alshaghaa, Imen Souid.
Investigation: Manar D. Alshehri, Norah Alyahya, Mounira Guedri.
Methodology: Manal A. Alshaghaa.

Project administration: Norah Alyahya.

Resources: Manal A. Alshaghaa, Imen Souid.

Software: Imen Souid.

Supervision: Norah Alyahya, Kamel Msaada, Mounira Guedri.
Validation: Kamel Msaada, Mounira Guedri.

Visualization: Kamel Msaada, Mounira Guedri.

References
1. Inderjit Callaway RM. Experimental designs for the study of allelopathy. Plant and Soil. 2003;256(1):1-11. https://doi.org/10.1023/a:10262424 18333

2. Khatri K, Negi B, Bargali K, Bargali SS. Effects of Different Concentrations of Leaf Residues of Ageratina adenophora on Seed Germination and
Growth Behavior of Two Native Tree Species of Kumaun Himalaya, India. Waste Biomass Valor. 2023;15(2):923—-43. https://doi.org/10.1007/
$12649-023-02213-5

3. JoshiV, Joshi C, Bargali SS, Bargali K. Effects of aqueous leachates from above ground parts of Lantana camara on seed germination, growth and
yield of wheat crop. Ecological Frontiers. 2024;44(6):1241-50. https://doi.org/10.1016/j.ecofro.2024.07.006

4. Khatri K, Bargali K, Bargali SS. Allelopathic effects of fresh and dried leaf extracts of Ageratina adenophora on rice varieties. Discov Plants.
2025;2(1). https://doi.org/10.1007/s44372-025-00173-9

5. Inderjit. Soil Microorganisms: An Important Determinant of Allelopathic Activity. Plant Soil. 2005;274(1-2):227-36. https://doi.org/10.1007/
$11104-004-0159-x

6. LiW,WangL, Qian S, He M, Cai X, Ding J. Root characteristics explain greater water use efficiency and drought tolerance in invasive Compositae
plants. Plant Soil. 2022;483(1-2):209-23. https://doi.org/10.1007/s11104-022-05734-5

7. Sun J, Khattak WA, Abbas A, Nawaz M, Hameed R, Javed Q, et al. Ecological adaptability of invasive weeds under environmental pollutants: A
review. Environmental and Experimental Botany. 2023;215:105492. https://doi.org/10.1016/j.envexpbot.2023.105492

8. Khatri K, Negi B, Bargali K, Bargali SS. Toxicological assessment of invasive Ageratina adenophora on germination and growth efficiency of native
tree and crop species of Kumaun Himalaya. Ecotoxicology. 2024;33(7):697—708. https://doi.org/10.1007/s10646-024-02768-6 PMID: 38886245

9. Clark CD, Moles AT, Fazlioglu F, Brandenburger CR, Hartley S. Rapid loss of phenotypic plasticity in the introduced range of the beach daisy,
Arctotheca populifolia. Journal of Ecology. 2024;112(1):28—40.

PLOS One | https://doi.org/10.137 1/journal.pone.0344281 March 6, 2026 18721



https://doi.org/10.1023/a:1026242418333
https://doi.org/10.1007/s12649-023-02213-5
https://doi.org/10.1007/s12649-023-02213-5
https://doi.org/10.1016/j.ecofro.2024.07.006
https://doi.org/10.1007/s44372-025-00173-9
https://doi.org/10.1007/s11104-004-0159-x
https://doi.org/10.1007/s11104-004-0159-x
https://doi.org/10.1007/s11104-022-05734-5
https://doi.org/10.1016/j.envexpbot.2023.105492
https://doi.org/10.1007/s10646-024-02768-6
http://www.ncbi.nlm.nih.gov/pubmed/38886245

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

33.
34.

35.

36.

37.

Kalisz S, Kivlin SN, Bialic-Murphy L. Allelopathy is pervasive in invasive plants. Biol Invasions. 2020;23(2):367—71. https://doi.org/10.1007/
$10530-020-02383-6

Negi B, Khatri K, Bargali SS, Bargali K. Invasive Ageratina adenophora (Asteraceae) in Agroecosystems of Kumaun Himalaya, India: A Threat to

Plant Diversity and Sustainable Crop Yield. Sustainability. 2023;15(14):10748. https://doi.org/10.3390/su151410748

Khatri K, Negi B, Bargali K, Bargali SS. Effects of elevation and habitat on leaf and reproductive traits of Ageratina adenophora (Sprengel) King &
Robinson. South African Journal of Botany. 2022;147:859-70. https://doi.org/10.1016/j.sajb.2022.03.033

Li S-P, Jia P, Fan S-Y, Wu Y, Liu X, Meng Y, et al. Functional traits explain the consistent resistance of biodiversity to plant invasion under nitrogen
enrichment. Ecol Lett. 2022;25(4):778-89. https://doi.org/10.1111/ele.13951 PMID: 34972253

Xu H, Liu Q, Wang S, Yang G, Xue S. A global meta-analysis of the impacts of exotic plant species invasion on plant diversity and soil properties.
Sci Total Environ. 2022;810:152286. https://doi.org/10.1016/j.scitotenv.2021.152286 PMID: 34902405

Negi B, Khatri K, Bargali SS, Bargali K, Fartyal A, Chaturvedi RK. Impact of invasive Ageratina adenophora on relative performance of woody
vegetation in different forest ecosystems of Kumaun Himalaya, India. J Mt Sci. 2023;20(9):2557—79. https://doi.org/10.1007/s11629-022-7862-z

Reddy CS. Catalogue of invasive alien flora of India. Life Sci J. 2008;5(2):84-9.

Yadav V, Singh NB, Singh H, Singh A, Hussain I. Allelopathic invasion of alien plant species in India and their management strategies: A review.
Trop Plant Res. 2016;3(1):87—101.

Reichard S, White B. Horticulture as a pathway of invasive plant introductions in the United States: Most invasive plants have been introduced for
horticultural use by nurseries, botanical gardens, and individuals. Bio Sci. 2001;51(2):103—13. https://doi.org/10.1641/00063568(2001)051[0103:H
AAPOQI]2.0.CO;2

Khatri K, Bargali K, Bargali SS. Mitigating the Toxic Effects of Ageratina adenophora Rhizospheric Soil on Wheat Crop Through Biochar-Based Soil
Amendments. J Soil Sci Plant Nutr. 2025;25(2):5439-54. https://doi.org/10.1007/s42729-025-02476-y

Fartyal A, Bhambra GK, Joshi V, Joshi C, Bargali K, Bargali SS. Assessing the Potential of Three Invasive Alien Plants as Possible Feedstock for
the Production of Biochar and Crop Productivity. J Soil Sci Plant Nutr. 2025;25(3):5916—-32. https://doi.org/10.1007/s42729-025-02506-9

Keane R. Exotic plant invasions and the enemy release hypothesis. Trends in Ecology & Evolution. 2002;17(4):164—70. https://doi.org/10.1016/
s0169-5347(02)02499-0

Solorzano MH, Vinci G, Roberts E. 2018. https://www.sccur.org/do/search/?q=author_Iname%3A%22Hernandez%22%20
author_fname%3A%22Michelle%22&start=0&context=8704122

Abbas AM, Alomran MM, Alharbi NK, Novak SJ. Suppression of seedling survival and recruitment of the invasive tree Prosopis juliflora in Saudi
Arabia through its own leaf litter: greenhouse and field assessments. Plants (Basel, Switzerland). 2023;12(4):959.

Alharthi ST, EI-Sheikh MA, Alfarhan AA. Biological change of western Saudi Arabia: Alien plants diversity and their relationship with edaphic vari-
ables. Journal of King Saud University - Science. 2023;35(2):102496. https://doi.org/10.1016/j.jksus.2022.102496

Thomas J, EI-Sheikh MA, Alfarhan AH, Alatar AA, Sivadasan M, Basahi M, et al. Impact of alien invasive species on habitats and species richness
in Saudi Arabia. Journal of Arid Environments. 2016;127:53—-65. https://doi.org/10.1016/j.jaridenv.2015.10.009

Pysek P, Hulme PE, Meyerson LA, Smith GF, Boatwright JS, Crouch NR. Hitting the right target: taxonomic challenges for, and of, plant invasions.
AoB Plants. 2013;5:plt 042.

Alagesaboopathi. Allelopathic effect of different concentration of water extract of Argemone mexicana L. on seed germination and seedling growth
of Sorghum bicolor (L.) Moench. J Pharm Biol Sci. 2013;5(1):52-5.

Khan AM, Bhadauria S. Analysis of medicinally important phytocompounds from Argemone mexicana. Journal of King Saud University - Science.
2019;31(4):1020-6. https://doi.org/10.1016/j.jksus.2018.05.009

Stace CA. Plant Taxonomy and Biosystematics. 2 ed. London: Edward Arnold; 1998.

Prabhakar G, Shailaja K, Kamalakar P. Macro and microscopic characters of Maerua oblongifolia (Forssk.) A. Rich leaf. 2022.

Wood JA, Knights EJ, Choct M. Morphology of Chickpea Seeds (Cicer arietinumL.): Comparison of desi and kabuli Types. International Journal of
Plant Sciences. 2011;172(5):632—43. https://doi.org/10.1086/659456

Gairola KC, Nautiyal AR, Dwivedi AK. Effect of temperatures and germination media on seed germination of Jatropha curcas L. Adv Biores.
2011;2(2):66-71.

Bioversity International formerly I. Descriptors for plant genetic resources. Rome, ltaly: Bioversity International; 2007.

Damalas CA, Koutroubas SD, Fotiadis S. Hydro-Priming Effects on Seed Germination and Field Performance of Faba Bean in Spring Sowing. Agri-
culture. 2019;9(9):201. https://doi.org/10.3390/agriculture9090201

Akbar MU, Ageel M, Alomran MM, et al. Appraisal of germination behavior and activity in newly developed rice lines. Turk J Agri For.
2025;49(2):296-304.

Rageh RS, Algfri SK, Naser GA, Shuaib AB. Evaluation of pharmacognostic, phytochemical, and antioxidant properties of Argemone mexicana L.
leaves. 2024.

Ochoa-Garcia PP, Sanchez-Salas J, Trejo-Calzada R, Quezada-Rivera JJ, Garcia-Gonzalez F. Morphometry and Mineral Content in the Seeds

and Soil of Two Species of Argemone L. (Papaveraceae) in the Central Part of the Chihuahuan Desert. Phyton. 2024;93(2):371-86. https://doi.
org/10.32604/phyton.2024.048338

PLOS One | https://doi.org/10.1371/journal.pone.0344281 March 6, 2026 19/21



https://doi.org/10.1007/s10530-020-02383-6
https://doi.org/10.1007/s10530-020-02383-6
https://doi.org/10.3390/su151410748
https://doi.org/10.1016/j.sajb.2022.03.033
https://doi.org/10.1111/ele.13951
http://www.ncbi.nlm.nih.gov/pubmed/34972253
https://doi.org/10.1016/j.scitotenv.2021.152286
http://www.ncbi.nlm.nih.gov/pubmed/34902405
https://doi.org/10.1007/s11629-022-7862-z
https://doi.org/10.1641/00063568(2001)051[0103:HAAPOI]2.0.CO;2
https://doi.org/10.1641/00063568(2001)051[0103:HAAPOI]2.0.CO;2
https://doi.org/10.1007/s42729-025-02476-y
https://doi.org/10.1007/s42729-025-02506-9
https://doi.org/10.1016/s0169-5347(02)02499-0
https://doi.org/10.1016/s0169-5347(02)02499-0
https://www.sccur.org/do/search/?q=author_lname%3A%22Hernandez%22%20author_fname%3A%22Michelle%22&start=0&context=8704122
https://www.sccur.org/do/search/?q=author_lname%3A%22Hernandez%22%20author_fname%3A%22Michelle%22&start=0&context=8704122
https://doi.org/10.1016/j.jksus.2022.102496
https://doi.org/10.1016/j.jaridenv.2015.10.009
https://doi.org/10.1016/j.jksus.2018.05.009
https://doi.org/10.1086/659456
https://doi.org/10.3390/agriculture9090201
https://doi.org/10.32604/phyton.2024.048338
https://doi.org/10.32604/phyton.2024.048338

PLO\Sﬁ\\.- One

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Abubakar A, Dafam DG, Yakubu TP, Sanogo R, Diallo D, Alemika T. Pharmacognostic, physicochemical and phytochemical investigations on aerial
parts of Argemone mexicana L. Res J Pharma. 2020;7(3):15-24.

Priya CL, Rao KVB. Ethanobotanical and current ethanopharmacological aspects of Argemone mexicana L.: an overview. Int J Pharm Sci Res.
2012;3(7):2143.

Ali H, Islam S, Sabiha S, Rekha SB, Nesa M, Islam N. Lethal action of Argemone mexicana L. extracts against Culex quinquefasciatus Say larvae
and Tribolium castaneum (Hbst.) adults. J Pharm Phytochem. 2017;6(1):438—41.

Muche M, Molla E, Teshome H. Phytotoxicity of Argemone ochroleuca L. on germination and seedling growth of Sorghum bicolor L. varieties under
in vitro condition. Am Eurasian J Agric Environ Sci. 2018;18:185-92.

Mlombo NT, Dube ZP, Makhubu FN, Nxumalo H. Argemone ochroleuca Phytochemicals and Allelopathic Effect of Their Extracts on Germination of
Soybean. IJPB. 2024;15(2):304—19. https://doi.org/10.3390/ijpb15020026

Nxumalo H, Dube Z, Ganyani L, Mlombo N, Timana M, Mnyambo N. Potential suppressive effects of Mexican poppy weed residues on germination
and early growth of maize and pearl millet crops. AJFAND. 2022;22(3):19909-28. https://doi.org/10.18697/ajfand.108.21455

Watakhere DN, Jakhi PS, Choudhari SS. Study of allelopathic effects of Argemone mexicana L. root extract on seed germination and growth of
Triticum aestivum L. under in vitro condition. Curr Agric Res J. 2023;11(3).

Teklegiorgis S, Dejene SW, Belayneh A, Gebermeskel K, Akomolafe GF. Density, biomass, and fruit and seed production potential of Mexican
prickly poppy (Argemone mexicana L.) invasive alien plant species under different land uses and agroecology in South Wollo, Ethiopia. Biol Inva-
sions. 2024;26(9):3065-90. https://doi.org/10.1007/s10530-024-03360-z

Ojija F. Argemone mexicana’s leaf crude extract suppresses phaseolus vulgaris and zea mays germination and growth. Trop.calAgr. 2023;4(2):58—
64. https://doi.org/10.26480/taec.02.2023.58.64

Lépez HL, Beltran Beache M, Ochoa Fuentes YM, Cerna Chavez E, Angel ECD, Delgado Ortiz JC. Phytotoxicity of extracts of Argemone mexi-
cana and Crotalaria longirostrata on tomato seedling physiology. Plants. 2023;12(22):3856.

Gindri DM, Coelho CMM, Uarrota VG. Physiological and biochemical effects of Lantana camara L. allelochemicals on the seed germination of
Avena sativa L. Pesqui Agropecu Trop. 2020;50:€62546.

Liang G, Niu Y. The allelopathic effect of para-hydroxybenzoic acid on the gene expression of photosynthesis and respiration in Solanum lycopersi-
cum. Current Plant Biology. 2022;32:100261. https://doi.org/10.1016/j.cpb.2022.100261

Namkeleja HS, Tarimo MT, Ndakidemi PA. Allelopathic Effect of Aqueous Extract of Argemone mexicana L on Germination and Growth of Bra-
chiaria dictyoneura L and Clitoria ternatea L. AJPS. 2013;04(11):2138—47. https://doi.org/10.4236/ajps.2013.411266

Paul NK, Begum N. Influence of root and leaf extracts of Argemone mexicana on germination and seedling growth of blackgram, rapeseed and
wheat. BJSIR. 2007;42(2):229-34.

Namkeleja HS, Tarimo MTC, Ndakidemi PA. Allelopathic Effects of Argemone mexicana to Growth of Native Plant Species. AJPS.
2014;05(09):1336—44. https://doi.org/10.4236/ajps.2014.59147

Li B, Wu W, Shen W, Xiong F, Wang K. Allelochemicals Released from Rice Straw Inhibit Wheat Seed Germination and Seedling Growth. Agron-
omy. 2024;14(10):2376. https://doi.org/10.3390/agronomy 14102376

Deng H, Zhang Y, Liu K, Mao Q, Agathokleous E. Allelopathic effects of Eucalyptus extract and wood vinegar on germination and sprouting of
rapeseed (Brassica rapa L.). Environ Sci Pollut Res Int. 2024;31(3):4280-9. https://doi.org/10.1007/s11356-023-31481-w PMID: 38100025

Samal |, Bhoi TK, Raj MN, Majhi PK, Murmu S, Pradhan AK. Underutilized legumes: nutrient status and advanced breeding approaches for qualita-
tive and quantitative enhancement. Frontiers in Nutrition. 2023;10:1110750.

Lenda M, Steudel B, Skérka P, Zagrodzka ZB, Moron D, Baczek-Kwinta R, et al. Multiple invasive species affect germination, growth, and photo-
synthesis of native weeds and crops in experiments. Sci Rep. 2023;13(1):22146. https://doi.org/10.1038/s41598-023-48421-w PMID: 38092817

Kato-Noguchi H, Matsumoto K, Sakamoto C, Tojo S, Teruya T. Allelopathy and allelopathic substances in the leaves of Metasequoia glyptostroboi-
des from pruned branches for weed management. Agron. 2023;13(4):1017.

Siddiqui IA, Shaukat SS, Khan GH, Zaki MJ. Evaluation of Argemone mexicana for control of root-infecting fungi in tomato. J Phytopathol.
2002;150(6):321-9.

Sarkar E, Chatterjee SN, Chakraborty P. Allelopathic Effect of Cassia tora on Seed Germination and Growth of Mustard. Turk J Bot.
2012;36(5):488-94.

Keshavarzi MH, Shakouri PG, Saman MH, Porkareh R, Koorgol Khosravi E. Effect of allelopathic activity of annual wormwood on seed germination
and seedling growth of Brassica napus L. Ann Biol Res. 2011;2(3):529-32.

Nishida N, Tamotsu S, Nagata N, Saito C, Sakai A. Allelopathic effects of volatile monoterpenoids produced by Salvia leucophyilla: Inhibition of
cell proliferation and DNA synthesis in the root apical meristem of Brassica campestris seedlings. J Chem Ecol. 2005;31(5):1187-203. https://doi.
org/10.1007/s10886-005-4256-y PMID: 16124241

Chon S, Coutts JH, Nelson CJ. Effects of Light, Growth Media, and Seedling Orientation on Bioassays of Alfalfa Autotoxicity. Agronomy Journal.
2000;92(4):715-20. https://doi.org/10.2134/agronj2000.924715x

Grulova D, Baranova B, Eliadova A, Brun C, Fejér J, Kron |. Does the invasive Heracleum mantegazzianum influence other species by allelopa-
thy?. Plants. 2024;13(10):1333.

Burhan N, Shaukat SS. Allelopathic potential of Argemone mexicana L. a tropical weed. Pak J Biol Sci. 1999;2:1268-73.

PLOS One | https://doi.org/10.137 1/journal.pone.0344281 March 6, 2026 20/ 21



https://doi.org/10.3390/ijpb15020026
https://doi.org/10.18697/ajfand.108.21455
https://doi.org/10.1007/s10530-024-03360-z
https://doi.org/10.26480/taec.02.2023.58.64
https://doi.org/10.1016/j.cpb.2022.100261
https://doi.org/10.4236/ajps.2013.411266
https://doi.org/10.4236/ajps.2014.59147
https://doi.org/10.3390/agronomy14102376
https://doi.org/10.1007/s11356-023-31481-w
http://www.ncbi.nlm.nih.gov/pubmed/38100025
https://doi.org/10.1038/s41598-023-48421-w
http://www.ncbi.nlm.nih.gov/pubmed/38092817
https://doi.org/10.1007/s10886-005-4256-y
https://doi.org/10.1007/s10886-005-4256-y
http://www.ncbi.nlm.nih.gov/pubmed/16124241
https://doi.org/10.2134/agronj2000.924715x

PLO\Sﬁ\\.- One

65.

66.

67.

68.

69.

70.

Huang CZ, Lei XU, Jin-Jing S, Zhang ZH, Fu ML, Teng HY. Allelochemical p-hydroxybenzoic acid inhibits root growth via regulating ROS accumu-
lation in cucumber (Cucumis sativus L.). J Integr Agric. 2020;19(2):518-27.

Ma H, Li J, Luo A, Lv H, Ren Z, Yang H. Vanillin, a newly discovered autotoxic substance in long-term potato continuous cropping soil, inhibits plant
growth by decreasing the root auxin content and reducing adventitious root numbers. J Agric Food Chem. 2023;71(45):16993-7004.

Qiao Y, Zhang Y, Wang Z, Gao L. Effects of cinnamic acid on the root growth of cucumber (Cucumis sativus L.) and figleaf ground (Cucurbita ficifo-
lia bouché) seedlings. Bangladesh J Bot. 2024:703-10.

Zhang Y, Chen X, Wu L. Impact of invasive plant species on soil properties and native plant diversity in farmland. J Environ Manage.
2023;305:114352. https://doi.org/10.1016/j.jenvman.2022.114352

Kumar S, Joshi P. Allelopathic effects of Ageratum conyzoides on germination and growth of crops. J Agri Sci. 2017;9(3):45-53. https://doi.
org/10.5539/jas.vOn3p45

Miller T, Taylor J, Harrison L. Smart farming technologies for sustainability: carbon footprint reduction in agriculture. J Environ Sustain.
2024;29:77-92.

PLOS One | https://doi.org/10.1371/journal.pone.0344281 March 6, 2026 21/21



https://doi.org/10.1016/j.jenvman.2022.114352
https://doi.org/10.5539/jas.v9n3p45
https://doi.org/10.5539/jas.v9n3p45

