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Abstract: Phytoremediation is one of the effective technologies for removing pollutants from the
aquatic environment. Toxic compounds such as chlorpyrifos can affect the physiological processes of
aquatic plants, causing secondary oxidative stress in plant tissues. Macrophytes, like other organisms
inhabiting the contaminated ecosystem, have developed a system of defense mechanisms, thanks to
which plants can still exist in their natural ecosystem. Our research is a summary of the previously
presented results of the effectiveness of purifying contaminated water with chlorpyrifos in the
phytoremediation process and the second type of phytoremediation supported by microorganisms,
which intensify the process of removing contaminants from the environment. This research concerned
changes in nonenzymatic and enzymatic antioxidants in Canadian seaweed, needle spikerush and
water mint caused by chlorpyrifos. The research determines changes in the total concentration of
polyphenols, flavonoids and dyes (chlorophyll A, chlorophyll B, anthocyanins and carotenoids) as
well as differences in the activity of guaiacol peroxidase and glutathione S-transferase. The analysis
of the results showed an increase in the content of polyphenols and flavonoids. The reverse trend
was observed in the case of the pigment content. The appearance of chlorpyrifos in the environment
caused an increase in the activity of the examined enzymes. The process involving microorganisms
that were obtained from places contaminated with pesticide proved to be more effective. This shows
the cooperation of species living in an investigated ecosystem.

Keywords: antioxidant defense system; autochthonic microorganisms; chlorpyrifos; macrophytes;
phytoremediation

1. Introduction

The intensive development of civilization caused the high negative effects on the
environment. The increase in awareness and the desire to improve the quality of life, which
initiated the dynamic development of industry with the appearance of synthetic com-
pounds, have a negative impact on the aquatic ecosystems. This required the development
of new and effective processes based on biological, chemical and thermal methods, whose
utilitarian use will allow to get safety products [1-3]. One of the technologies based on
biological methods used in the degradation of organic compounds is a phytoremediation
that uses plants for reduction, degradation, assimilation and metabolizing environmental
pollution such as heavy metals, hydrocarbons or pesticides [4,5]. Some water plants that
appear naturally in the aquatic ecosystems in Poland are able to participate in biological
processes to decrease or move the pollutants amounts [6]. The native plants are able to
change their physiological functions to exist in a polluted environment; this is their response
to abiotic stress. This phenomenon allows the plants to participate in water treatment as a
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main tool for phytoremediation. This process occurs naturally and can be intensified using
microbial consortia to increase the effectiveness of pollution removal [7-9].

Plant protection products that have been used for years have a beneficial effect on
inhibiting the development of microorganisms. However, intensive use of pesticides in
agriculture may pose threats to the proper functioning of aquatic and terrestrial ecosystems,
both fauna and flora [10-12]. Improperly selected doses of chemical compounds may re-
main in the environment and migrate within ecosystems. The presence of plant protection
products was found in all types of flowing waters—rainwater, surface and groundwater,
which may increase during agrochemical treatments. Organophosphate pesticides were
very popular in the world and used intensely. These include, among others, chlorpyrifos
which was distributed by the Dow Chemical Company since 1965 as a foliar pesticide [13].
These compounds were used to control pests in industrial crops, in vegetable and or-
chards [14]. Organophosphate pesticides are esters of phosphoric acid and its derivatives.
Their activities relate to the electrophilic nature of the phosphorus ester bond [15]. The
presence of organophosphorus compounds in the environment may cause unfavorable
changes in the physiological processes of plants such as: photosynthesis, respiration, cell
division, synthesis of growth regulators, water uptake, as well as changes in the structure
of cell organelles and limiting plant productivity [16]. The presence of pesticides in the
environment is one of the causes of secondary oxidative stress in plant tissues, characterized
by intensive production of reactive oxygen species (ROS). An undesirable effect caused
by toxic pesticide particles may be a change in the proper functioning of protein, lipid or
nucleic acid molecules [17].

One of the groups found in aquatic ecosystems are aquatic plants called macrophytes.
The presence of toxic chemical compounds such as pesticides resulted in the activation of
defense mechanisms in plants tissues [18]. The ability to quickly adapt macrophytes
to new environmental conditions enabled the initiation of research using them. The
phytoremediation process was used to optimize the system of macrophytes antioxidant
mechanisms, consisting of nonenzymatic and enzymatic antioxidants [19]. The system
of enzymes that remove free radicals include guaiacol peroxidase (GPX) and glutathione
S-transferase (GST) [20-22]. Biochemical reactions involving enzymes, e.g., GPX, contribute
to detoxification processes that remove various types of toxic compounds [23]. This enzyme
participates in various physiological processes, such as auxin catabolism, wound healing
and defense mechanisms against infections caused by pathogens [24]. GPX may also
participate in the capture of pollutants in the root sphere and the oxidative degradation
of compounds found in the plant’s environment [25]. The second enzyme that enters the
system of enzymatic mechanisms is glutathione S-transferase (GST). In 1970, a reaction
involving GST was first described, catalyzing the decomposition of atrazine by conjugation
with glutathione tripeptide in Sorghum and corn plants [26]. The results initiated intensive
research on the participation of GST in the detoxification processes of herbicides and other
plant xenobiotics [27]. According to the literature, the GPX and GST activities can be
induced in plants by abiotic factors including insecticides, heavy metals, infection caused
by pathogens. Both the enzymes can be treated as stress markers [28].

The nonenzymatic antioxidant system of plants consists of low molecular weight
compounds such as phenols, flavonoids, pigments—chlorophyll A and B, anthocyanins,
carotenoids [29-31]. Phenolic compounds participate in reactions leading to the removal
of reactive oxygen species and inhibition of the formation of free radicals [32]. Research
on the properties of flavonoids has proven that they are responsible for the color of plants,
the smell of flowers and the taste of fruit [33,34]. This feature qualifies them as natural
repellents, and any action of toxic compounds, including pesticides, causes changes in their
proper functioning [35].

In our research, we focused on the chosen macrophytes use in a pure phytoremediation
process and a phytoremediation assisted by microorganisms to remove chlorpyrifos from an
aquatic environment. We compared effectiveness both types of the processes. Because the
enzymatic and nonenzymatic antioxidants defense system is responsible for water plants’
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stress tolerance we also investigated the polyphenols, flavonoids and pigments (chlorophyll
a, chlorophyll b, anthocyanins and carotenoids) contents as well as the activities changes
of guaiacol peroxidase (GPX) and glutathione S-transferase (GST) caused by chlorpyrifos
presence during the phytoremediation process. There are many works in the literature
describing research on the biological degradation of pesticides. However, there are many
questions about specific compounds such as chlorpyrifos. Our research focused on the
answers to such questions regarding a single compound of chlorpyrifos as an example
of an organophosphorus pesticide, and, more precisely, on the use of phytoremediation
appearing in natural conditions as a part of the processes taking place to clean aquatic
ecosystems. In addition, we confirmed that in the natural environment, water treatment
occurs as a complex process where all organisms that live in the habitat participate in it.
It is also important that the plants and microorganisms conducting the water purification
process are characteristic for a given climate zone—in our case, a moderate zone. The above
shows the novelty of our applied research, which brings elements of innovation to the
general knowledge.

2. Materials and Methods
2.1. Materials
2.1.1. Water Plants

Three species of macrophytes were used in our studies: Canadian waterweed (Elodea
canadensis Michx.), needle spikerush (Eleocharis acicularis L.) and water mint (Mentha aquat-
ica L.), which originated from organic farming “Ogrody Wodne”, Miedzychod, Poland.
The plants were chosen because of their natural location. They are characteristic for the
moderate climate zone and are often found in areas of water reservoirs.

2.1.2. Microorganisms

In the process of supported phytoremediation the autochthonous microorganisms
isolated from soils were used in the studies: Bacillus cereus, Bacillus licheniformis, Oerskovia
paurometabola. The details concerning the species are presented in Table 2, Results.

2.1.3. Chlorpyrifos

In our research, we used chlorpyrifos, a commercial plant protection product. For
the analytical part, we used the chlorpyrifos standard (Sigma-Aldrich Production GmbH,
Buchs, Switzerland; CAS: 2921-88-2). Selected physicochemical properties of the chlorpyri-
fos are presented in Table 1.

Table 1. Chlorpyrifos chosen properties.

Chemical Formula C9H11CI3NO5PS
Molar mass 350.57 g/mol
Melting point 42-43.5°C
Density 1.398 g/cm?® in 43.5 °C
Solubility in water 2mg/ dm3
Vapor pressure 1.87 x 1075 mmHg at 25 °C
Octanol-Water Partition Coefficient (Kow) 4.70

Henry’s constant

4.2 x 107% atm-m3/mol at 25 °C

Soil Sorption Coefficient (Koc)

360 to 31 000 depending on soil type and
environmental conditions
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2.2. Experiments
2.2.1. Isolation of Microorganisms

Soil samples were taken from agricultural areas where the following crops were
supported by pesticide spraying: A—corn (central Poland), B—celery (central Poland),
C—strawberries (Germany), D—apple trees (Germany). The collected soil samples were
sieved through sieves with a mesh size of 2 mm. The sieved fractions were used for further
studies. An enrichment procedure was used to isolate bacteria that effectively degrade
insecticides. The process was carried out in a mineral medium: (NHy4)»,SO4 2.0 g/ dm?
(Pol-Aura sp z 0.0., Lodz, Poland), Na,HPO,4 12H,0 1.5 g/ dm3 (Pol-Aura sp z 0.0., Lodz,
Poland), KH,POy 1.5 g/dm? (Pol-Aura sp z 0.0., Lodz, Poland), MgSO, -7H,0 0.01 g/dm?
(Pol-Aura sp z 0.0., Lodz, Poland), FeSO, -7H,0 0.01 g/ dm? (Pol-Aura sp z 0.0., Lodz,
Poland), CaCl, 2H,0 0.001 g/ dm? (Pol-Aura sp z o0.0., Lodz, Poland). Chlorpyrifos was
added to the medium at a concentration of 50 mg/dm?3.

To 90 mL of the medium prepared in this way, 10 g of soil was added and culturing
was carried out at 30 °C for 72 h. After this time, the culture of microorganisms was
passaged on a medium for the determination of the total number of microorganisms, using
Plate Count Agar (PCA) with the following composition: casein peptone 5.0 g/dm3, yeast
extract 2.5 g/ dm?3 (Pol-Aura sp z 0.0., Lodz, Poland), glucose 1.0 g/ dm? (Pol-Aura sp z
0.0., Lodz, Poland), agar 12 g/ dm?3 (Pol-Aura sp z 0.0., Lodz, Poland). The plates were
incubated in an incubator at 37 °C for 48 h.

After this time, three strains of morphologically different bacteria were isolated from
each soil sample. Pure bacterial cultures were stored in cryobanks at —30 °C. The strains
from the pure culture were then inoculated into 100 mL mineral medium, which contained
50 mg/ dm3 of chlorpyrifos. After 72 h of incubation at 30 °C, the concentration of
chlorpyrifos was measured. The optical density of the culture (ODs5)) was also measured
using a DEN-1B densitometer (Biosan). Three strains with the highest biodegradation
activity were selected for further research.

The bacteria were identified using molecular methods based on 165 rRNA gene
analysis. Genomic DNA was extracted using the Genomic Mini kit (A&A Biotechnology)
according to the methodology provided by the manufacturer. The reaction mixture was
prepared in a volume of 25 pL containing 12 pL of polymerase (1.5 units) REDTaq™
ReadyMix™ (Sigma), 0.2 uL of each universal primer (27F and 1492R) and 11.6 uL of water
and 1 pL of DNA. The 16S rRNA gene was amplified via PCR in the MJ Mini Gradient
Thermal Cycler (Bio-Rad) in a cycle consisting of initial denaturation at 94 °C for 2 min,
denaturation at 94 °C for 1 min, primer annealing at 50 °C for 1 min (34 repetitions),
extension 72 °C for 3 min and final extension at 72 °C for 3 min.

The PCR reaction products were analyzed with horizontal electrophoresis in 1%
(w/v) agarose gel in 0.5 x TBE buffer (Sigma-Aldrich Sp z o.0., Poznan, Poland). The
amplified PCR products were purified employing the Clean-Up AX kit (A&A Biotech-
nology) and then subjected to a sequencing reaction. The obtained nucleotide sequences
were compared with the BLAST 2.10.0+ program (the Basic Local Alignment Search Tool)
with the sequences available in the NCBI database (the National Center of Biotechnology
Information database).

2.2.2. Phytoremediation Process

All details concerning the cultivation process were described in the previously pub-
lished paper of Sobiecka et al. [36]. The pure phytoremediation process (F1) was car-
ried out in an aquatic environment polluted by different concentrations of chlorpyrifos:
50 ng/dm?3, 100 pug/dm?3, 150 pug/dm3. Macrophytes were also cultivated in the medium
without adding the tested pesticide, as a reference test. The second phytoremediation
process was conducted with assistance of microbial consortia (F2). In this process, the plant
cultivation environment was enriched with inoculum of three isolated microbial consortia.
To prepare the inoculum, each strain was activated on PCA medium. After 72 h of culturing
in 37 °C, suspensions of the tested strains were made in physiological saline. The density
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of each suspension was determined densitometrically so that the final number of cells was
1.0 x 10° cells/cm?>. Then, 0.650 cm? of each of the suspensions prepared in this way was
added to 1 dm? of the medium in which the phytoremediation process was carried out. The
initial abundance of each strain in the environment was approximately 2.0 x 10> cells/cm?3.

2.3. Determination of Chlorpyrifos

After the end of phytoremediation supported by microorganisms, the bacterial suspen-
sion had to be removed before performing the chromatographic analysis. For this purpose,
a sample containing bacterial cells was extracted by Solid Phase Extraction (SPE). The
extraction was carried out in extraction columns filled with a C-18 bed from Phenomenex
on a 12-station SPE system from ].T. Baker. After conditioning the column by passing
5 mL of methylene chloride and then 10 mL of distilled water, the samples were applied
to the column. A sample of the bacterial suspension was loaded onto the column under
pressure SmBar.

Methylene chloride (Pol-Aura sp z 0.0., Lodz, Poland) was used to extract the chlor-
pyrifos from the column. Elution was carried out twice using 10 mL of reagent. Each
portion of the solvent remained in contact with the stationary phase from 20 s to 1 min,
because then the leaching effect is most effective.

Chlorpyrifos concentrations before and after both phytoremediation processes were
determined with gas chromatography on a two-dimensional gas chromatograph coupled
with a mass spectrometer, with a TOF ion time-of-flight detector (Pegasus 4D, LECO
Corp., St. Joseph, MI, USA). An extremely important advantage of this electron cap-
ture detector is its high sensitivity and selectivity to impurities containing elements with
high electronegativity.

After the extraction process, the obtained eluates were dosed to the chromatographic
column in various temperature programs of the oven, which enabled the determination of
the effect of the oven temperature on the chromatographic separation of chlorpyrifos. The
retention time of the pesticide with a positive response was then recorded. The following
temperature program was used: initial temperature 70 °C, then increase of 15 °C/min
to 300 °C, at which chlorpyrifos in the tested samples gave a positive response with the
correct peak shape.

2.4. Determination of Enzymatic Antioxidants

The enzymatic antioxidants system analytical details were described in a previous
paper of Sobiecka et al. [37]. The information concerned the determination of a glutathione
S-transferase (GST) and guaiacol peroxidase (GPX). The standards came from the Polish
Office of Sigma-Aldrich Sp z o.0., Poznan, Poland.

2.5. Determination of Nonenzymatic Antioxidants

The nonenzymatic antioxidants system analytical details were described in a previous
paper of Sobiecka et al. and concerned the determination of polyphenols, flavonoids and
pigments has been repeated [36]. All the required standards were bought in the Polish
Office of Sigma-Aldrich Sp z o.0., Poznan, Poland.

2.6. Statistical Analysis

The STATISTICA Version 10 (StatSoft, Cracow, Poland) was used for statistical calcu-
lations. The results present the average of three biological samples measurements. The
single-factor analysis of ANOVA variance was used. The Duncan multiple-range post
hoc test (p < 0.05) in order to show statistically significant differences between the tested
samples was used to analysis.

3. Results

Our research on the purification of water contaminated with chlorpyrifos was pre-
ceded by the isolation of bacterial strains naturally occurring in temperate climate zones—



Water 2024, 16, 1071

6 of 12

including Poland. The bacteria were isolated from places contaminated with pesticides.
Next, they were cultivated in a solution polluted by chlorpyrifos to check their biodegrada-
tion effectiveness, as seen in Figure 1. The three most effective strains were identified, and
these results are summarized in Table 2.
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Figure 1. Biodegradation of chlorpyrifos by soil bacteria originating from A—a corn field, B—celery
cultivation, C—a strawberry field, D—an apple orchard.

Table 2. Summary of the most efficient strains.

Identified Strain

[Accession Number in GenBank] [Accession Number]

Reference Strain in GenBank e .
Similarity Taxonomy

Bacillus cereus A2

Bacillus cereus strain CBC-4 Domain Bacteria, Phylum Bacillota, Class

[PP473786] [MK285635] 100% Bacilli, Qrder Caryophanales:, Family
Bacillaceae, Genus Bacillus
. . . . Bacillus licheniformis strain Domain Bacteria, Phylum Bacillota, Class
Bacillus licheniformis B2 o - )
[PP473787] HO-A7 99.9% Bacilli, Order Caryophanales, Family
[MT495615] Bacillaceae, Genus Bacillus
Oerskovia paurometabola D1 Oerskovia paurometabola strain 99.99 Domalgggﬁi:}?ZCI;?;AE;Z;?T}/C“Om’
[PP473788] CSE_1 [KX027337] e ’ Y

Promicromonosporaceae, Genus Oerskovia

In the main part of our studies we estimated the effectiveness of phytoremediation—
one of the biological technologies for pollutant removal from aquatic environment. During
the phytoremediation process (F1) and phytoremediation supported by microorganisms
(F2) various concentrations of chlorpyrifos: 50 ug/dm?, 100 pg/dm? and 150 pug/dm?, in
the aquatic environment were monitoring (Figure 2). The enrichment of the aquatic environ-
ment with the bacteria species (Bacillus cereus, Bacillus licheniformis, Oerskovia paurometabola)
intensified the biological process, which resulted in an increase in the effectiveness of the
phytoremediation process. The presence of macrophytes and microorganisms enlarged
their scope to get rid of toxins from the environment. The investigated macrophytes re-
duced the concentration of chlorpyrifos to a large extent after the end of F1 and F2 processes
according to the initial concentrations, Figure 2.

The used of a hybrid phytoremediation method in the removal of chlorpyrifos sig-
nificantly decreased the pesticide amount from the aquatic environment. After the F2
process, the pesticide concentration was from 1.55% to 14.00% of its initial values, and
after the F1 process from 5.35% to 34.00%. Analyzing the results, it was found that the
phytoremediation process supported by microorganisms conducted by macrophytes is
more effective. The plants selected for this research, Canadian waterweed, needle spikerush
and water mint, showed increased activity of an enzymatic antioxidant systems in response
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to abiotic stress caused by the presence of chlorpyrifos in the environment. These results
confirmed that biological methods, including commonly occurring aquatic plants, can be
effective in cleaning an aquatic environment contaminated with chlorpyrifos.

[%]
100

8
B
40
| I I
Fl1 F2 F1 F2 F1 F2

chlorpyrifos X [pg/dm?]

1t week 2nd yweek 3rdweek

[=]

[=]

o

o

M5S0 ug/dm’ 100 pg/dm’ [7150 pg/dm’

Figure 2. Chlorpyrifos removal from an aquatic environment in F1—phytoremediation; and F2—
phytoremediation supported by microorganisms.

Water plants have developed the ability to accumulate pollutants in their tissues in
order to grow in difficult environmental conditions in the presence of toxic substances.
In order to protect against oxidative stress, macrophytes have developed mechanisms
consisting of nonenzymatic and enzymatic antioxidants system.

For the second part of the presented results of our studies, we focused on the behavior
of the chosen water plants (Canadian waterweed (A), needle spikerush (B) and water
mint (C)) in the presence of three various concentrations of chlorpyrifos: 50 pg/ dm?,
100 pg/dm3 and 150 pg/dm3. One of the processes conducted in the aquatic environment
was enriched by an inoculum of bacterial consortia. We analyzed a few nonenzymatic
and enzymatic antioxidants that can be markers of the abiotic stress caused by various
concentrations of chlorpyrifos.

The contents of polyphenols and flavonoids were measured in leaves of the chosen
macrophytes (Table 3). The increased concentration of chlorpyrifos in the cultures intensi-
fied the concentration of both investigated compounds in the tissues of the tested plants.
The increasing amounts of polyphenols and flavonoids correlated with the increasing
chlorpyrifos concentrations in the water solution. All of the macrophytes were able to grow
and develop in the presence of toxic substances.

Table 4 shows the average content of four pigments in the leaves of Canadian sea-
weed, needle spikerush and water mint. The presence of chlorpyrifos in the plant growth
environment resulted in a reduction in the content of pigments in the tissues of the tested
plants. This correlation was directly proportional and the concentration of chlorpyrifos
150 pg/dm?3 significantly inhibited the pigment content in plant tissues compared to the
control sample.
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Table 3. The content of polyphenols and flavonoids in chosen macrophytes after phytoremediation

processes Fland F2.
Nonenzymatic . Chlorpyrifos Concentration [ug/dm3]
Antioxidants Phytoremediation Plant 0 50 100 150
A 3.66 + 0.02 8.80 £ 0.01 10.46 £+ 0.01 18.57 £ 0.02
F1 B 445+ 0.01 11.85 + 0.03 14.61 + 0.02 15.89 £+ 0.02
Polyphenols C 5.60 £ 0.02 14.59 £+ 0.02 16.64 + 0.01 19.51 £+ 0.02
[mg CEA/g f.m.] A 6.60£003 1386001  19.81+0.02 2373 +0.02
F2 B 6.85 + 0.02 15.83 £ 0.03 19.59 £ 0.02 23.09 +0.01
C 6.82 £ 0.02 14.52 +0.01 18.85 + 0.01 24.10 £ 0.02
A 4.56 £ 0.03 7.24 +0.01 9.30 + 0.02 13.29 £ 0.02
F1 B 3.81 £0.02 7.66 £ 0.01 10.56 + 0.03 14.67 £ 0.01
Flavonoids C 5.22 £0.01 6.28 £ 0.02 10.64 + 0.01 16.82 £ 0.01
[mg QE/g f.m ] A 3.99 + 0.02 822+£003  10.88+001  15.06+0.01
F2 B 4.50 +0.01 8.56 £+ 0.01 12.79 + 0.03 16.38 £+ 0.01
C 5.19 + 0.02 7.85 + 0.02 11.53 £ 0.02 19.21 £ 0.01
Notes: F1—phytoremediation; F2—phytoremediation assisted by microorganisms; A—Canadian waterweed
(Elodea canadensis Michx.), B—needle spikerush (Eleocharis acicularis), C—water mint (Mentha aquatica L.).
Table 4. The content of nonenzymatic antioxidants in chosen macrophytes after phytoremediation
processes.
; : oxi Chlorpyrifos Concentration [pg/dm?3]
Nonenzymatic Antioxidant Phytoremediation  Plant Py Hg
[mg/g f.m.] 0 50 100 150
A 12.15£0.02  10.28 £ 0.02 7.25 +0.03 2.36 +0.01
F1 B 13.024+£0.02  12.18 £0.03 7.38 £0.03 5.12 £ 0.02
C 13.71 £0.01 12.27 £0.01 8.12 + 0.02 6.08 + 0.01
Chlorophyll a
A 1210 £0.02  11.12£0.03 7.97 £+ 0.01 3.62 +0.03
F2 B 1532 +£0.03 13.78 £0.01 8.02 £ 0.01 5.42 £+ 0.02
C 13.08 £0.02 12.24 £0.03 7.35 + 0.03 6.71 + 0.03
A 13.52 £0.03  10.00 £ 0.02 7.24 +0.02 3.14 +0.03
F1 B 13.01 £0.02  12.15+£0.02 8.18 £0.03 7.02 £ 0.03
C 1297 £0.02 11.71 £0.03 7.93 £+ 0.01 3.14 £ 0.02
Chlorophyll b
A 12.05£0.03  10.27 £ 0.02 8.19 + 0.03 3.28 +0.02
F2 B 1412 +£0.02  12.32 £0.01 8.27 £ 0.02 5.64 +0.03
C 13.09 £0.03  11.02 £0.01 7.37 £ 0.03 6.27 + 0.03
A 29.52+0.03 2636+0.01 23.09+0.03 18.38 £ 0.03
F1 B 3512+£0.02 3151+0.02 2711+£0.01 20.32+0.03
. C 3341+0.01 31.81+0.01 2372+0.03 17.42+0.02
Anthocyanins
A 30.21+0.01 27214+0.02 2334+0.01 1834 +0.01
F2 B 3532 +£0.02 3137+0.01 27.81+£0.02 20.18+0.01
C 3241+0.01 29.46+0.02 2347 +0.03 17.24+0.02
A 2518 +0.03 1921 £0.03 15.32+0.01 8.71 £ 0.01
F1 B 2428 £0.02 22.08+0.02 14.54 £0.03 5.21 £ 0.02
C 2358 +£0.01 20.36+0.02 13.37 £0.01 7.83 £ 0.03
Carotenoids
A 25.04 £0.01 1854+0.01 16.23 £0.01 9.14 + 0.01
F2 B 2452 +£0.02 2321+0.01 14.75+0.02 8.35 £ 0.01
C 2324+0.01 21.87+£0.03 1441 +0.01 7.08 £+ 0.03

Notes: Fl—phytoremediation; F2—phytoremediation assisted by microorganisms; A—Canadian waterweed
(Elodea canadensis Michx.), B—needle spikerush (Eleocharis acicularis), C—water mint (Mentha aquatica L.).

Our research also analyzed changes in the activities of selected enzymatic oxidants,
glutathione S-transferase (GST) and guaiacol peroxidase (GPX), in leaf and root tissues.
The results are presented in Table 5. It was observed that the concentration of chlorpyrifos
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150 pg/dm? intensifies the enzyme activity the most. Activity increased more than three
times compared to the initial value in all plant species. For water mint the highest increase
in GST activity was observed in leaves and roots. In a case of Canadian waterweed and
needle spikerush the activity intensification was observed in leaves. Generally, the similar
tendency was observed in activity changes of GXP. The highest concentration of pollutant
caused the most intensive activity of the enzyme. We observed more intensified activities
in leaves compared roots.

Table 5. The enzymes activities changes in chosen macrophytes after phytoremediation processes.

Enzymatic Antioxidant

Chlorpyrifos Concentration [pg/dm3]
Phytoremediation  Plant Py He

0 50 100 150
, A 4404001 9674002 12.68+002 16.89 & 0.01

GST in leaves F1 B 482+001 1061 +0.01 1293+0.01 20.24 +0.03
[nmol CDNB/g f.m.] C 5884002 9224003 1444+ 001 19.77 +0.01
, A 593+0.03 12624002 20.07+003 2218+ 0.01

GST in leaves P2 B 673+0.01 1171 +£0.02 1883 +0.01 23.14 4+ 0.03
[nmol CDNB/g f.m.] C 6.60 £003 11994001 1997 +0.03  20.07 + 0.01
. A 2934003 5294002  987+001  12.34+0.03

GST in roots F1 B 2.33 4 0.01 6.84+0.03 11334003 15234 0.01
[nmol CDNB/g f.m ] C 636+ 0.02 1238+0.02 1951 +0.01 22.61 +0.01
. A 1984001  324+001  986+002  13.19 + 0.01

GST in roots F2 B 2.67 & 0.01 7334002 14804001 17.79 & 0.02
[nmol CDNB/g f.m ] C 614+ 0.03 1259+ 001 2016+ 0.03 2329 + 0.01
_ A 3664002  880+001 1046+ 0.03  18.57 + 0.03

GPXin leaves F1 B 4454001 11854001 1461 +003 1589 + 0.01
[mmol TG/g f.m.] C 5604001 14594002 16644001 1951 + 0.03

_ A 6.60+0.01 1386+ 001 1981 +0.03 23.75+ 0.01

GPXin leaves F2 B 6.86+0.02 1580+001 19.60+001  23.09+0.03
[mmol TG/g f.m.] C 6.92+003 1453 +001 18.85-+0.03 2411+ 0.02

, A 4184001 6784003  983+002 1427 +0.03

GPX in roots F1 B 4344003 12704+001 16414003  16.10 & 0.03
[mmol TG/g f.m.] C 636+ 0.03  1238+0.03 1951 +0.01 22.61 +0.01

, A 2274003 9184001 12474002 17.36 + 0.03

GPX in roots F2 B 5094001 16744001 18644+ 0.03  21.454 0.01
[mmol TG/g f.m.] C 614+ 0.03  1259+0.02 2016+001 2329+ 0.03

Notes: Fl—phytoremediation; F2—phytoremediation assisted by microorganisms; A—Canadian waterweed
(Elodea canadensis Michx.), B—needle spikerush (Eleocharis acicularis), C—water mint (Mentha aquatica L.).

4. Discussion

The results presented in this paper compare the changes of chosen nonenzymatic
and enzymatic antioxidants defense system for pure phytoremediation process (F1) and
the phytoremediation assisted by microorganisms (F2). Changes in the activities and
concentrations of compounds that are part of the plant defense system enable the removal
of pollutants from the environment. Living organisms, both plants and microorganisms,
are exposed to toxic compounds which induce the response to stress. In the presence of
chlorpyrifos, the plants activated the cell organelles that induce biochemical processes
of transcriptional up-regulation of phenylpropanoid pathway [38]. The activation of
biosynthetic enzymes and up-regulation of key genes of phenylpropanoid branch allowed
to stimulate a phenolic biosynthesis [39,40].

The presence of chlorpyrifos resulted in a decrease in the content of chloroplast
pigments in the studied macrophytes, caused by oxidative stress. The toxic compound
caused an increased content of free radicals. The direct effect of these reactions was the
inhibition of the activity of enzymes responsible for the process of chlorophyll synthesis [41].



Water 2024, 16, 1071

10 of 12

Similar results were obtained by the Shixiang and Yadav groups [42,43]. Scientists have
also observed that chlorophyll concentrations decrease as the concentration of pesticides
in the environment increases. Higher concentrations of pollutants adversely affect the
physiology of macrophytes.

Abiotic stress caused by the presence of pesticides in the environment also affects the
enzymatic defense system of plants. Our studies have proven that the activities of both
enzymes: glutathione S-transferase (GST) and guaiacol peroxidase (GPX) in plant tissues
increase with increasing concentration of chlorpyrifos. Both enzymes are involved in the
biochemical reactions of plants responsible for the detoxification process of xenobiotics such
as pesticides. The plant defends itself against accumulating pollutants in its tissues [44].
Our study results regarding changes in GST activity were similar to those obtained in
Tlidjen’s study [45]. In the case of the activity of guaiacol peroxidase (GPX), which is
responsible for the proper course of physiological processes in plant tissues, a correlation
with the growth of chlorpyrifos in the environment was observed. The increased activity of
GPX was also observed in research of Sharma group [46] and Bertrand, in which different
concentrations of chlorpyrifos were tested in culture in small pondweed (Potamogeton
pusillus) tissue [14]. The obtained results of the increase in activity confirm that guaiacol
peroxidase is one of the enzymes responsible for the plant response to abiotic stress caused
by chlorpyrifos. The analysis of the results also confirms that both enzymes—GPX and
GST—are involved in the process of removing organic peroxides and hydrogen peroxide,
which are products of aerobic metabolism [47,48]. These enzymes significantly reduce the
oxidative stress effects on plant tissues.

The proper management of waste disposal is one of the elements of the economy
that requires not only technological, but also economic and social activities, taking into
account the needs and interests of man together with balancing adverse impact on the
natural environment.

During the research, the hypothesis that the concentration of abiotic factors directly af-
fects the activity of enzymes was also confirmed. The highest concentration of chlorpyrifos
stimulated enzyme activity most intensely.

The investigated nonenzymatic antioxidative stress system compounds: polyphenols,
flavonoids and pigments (chlorophyll a, chlorophyll b, anthocyanins and carotenoids)
effected in amount changes which was correlated to the chlorpyrifos concentration. The
aquatic environment polluted by the highest chlorpyrifos concentration (150 pg/dm3)
caused an increase in polyphenols and flavonoids in plants tissues while the content of
pigments diminished.

The ability of the chosen macrophytes to adapt in the presence of toxic chlorpyrifos
molecules allowed for the testing of a remediation process to clean a polluted ecosystem [49,50].
For the study we used three species of plants naturally occurring in the aquatic environment
of our temperate climate in Poland.

5. Conclusions

To summarize our research, we confirm the proper choice of macrophytes used in
our studies: Canadian waterweed, needle spikerush and water mint. The chosen water
plants provided an efficient process of pollutant removal. The phytoremediation process
was intensified in the presence of the following microbial consortia: Bacillus cereus, Bacillus
licheniformis, Oerskovia paurometabola, selected from the polluted sites. The investigated
method was a useful technology for cleansing the aquatic environment of chlorpyrifos,
resulting in chlorpyrifos removals of 86% to 98% after the F2 process, compared to its initial
values, and 66% to 94% after the F1 process.
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the manuscript.
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