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Abstract

Intensified use of fertilizers enhances crop yield; however, it can also make weed manage-
ment more challenging. In addition to providing nutrients to crops, fertilizers also provide
nutrients to weeds when they grow together with crops. All this leads to competition
between crops and weeds, which is an important source of biotic stress. As a defense
mechanism against biotic stress, plants accumulate polyphenolic compounds and increase
antioxidant activity. This study aims to quantify the influence of organic and synthetic
fertilizers on weed behavior and competitiveness in agroecosystems by evaluating total
phenol content, polyphenolic acids (chlorogenic, ferulic, p-coumaric, and trans-cinnamic)
content, and their antioxidative activity in weeds (Avena fatua and Abutilon theophrasti) and
wheat and their rhizospheres across different cultivation systems (monoculture vs. competi-
tive conditions). Our study showed that under competitive conditions, the use of fertilizers
significantly increased the concentration of selected individual phenolic acids in all tested
species (weeds and wheat) compared to monoculture. In addition, the level of antioxidant
activity and total phenolic content in the weed leaves (Avena fatua and Abutilon teophrasti)
was higher compared to the control after the application of all tested fertilizers when grown
in competition with wheat (total phenolic content in Avena fatua: C vs. F1 p = 0.025 *,
C vs. F3 p = 0.008 **; in Abutilon teophrasti: C vs. F2 p = 0.0000 **). The application of all
tested fertilizers affected the increase in antioxidant activity in weed plants (p = 0.0000 **
in Avena fatua and in Abutilon teophrasti C vs. F1, p = 0.013 *, and C vs. F2, p = 0.0012 **).
This shows that, in plants, response to stress levels not only total phenol, but also their
antioxidative activity should be taken into consideration.

Keywords: phenolic compounds; competition; fertilizers; weeds; wheat

1. Introduction
Agricultural production relies heavily on regular management using various chemical

methods (herbicides, fungicides, insecticides, fertilizers, etc.) in order to remove pathogens,
insects, and weeds and achieve high yields. Heavy reliance on pesticides and fertilizers
is associated with both beneficial and adverse effects. On the one hand, their application
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can enhance crop productivity and improve nutrient availability for cultivated plants.
Conversely, their use may contribute to environmental contamination, compromise food
quality, and increase nutrient availability for non-target, i.e., weeds. Fertilizers, whether of
organic or synthetic origin, promote plant growth and productivity [1,2].

Nowadays, agricultural producers must find environmentally friendly methods that
will not reduce their yields and ensure sustainability in the system of growing demand
for safe and healthy food. At a time when efforts are being made to replace conventional
production with organic, the application of non-synthetic fertilizers occupies an important
position within contemporary crop production systems. Fertilizers are known to stimulate
yield growth, facilitate overcoming stressful conditions (frost, precipitation, high tempera-
tures, etc.) [3], improve soil fertility, and generally maintain high yields in conditions of
climate change [2]. However, a key question that emerges is whether fertilizers have similar
effects on weed species. In the era of reduced pesticide use, weed species have greater
opportunities for growth and establishment. Many alternative weed control methods
(bioherbicides, mechanization, use of flame, hot water, and non-pesticide chemicals) have
not proven to be as effective as pesticides [4,5].

The risk of uncontrolled fertilizer application leads to the biosynthesis of polyphenols
in weeds as a mechanism of survival in stressful conditions (e.g., competition against crops).
Polyphenols accumulate in various plant parts, epidermal and subepidermal cell shoots
and leaves, vacuoles, etc. [6] and affect numerous processes (photosynthesis, regulation of
gene expression, biosynthesis of growth hormones, respiration, etc.).

Also, through polyphenol biosynthesis, plants strengthen their defense mechanisms
against herbivory and pathogen infection [7,8]. Another important aspect of polyphenol
biosynthesis is their antioxidant activity, which changes under the influence of fertilizer
application [9,10] and is closely related to strengthening plant resistance mechanisms
under stress conditions: inhibiting enzymes involved in ROS formation (microsomal
monooxygenase, succinoxidase, NADPH oxidase, etc.) and enhancing the activity of
enzymes (antioxidants) capable of scavenging radicals [11].

The antioxidant activity of polyphenols in plants can also be attributed to their ability
to chelate microelements, inhibit enzymes involved in ROS formation (glutathione-S-
transferase, microsomal monooxygenase, mitochondrial succinoxidase, NADPH oxidase,
xanthine oxidase, etc.), and enhance the activity of high-molecular-weight antioxidants
(enzymes) capable of scavenging radicals [11].

The importance of monitoring polyphenol biosynthesis stems from the fact that weed
species cause significant damage in agricultural production: consumption of water and
nutrients, use of underground and aboveground space, competition for available light, act-
ing as pathogens, and serving as insect hosts. Weed competitiveness increases significantly
under stress conditions [12–14]. Therefore, investigating polyphenol biosynthesis and an-
tioxidant activity in weed species following fertilizer application is relevant for evaluating
the sustainability of fertilizer management from an ecological perspective in agricultural
production systems. Previous research has indicated no significant differences between
organic and synthetic fertilizers with respect to their effects on polyphenol content [15–18].

Given the considerations outlined above, several critical questions emerge. Do fertil-
izer applications also promote weed growth and enhance their competitive capacity within
agroecosystems? Furthermore, what are the economic implications of fertilization in the
context of crop–weed interactions? Addressing these issues requires an understanding of
the physiological responses of weed species to nutrient inputs. Consequently, the present
study was designed to investigate how different fertilizers influence the polyphenol content
and antioxidant activity in selected weed species under two cultivation systems: mono-
culture conditions and competitive crop-weed interactions. By comparing these systems,
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we aimed to show whether fertilization changes the physiological responses of the weed,
depending on the presence or absence of interspecific competition.

2. Materials and Methods
The experiments were conducted in 2021 in laboratory conditions of the Institute for

Plant Protection and Environment, Belgrade, Serbia. Plants (Avena fatua, Abutilon theophrasti,
and Triticum aestivum) were sown in 1-liter pots (after emergence, thinned to 6 plants per
species; in monoculture to 12 plants) and grown under controlled conditions (25/22 ◦C
day/night, 12/12 h photoperiod). Five cropping system combinations were established in
three replicates. The plants were treated 25 days after germination (3 pots per treatment)
with different fertilizers: F1, F2, and F3 (Table 1). The fertilizer concentrations used in the
experiment are those recommended by the manufacturer.

Table 1. Experimental design.

Cropping
System

Triticum aestivum
Competition

with Avena fatua

Triticum aestivum
Competition with

Abutilon theophrasti

Abutilon theophrasti
Monoculture

Avena fatua
Monoculture

Triticum aestivum
Monoculture

Tr
ea

tm
en

ts

control

F1—organic formulation (mixture of hydroxycinnamic acids: chlorogenic, carbonic, and cichoric acid,
extracted from Echinacea purpurea L.),
Concentration of use: 15 µL/100 mL water

F2—organic/synthetic formulation (2% amino acids: alanine, serine, isoleucine, histidine; 2% organic
carbon, vitamins; 1.7% nitrogen and trace elements in the form of a chelate complex (Fe, Zn, Mg,
Ca, Mo, etc.)
Concentration of use: 1.5 mL/100 mL water F2—organic/synthetic formulation (2% amino acids:
alanine, serine, isoleucine, histidine; 2% organic carbon, vitamins; 1.7% nitrogen and trace elements in
the form of a chelate complex (Fe, Zn, Mg, Ca, Mo, etc.), 1.5 mL/100 mL water

F3—synthetic formulation (inorganic N (8%) with secondary elements Ca (10%) and Mg (1.14%)) and
trace elements (Cu, Zn, Mo, and Fe (0.01%) and Mn (0.001%))
Concentration of use: 1.5 mL/100 mL water

TPC and phenolic acids were extracted from 3 g of plant material (crushed with
liquid nitrogen) and 2.5 g of soil in which the plants were grown using 70% methanol in an
ultrasonic bath (2 × 30 min), then filtered through a 0.45-µm PTFE filter. The content of total
phenols and the individual phenolic acids was determined by the modified Folin–Ciocalteu
method and high-performance liquid chromatography [19,20].

Total phenol content (TPC) was read at λ = 765 nm (LLG uniSpec2 Spectrophotometer,
Lab Logistics Group GmbH, Meckenheim, Germany) and expressed as mg GAE/g fresh
mass. Individual phenolic acids (chlorogenic, trans-cinnamic, p-coumaric, and ferulic)
were quantified by liquid chromatography on a Nexera-XR Shimadzu system (Shimadzu
Corporation, Kyoto, Japan) equipped with an SB C18 Zorbax column (4.6 × 250 mm, 5 µm
pore size). A stock solution of individual phenolic acids at 1 mg/mL concentration was
prepared in 70% methanol, from which diluted solutions were prepared. Samples (10 µL
injection volume) ran at 1 mL/min, with detection at λ = 280 for trans-cinnamic acid and
λ = 325 nm for chlorogenic, p-coumaric, and ferulic acids; concentrations were calculated
via LabSolutions software Ver. 5.8x (µg/g f.m.).

Antioxidant activity (AA) was determined using the DPPH method [21] and expressed
as Trolox equivalent (TE). Tenfold-diluted plant extracts (200 µL) were mixed with 3.8 mL
of 0.1 mM DPPH reagent, incubated for 30 min in the dark, and read at λ = 517 nm on
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an LLG uniSpec2 spectrophotometer. Results are reported as µmol TE per g fresh mass
(TE/g f.m).

Statistical analyses (ANOVA, MANOVA with LSD post hoc comparisons, and Stu-
dent’s t-test) were performed in Stat 7 to evaluate the effects of cropping system and
fertilizer treatment on phenolic content and antioxidant activity. All ANOVA data corrected
by the Bonferroni test (FWER).

3. Results and Discussion
Synthetic fertilizers enhance soil productivity and stimulate microbial activity, thereby

boosting crop yields [22,23]. Efforts to expand organic production, along with the rising
prevalence of herbicide-resistant weeds, have renewed interest in how fertilization regimes
alter crop weed dynamics in agroecosystems over time. Biofertilizers offer comparable
agronomic benefits; however, with reduced air, water, and soil pollution and improved
product quality in comparison to synthetic fertilizers [24]. Studies have shown that nutrients
from fertilizers enhance crop biomass by enhancing leaf photosynthesis and secondary
metabolite (polyphenol) production and confer stress tolerance in plants, animals, and
humans. Polyphenols, as secondary metabolites, are the carriers of the defense systems
in plants, animals, and humans [25–27]. They function as defensive allelochemicals that
mediate competitive interactions in agroecosystems. Phenolic acids have different roles
under stress conditions. Among them, chlorogenic acid generally enhances resistance to
abiotic stress, ferulic acid, formed in the process of biosynthesis of phenylalanine and
tyrosine, protects against UV radiation, p-coumaric acid exhibits allelopathic inhibition
of seed germination (e.g., Lactuca sativa and Sorghum sudanese), and trans-cinnamic acid
activates the galactose pathway, as part of a stress-response signaling [28–31].

In our study, the analysis of changes in the content of polyphenolic acids in weeds
and wheat in monoculture after the application of fertilizers did not show a statistically
significant difference (Supplementary File). It should be emphasized that chlorogenic,
p-cumaric, and ferulic acids were detected in all plants in monoculture, but cinnamon acid
only in Abutilon teophrasti (Supplementary File). Also, the content of total phenols did not
vary regardless of the application of fertilizers (Supplementary File).

Statistical analysis (ANOVA) of changes in the content of polyphenolic acids in wheat
and weed versus control plants under competition is shown in Table 2.

Based on the data analysis (Table 2), it can be concluded that in the conditions of
competition with the weed species Avena fatua grown with wheat, there were no changes
in the content of polyphenolic acids compared to the control after fertilizer application
(Table 2). In wheat plants, a statistically significant increase in ferulic acid content was
measured after application of F3 fertilizer in competition with Avena fatua. In competition
with Abutilon teophrasti plants, there was a statistically significant increase in the content
of chlorogenic acid (after application F3) and ferulic acid (except after application F1)
(Table 2). The analysis (ANOVA) showed a statistically significant increase in the content of
ferulic (after application F1 and F2) and p-coumaric acid (after application F1) in Abutilon
teophrasti plants (Table 2). In wheat plants, a statistically significant increase in ferulic
acid content was measured after application of F3 fertilizer in competition with Avena
fatua. In competition with Abutilon teophrasti plants, there was a statistically significant
increase in the content of chlorogenic acid (after application F3) and ferulic acid (except
after application F1) (Table 2). In Abutilon teophrasti plants, a statistically significant increase
in ferulic acid content was measured after the application of F1 and F2 fertilizers, and the
content of p-coumaric acid after the application of F1 fertilizers, in competition with wheat
plants (Table 2). ANOVA analysis also shows a greater effect of fertilizer F3 compared to F1
and F2 (Table 2).
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Table 2. Statistical analysis of polyphenolic acids content under competition conditions.

Avena fatua—competition—wheat

Chlorogenic Ferulic p-Coumaric trans-Cinnamic

C vs. F1 ns ns ns nd

C vs. F2 ns ns ns nd

C vs. F3 ns ns ns nd

F1 vs. F2 ns ns ns nd

F1 vs. F3 ns ns ns nd

F2 vs. F3 ns ns ns nd

SD 4.02 2.85 0.60 -

mean 23.33 16.52 13.71 -

Wheat—competition—Avena fatua

Chlorogenic Ferulic p-Coumaric trans-Cinnamic

C vs. F1 ns ns ns nd

C vs. F2 ns ns ns nd

C vs. F3 ns 0.012 * ns nd

F1 vs. F2 ns ns ns nd

F1 vs. F3 ns 0.042 * ns nd

F2 vs. F3 ns ns ns nd

SD 1.69 5.91 1.87 -

mean 19.26 18.63 14.68 -

Wheat—competition—Abutilon theophrasti

Chlorogenic Ferulic p-Coumaric trans-Cinnamic

C vs. F1 0.006 ** ns ns nd

C vs. F2 ns 0.000 ** ns nd

C vs. F3 0.000 ** 0.000 ** ns nd

F1 vs. F2 ns 0.000 ** ns nd

F1 vs. F3 ns 0.000 ** ns nd

F2 vs. F3 0.018 * 0.000 ** ns nd

SD 0.71 2.05 0.35 -

mean 20.02 24.74 14.54 -

Abutilon theophrasti—competition—wheat

Chlorogenic Ferulic p-Coumaric trans-Cinnamic

C vs. F1 ns 0.000 ** 0.018 * nd

C vs. F2 ns 0.048 * ns nd

C vs. F3 ns ns ns nd

F1 vs. F2 ns ns ns nd

F1 vs. F3 ns 0.000 ** 0.006 ** nd

F2 vs. F3 ns 0.006 ** ns nd

SD 19.87 0.45 0.41 -

mean 54.32 14.59 14.38 -
Fertilizers: F1, F2, F3; C—control; SD—standard deviation, p < 0.05 *, p < 0.01 **, ns—nonsignifficant differences,
nd—not detected.
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This reciprocal enhancement of specific phenolic acids in weeds suggests that, under
nutrient-rich, competitive scenarios, secondary-metabolite biosynthesis reinforces weed
stress tolerance and allelopathic capacity, thereby strengthening their competitive advan-
tage over wheat.

Bell and Naelewaja (2017) showed that supplemental N-P fertilization partially re-
stored the competitive advantage of wheat vs. Avena fatua, and Agenbag and Villers (2006)
point out that nitrogen fertilizers improved the germination of Avena fatua seeds from 21.6%
to 76.1% [32,33], increased its biomass, and competitive advantage, compared to wheat
plants [34,35].

In the case of the weed species Abutilon theophrasti, measurements show that added
nitrogen has little effect on its polyphenol biosynthesis due to its weak ability to absorb
nitrogen [36]. This was also shown in our study, where F3 (synthetic fertilizer) did not
affect the growth of polyphenolic acids in plants (C vs. F3 non-significant differences)
(Table 2) in both cultivation systems. Another effect of fertilizers is observed in the system
of conventional production, where applied fertilizers increased the resistance of weeds
(Setaria viridis, Amaranthus retroflexus) to the application of herbicides [37]. Additionally,
the application of phosphorus fertilizers may enter metabolic routes that expedite the
development of herbicide resistance [38].

Our results (ANOVA analysis) showed a greater effect in polyphenolic acid content
in the case of synthetic fertilizers (F2, F3) (p < 0.05 *, p < 0.01 **) vs. organic fertilizer F1
(Table 2). The literature shows conflicting conclusions about the influence of different
types of fertilizers on the content of polyphenolic acids as a basis for survival under
stress conditions. Wendy et al. (2012) reported that organic nitrogen fertilizers promote
phenolic-acid accumulation more than synthetic fertilizers, whereas they found comparable
stimulation from potassium and phosphorus inputs [39,40]. In contrast, documented
declines in phenolic acids following the addition of nitrogen [41,42]. Although today the
total production of fertilizers is decreasing, the consumption of individual nutrients (N, P,
K) continues to rise. Data for the period 2023–2025 indicate 5% increase in N use, 2% for
P2O5, and 4% for K2O [43].

Competition in agroecosystems is typically quantified by plant density (individuals
per m2), allelopathic interference, and shifts in defensive secondary metabolites. Many
studies show that weeds often outperform crops.

Our results showed that under crop-weed competition, all tested species (wheat
and weeds) accumulated more phenolic acids than under monoculture conditions (t-test,
Table 3), signaling an up-regulated chemical defense. Therefore, in order to obtain the full
effect of fertilizer application without unintentionally empowering weeds’ competitive
ability, fertilizer applications should be based on site-specific crop demands, prevailing
weed flora, and detailed soil diagnostics.

In the experiments conducted, we also monitored the content of polyphenolic acids in
the rhizosphere of the roots of the plants grown in different systems. The analysis of soil
samples showed the presence only of trans-cinnamic acid and a decrease in the content
of acid following the application of synthetic fertilizers (F2, F3) compared with control
samples in Abutilon teophrasti rhizosphere grown under monoculture conditions (C = 15.51,
after F1 = 1.74 mg/kg soli, after F2 = 0 mg/kg soli, after F3 = 0.93 mg/kg soli; C vs. F1
0.01 *, C vs. F2 0.000 **, C vs. F3 0.000 **). In the other growing conditions/combinations,
phenolic acids were not detected. The absence of polyphenolic acids in the soil observed
in our study is contrary to findings from other researchers [44–46]. Some studies have
shown that phenolic acids (p-coumaric, trans-cinnamic) were detected in the rhizosphere
of Avena fatua vs. wheat after the application of synthetic fertilizers, likely contributing to
its competitive advantage [44,45].
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Table 3. Mean concentrations of phenolic acids (µg/g f.m.) in plants under competition versus
monoculture conditions following fertilizer application (t-test).

Wheat competition with Avena fatua

Chlorogenic Ferulic p-Coumaric trans-Cinnamic

t p t p t p

C-m vs. C-c −9.88 0.000 ** −7.57 0.012 * −9.97 0.000 ** nd

F1-m vs. F1-c −4.90 0.048 * −4.22 ns −4.90 0.048 * nd

F2-m vs. F2-c −3.60 ns −5.33 0.036 * −5.53 0.03 * nd

F3-m vs. F3-c −6.71 0.018 * −2.11 ns −4.68 ns nd

Wheat competition with Abutilon theophrasti

t p t p t p

C-m vs. C-c −9.11 0.000 ** −13.41 0.000 ** −10.92 0.000 ** nd

F1-m vs. F1-c −4.56 ns −4.86 0.048 * −13.14 0.000 ** nd

F2-m vs. F2-c −5.01 0.042 * −7.11 0.012 * −6.53 0.018 * nd

F3-m vs. F3-c −6.96 0.018 * −2.11 ns −5.19 0.036 * nd

Avena fatua competition with wheat

t p t p t p

C-m vs. C-c −3.09 0.036 * −16.87 0.000 * −12.05 0.000 ** nd

F1-m vs. F1-c −2.65 ns −11.10 0.000 ** −95.89 0.000 ** nd

F2-m vs. F2-c −14.22 0.000 ** −3.98 0.016 * −12.62 0.000 ** nd

F3-m vs. F3-c −9.346 0.000 ** −16.53 0.000 ** −21.40 0.000 ** nd

Abutilon theophrasti competition with wheat

t p t p t p t p

C-m vs. C-c −9.42 ns −23.73 0.000 ** 6.51 0.018 * 148.91 0.000 **

F1-m vs. F1-c −2.60 ns −39.97 0.000 ** −43.16 0.000 ** 137.43 0.000 **

F2-m vs. F2-c −1.61 ns −90.51 0.000 ** −74.31 0.000 ** 79.18 0.000 **

F3-m vs. F3-c −26.99 0.000 ** −11.37 0.000 ** −30.61 0.000 ** 15.64 0.000 **
Fertilizers: F1, F2, F3; C—control; ns—nonsignificant differences, p < 0.05 *, p < 0.01 **, c—competition, m—monoculture,
t-test, nd—not detected.

The presence of ferulic and p-coumaric acids in crop rhizosphere further enhances
their competitive advantage, as even low concentrations (10−4 to 10−3) can inhibit the
germination of some weeds (e.g., Raphanus sativus) [46]. Blum et al. (1991) point out that a
mixture of phenolic acids (wheat rhizosphere) inhibits the growth of roots and hypocotyls
of Trifolium incarnatum [47]. The allelopathic competitiveness of Avena fatua is attributed to
its production of a diverse number of allelochemicals (p-coumaric, 4-hydrobenzoic, vanillic,
and ferulic acids) [44,45]. This weed species produces and secretes allelochemicals into
the rhizosphere depending on the current developmental conditions [44,48]. Similar allelo-
chemicals have been detected in the rhizosphere of Avena fatua and other cereals [48–50].
In the experiment carried out in the Abutilon theophrasti rhizosphere, only trans-cinnamic
acid was detected, although other studies suggest that Abutilon theophrasti can produce
a broader spectrum of phenolic compounds (cyanidin, quercetin, delphinidin, myricetin,
catechin, and epicatechin) [51]. However, since this is a small-scale laboratory experiment,
the lack of detection may be attributed to the experimental conditions. This aspect of the
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experiment can be viewed as preliminary and provides a robust foundation for future
investigations under field conditions.

In our study, bifactorial analysis (MANOVA) showed that growing systems (Figure 1a–d)
and applied fertilizers (Figure 2a–d) have a greater influence on phenolic acid content vs. plant
species. In Avena fatua, under competition, all acid concentrations increased significantly
when Avena fatua was grown with wheat (Figure 1a–d). In Abutilon theophrasti, an elevated
phenolic acid content was noted in both monoculture and competitive conditions, except
for chlorogenic acid in monoculture and trans-cinnamic acid in competition with wheat
(Figure 1a–d). These findings indicate that under competitive conditions, weeds increase
their allelopathic responses and, consequently, their competitive activity. On the other hand,
wheat exhibited a higher content of ferulic and p-coumaric acids across both cultivation
systems, apart from trans-cinnamic acid in competition with weeds (Figure 1a–d). The
elevated levels of ferulic acid in wheat likely reflect its naturally high content in cereal
tissues (maize 98.9%, wheat 98.8%, oats 97.8%) and the fact that wheat increases its compet-
itive/allelopathic advantage through the biosynthesis of p-coumaric, vanillic, ferulic acids,
etc. [47,52,53].

Figure 1. Effect of growing system under fertilizer application on phenolic acid content in weeds
and wheat (MANOVA); AF-Avena fatua, WH-wheat, AT-Abutilon teophrasti, (a) chlorogenic acid,
(b) ferulic, (c) p-coumaric, (d) trans-cinnamic.

Specifically, fertilizer F1 reduced chlorogenic acid content while simultaneously elevat-
ing the concentrations of all other phenolic acids. Fertilizer F2 decreased both chlorogenic
and trans-cinnamic acids, increased ferulic acid, and had no impact on p-coumaric acid
content. In contrast, Fertilizer F3 increased the levels of chlorogenic, ferulic, and p-coumaric
acids, while reducing trans-cinnamic acid content relative to the control (Figure 2a–d).
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Figure 2. Effect of fertilizers application on phenolic acid content in different growing systems
(MANOVA); (a) chlorogenic acid, (b) ferulic, (c) p coumaric, (d) trans-cinnamic, F1, F, and F3—fertilizers.

These findings (Figures 1 and 2) highlight that nutrient management in agroecosystems
must be done in a controlled manner, emphasizing that crop fertilization should be tailored
to match the specific nutritional requirements of the crops.

Although competition between crops and weeds is defined by the growth rate of plants
and their biomass, as well as morphological characteristics (height, branching, leaf angle,
etc.), an important factor is the antioxidant activity of polyphenols. Many physiological
and environmental factors, as well as agricultural practices, influence not only antioxida-
tive activity, but also the antioxidative activity mechanisms [54]. Reactive molecules can
disrupt cellular redox balance, leading to oxidative stress [55]. Each free radical binds to
the nearest stable molecule through a chain reaction, turning them into new free radicals,
which potentially leads to lipid peroxidation in cell membranes and cell collapse (oxidative
stress) [56]. In response, plants activate intrinsic defense systems by synthesizing antiox-
idants, including polyphenols and related enzymes [57]. Our research confirms that the
concentration and activity of these polyphenols are more directly correlated with fertilizer
application than with the growing conditions per se, highlighting the critical role of nutrient
management in modulating antioxidative defenses.

Observations of total phenol content and their antioxidative activity in weed species
grown in competition with wheat revealed that fertilizer application led to statistically
significant effects compared with the control (ANOVA, Tables 4 and 5). This effect was
independent of fertilizer type (organic, synthetic). In wheat plants grown in competition
with Avena fatua, total phenol content decreased significantly from 0.888 µg/g f.m. in
monoculture to 0.582 mg GAE/g f.m. (milligram of gallic acid equivalent per gram of fresh
mass) under competitive conditions, regardless of the fertilizer type. Moreover, when wheat
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was grown in competition with Abutilon theophrasti, the total phenol content decreased
even further to 0.262 mg GAE/g f.m., in line with [48]. In contrast, ref. [58] have suggested
that nitrogen derived from applied fertilizers can stimulate the activity of phenylalanine
ammonium lyase, thereby enhancing phenol biosynthesis in wheat [59].

Table 4. Statistical analysis of the total phenol content and antioxidative activity in weeds grown in
competition with wheat following the application of different fertilizers (ANOVA).

Avena fatua vs. Wheat Abutilon theophrasti vs. Wheat

TPC mg GAE/g f.m. AA µmol TE/g f.m. TPC mg GAE/g f.m. AA µmol TE/g f.m.

C vs. F1 0.025 * 0.000 ** ns 0.013 *

C vs. F2 ns 0.000 ** 0.000 ** 0.000 **

C vs. F3 0.008 ** 0.000 ** ns ns

F1 vs. F2 ns 0.000 ** 0.000 ** 0.000 **

F1 vs. F3 ns 0.000 ** ns 0.000 **

F2 vs. F3 ns 0.000 ** 0.000 ** ns

SD 0.18 3.74 1.57 1.36

mean 0.72 5.89 8.99 9.91
Fertilizers: F1, F2, F3; C—control; SD—standard deviation; ns—nonsignificant differences; TPC—total phenol
content, AA—antioxidative activity, p < 0.05 *, p < 0.01 **; mg GAE/g f.m.—milligram of gallic acid equivalent per
gram of fresh mass; µmol TE/g f.m.—micromoles of Trolox equivalent per gram of fresh mass.

Table 5. Statistical analysis of the total phenol content and antioxidative activity in wheat plants
grown in competition with weeds following the application of different fertilizers (ANOVA).

Wheat vs. Avena fatua Wheat vs. Abutilon theophrasti

TPC mg GAE/g f.m. AA µmol TE/g f.m. TPC mg GAE/g f.m. AA µmol TE/g f.m.

C vs. F1 0.000 ** ns ns ns

C vs. F2 0.000 ** 0.03 * ns ns

C vs. F3 0.000 ** 0.018 * ns ns

F1 vs. F2 ns 0.042 ** ns ns

F1 vs. F3 ns 0.024 * ns ns

F2 vs. F3 ns Ns ns ns

SD 0.29 1.16 0.07 0.64

mean 0.43 3.72 0.21 5.06
Fertilizers: F1, F2, F3; C—control; SD—standard deviation; ns—nonsignificant differences; TPC—total phenol
content, AA—antioxidative activity, p < 0.05 *, p < 0.01 **; mg GAE/g f.m.—milligram of gallic acid equivalent per
gram of fresh mass; µmol TE/g f.m.—micromoles of Trolox equivalent per gram of fresh mass.

Comparison of Tables 2 and 4 showed that in Avena fatua plants, there were no sta-
tistical changes in the content of individual acids after fertilizer application, contrary to a
statistically significant increase in total phenol content after F1 and F3 fertilizer application
(C vs. F1 = 0.025 *, C vs. F3 = 0.008 *). In wheat plants competing with Avena fatua, the content
of total phenol was statistically significant after the application of the tested fertilizers, while
the antioxidant activity was increased after the application of F2 and F3. However, this corre-
lation does not exist in competition with Abutilon teophrasti plants. This can be explained by
the fact that other phenolic compounds that were not the subject of this research (flavonoids,
hydroxybenzoic acids, and other secondary metabolites) contribute to the antioxidant activity
of plants. This knowledge can be used as a basis for further research.
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4. Conclusions
In monoculture, fertilizer application did not affect polyphenol content in either crops

or weeds. By contrast, under competitive conditions, all tested species showed significant
increases in phenolic acid content. Bifactorial analysis revealed that the type of applied
fertilizer had a stronger influence on the content of phenolic acids than the plant species. In
cropping systems where Avena fatua and Abutilon theophrasti competed with wheat, fertilizer
application, whether organic or synthetic, resulted in enhanced total phenol content and
antioxidative activity compared with controls in all tested plants. These findings highlight
the importance of tailoring fertilizer application to the specific nutritional needs of crops,
as indiscriminate nutrient application may inadvertently support weed survival under
stress conditions compared to crops (lack of moisture, rise in temperature, etc.). Therefore,
it is necessary to monitor the effect of various agrotechnical methods (fertilization, crop
protection, etc.) on the weed population in agrophytocoenoses. This type of analysis is
important in the long term, especially in the conditions of the organic production system
of cultivated plants, which will be the subject of future research. However, the study was
conducted in laboratory conditions, in small pots, which limits the direct extrapolation of
the results to field conditions. Further greenhouse and field experiments are needed to
confirm the practical implications for weed management and fertilization strategies.
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