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Abstract: Plants of the Ambrosia genus are invasive and cause many ecological problems, including the
oppression of the growth of agricultural crops and native plants, land depletion, and the production
of strong allergens. The use of weeds as a sustainable feedstock for biogas production, either methane
or hydrogen, is a promising way to fulfill the energy needs of the current generation, eliminate the
depletion of non-renewable carbon resources, and preserve the ecosystem degradation caused by
invasive species impacts. A diversified microbial community was used as inoculum and Ambrosia
artemisiifolia L. biomass as a substrate for anaerobic degradation and methane production. In this
regard, the development of biotechnological approaches to ragweed degradation will promote the
integration of new renewable energy systems. Herein, we have shown the high effectiveness of
combining the processes of anaerobic degradation of plant biomass for methane production and
detoxification of meal-containing model sewage by a diversified microbial community. Thus, the
maximum methane yield was 56.0 L kg_1 TS. The presence of 500 mg L~1 Cu() slightly inhibited
methane synthesis, and the methane yield was 38.4 L kg_1 TS. In contrast to a diversified microbial
community, the natural microbiome of ragweed almost did not synthesize methane and did not
degrade plant biomass (Kd = 2.3). Methanogens effectively immobilized Cr(IV), Cu(Il), and Fe(III)
during ragweed fermentation at initial concentrations of 100-200 mg L~!. The obtained results
showed the high effectiveness of applying a diversified microbial community in a sewage treatment
plant for the degradation of a noxious plant, Ambrosia artemisiifolia L.

Keywords: Ambrosia artemisiifolia; microbial degradation of noxious weeds; copper; sewage detox-
ification; heavy metals; methane production; syntrophic association of bacteria; strict anaerobes;
diversified microbial community

1. Introduction

Noxious weeds are widespread in the countries of Europe [1], America, and Asia and
pose a significant danger to the environment [2,3]. The toxic metabolites of invasive plants
have a greater impact on the plants and microorganisms that live in those biogeocenoses.
Many of them, for example, the Ambrosia genus, also pose a danger to human health,
causing allergic reactions as well as skin and respiratory tract irritation. In addition,
invasive weeds can rapidly colonize agricultural and urban lands, inhibit the growth of
valuable agricultural crops (allelopathic effect), and reduce the harvest [4-6]. Thus, the
problem of spreading these plants entails serious economic and social consequences. The
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plant Ambrosia artemisiifolia (family Asteraceae) is an especially noxious weed that can
cause significant human health damage [7]. This weed is a monoecious, wind-pollinated,
annual herb native to North America whose height varies from 10 cm to 2.5 m, depending
on environmental conditions [8]. Ragweed is the most common alien species found in
Europe, producing a large amount of highly allergenic pollen [9]. Before the appearance
of control methods for Ambrosia-induced allergies in Europe, 13.5 million people were
suffering from them, costing the economy approximately 7.4 billion EUR per year [10].
The benefit of biological control of ragweed using the leaf beetle Ophraella communa has
also been proven [10]. However, this still does not help to solve the global problem of
the spread of ragweed in the world [11]. Suppression of the development of ragweed is
caused only by strong herbicides [12], after which the land becomes unsuitable for use for
many years. This also conferred resistance to several herbicides targeting photosystem
II, protoporphyrinogen oxidase, 5-enolpyruvylshikimate-3-phosphate synthase, and/or
acetolactate synthase (ALS) on Ambrosia artemisiifolia L. [12]. Therefore, mechanical removal
is one of the most common methods of ragweed control [13]. Most European cities spend
significant budget funds on the mechanical removal and disposal of invasive weeds. These
methods partially allow for the avoidance of their harmful effects on the environment and
human health. However, after removal, the plant biomass is typically either buried in
landfills or subjected to mechanical and chemical processing.

We consider ragweed biomass a valuable energy resource [13]. The feedstocks gener-
ated from weed biomass are sustainable sources for the production of biologically active
substances (such as flavonoids, phenolic compounds, vitamins, etc.) [14] or for biogas pro-
duction (methane or hydrogen). This weed can be used as a source of organic substances,
in particular carbohydrates, which will ensure high efficiency in biogas production. The
concentration of cellulose, lignin, and hemicellulose in the ragweed biomass ranges from
25.3% to 30.9%, 24.2% to 28.3%, and 13.1% to 17.7%, respectively [13]. Due to the high
content of these compounds, ragweed is extremely valuable for the microbial synthesis of
biofuels (H, and CH, gases). Lignocellulosic biomass is the earth’s most abundant renew-
able feedstock that can be degraded by different microorganisms. Methane fermentation of
organic biomass is performed in the syntrophic association between fermenting bacteria
and methanogenic archaea [15,16]. Methane degradation of cellulose is carried out by sev-
eral microorganisms with cellulolytic activity (bacterial genera of Bacillus (B. licheniformis,
B. cereus, B. subtilis, Pseudomonas, and Serratia) [17]. Cellulose is degraded to monomers,
simpler carbohydrates (glucose), which are a substrate for other microorganisms that syn-
thesize hydrogen (Clostridium sp.), methane (Methanosarcina, Methanobacterium), and carbon
dioxide (CO,). Thus, microbial conversion of organic biomass (biopolymers) is a multistage
process that takes place with the participation of microorganisms in a syntrophic association:
degradation of cellulose (hydrolysis), acidogenesis, acetogenesis, and methanogenesis [18].
The diversified microbial community of sludge from wastewater treatment plants contains
all the necessary physiological groups of microorganisms (aerobes, facultative anaerobes,
and strict anaerobes) in syntrophic association and is adapted to the gradual degradation
of plant biomass [19]. Given the wide diversity of this community, it is capable of effective
detoxification of toxic metals, in particular copper. Copper is a widespread pollutant that
accumulates both in the environment and in the sewage of industrial enterprises [20]. The
combination of the processes of degradation of noxious weeds, synthesis of methane, and
degradation of biomass is a new and promising scientific approach that simultaneously
solves three environmental problems: disposal of invasive plants, lack of energy fuel, and
metal pollution. Despite the significant interest of scientists and the huge potential for
beneficial use of invasive weeds in combination with their utilization, the scope of their
application is usually limited to the mechanical treatment of the territories.

This work aimed to confirm experimentally the capability of ragweed degradation,
methane production, and simultaneous detoxification of sewage from toxic compounds
of heavy metals (copper, chromium, and iron) by a diversified microbial community. The
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objective was to evaluate the biotechnological potential of ragweed as a new renewable
energy source.

2. Materials and Methods
2.1. Ragweed Samples Preparation for the Methane Production

Ragweed (Ambrosia artemisiifolia L.) dried biomass was used as a feedstock for CHy
production and heavy metal immobilization. Ragweed biomass was collected in September
2022 at Sofiivska Borshchahivka village (Kyiv region, Ukraine) during active flowering
(Figure 1).

(a) (b)

Figure 1. The population of Ambrosia artemisiifolia L. in the Sofiivska Borshchahivka village, Kyiv
region, Ukraine: (a,b) July 2022; (c,d) September 2022.

The weed was taken from the soil and dried at 30 °C until it reached a constant weight.
The whole plant (the root and aerial part) was used for research. The plant biomass was
crushed to a size of 0.5-0.8 cm before the anaerobic degradation (Figure 1d).

2.2. Extraction of Ambrosia artemisiifolia L. Bioactive Compounds

A porcelain mortar was used for grinding. Extraction was performed after complete
grinding in a mortar. The extracts were prepared in a Soxhlet extractor (100 mL) using 7.2 g
of air-dried plant material (the whole plant) in 70% ethanol (250 mL) for 12 h within 50 full
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cycles. The dry matter content of each extract was determined in five repetitions by the
oven-drying method at 105 °C to a completely dry weight [21].

2.3. Measurement of Phenols, Flavonoids, and Total Carbohydrate Concentration and Antioxidant
Activity of the Extract of the Whole Plant of Ambrosia artemisiifolia L.

The ragweed biomass contains several organic substances, in particular phenols and
carbohydrates, which determine the efficiency of anaerobic fermentation and methane
synthesis. Total phenols were measured by the Folin-Ciocalteu reagent and presented as mg
of GA/g of extract in terms of GAE (gallic acid equivalent). The standard curve equation
is y = 0.9757x — 0.0037, r? = 0.998) [22]. The total flavonoid content was calculated by a
modified aluminium chloride colorimetric assay and presented in RUE (rutin equivalent)
as mg of RUE/g of the extract [23]. The standard curve equation is y = 0.7791x — 0.0115,
12 =0.997). The antioxidant activity of the extracts (AOA) was resolved by the DPPH
method with the 2,2-diphenyl-1-picrylhydrazyl reagent (DPPH) [24]. The parameter of
antioxidant activity was presented in percentages (%). The calculation of carbohydrates
in the ragweed extracts was performed via the phenol-sulfuric acid method [22,25] (the
standard curve equation: y = 1.5954x — 0.0194, r> = 0.992). The content of the presented
substances was calculated as mg g~ ! of totally dry extract.

2.4. Inoculum Obtaining

Sludge from the sewage treatment plant in Kyiv was used as an inoculum and source
of a diversified microbial community (DMC). It contained a large number of different phys-
iological groups of microorganisms with cellulolytic activity as well as methane-producing
bacteria [26,27]. The samples were taken in Kyiv (Ukraine) at a typical wastewater treat-
ment plant (Bortnychi Aeration Station, Kyiv region, Ukraine). The native microbiome of
the Ambrosia artemisiifolia L. weed was used as the first variant of inoculum. The sludge
from the methane tank, which contained a diverse microbial community, was used as
a second variant of inoculum. Substrate and inoculum were introduced into anaerobic
jars at a concentration of 4% of the total reaction volume. The jars were closed hermeti-
cally and placed in a thermostat at a temperature of 30 °C for 75 days. The presence of
methanogens was checked by measuring the concentration of CHy in the gas phase [28]
by gas chromatography [29]. The data were presented as mean values with standard
deviations (1 = 3).

2.5. Determination of the Main Cultural Parameters of Ambrosia artemisiifolia L.
Microbial Degradation

To determine the patterns of Ambrosia degradation by a diversified microbial commu-
nity (in syntrophic association), we performed five variants of the experiment: The first
was the control variant (degradation of the ragweed by the native microbiome of Ambrosia
artemisiifolia L. without using additional inoculum). The second variant was experimental
(degradation of Ambrosia artemisiifolia L. by a diversified microbial community). The di-
versified microbial community was also used as an inoculum in the third, fourth, and fifth
variants. Copper(Il), chromium(VI), and iron(III) were inserted into different anaerobic
jars in the active phase of degradation (42 days) at a concentration of 500 mg L~!. The
active phase of fermentation was observed on the 42nd day of degradation, during which a
significant amount of anaerobic biomass was present along with a low redox potential and
active methane synthesis. These conditions were favorable for the microbial immobilization
of metals.

Several metabolic parameters were measured, including cumulative gas production
(mL), gas phase concentration (% of CH4 and CO,), dissolved organic carbon concentration
(DOC, mg L), pH, and redox potential (Eh, mV). The degradation was performed in
anaerobic jars with a volume of 500 mL. The jar was filled with 20 g of air-dried and crushed
Ambrosia artemisiifolia L. weed and 400 mL of tap water. The duration of the degradation
process was 75 days at 30 °C.
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The Hy, CHy, and CO, concentrations were measured via the gas chromatography
method [30]. The efficiency of methane synthesis was expressed in liters per kilogram of
total solids (L kg ! TS). The EZODO MP-103 universal ionomer was used to measure the
Eh and pH of the medium [31,32].

The concentration of soluble organic compounds was determined via the perman-
ganate method and presented as the medium’s dissolved organic carbon content [33]. Carbon
concentration was determined according to standard calibration curves: y = 0.12x — 12.178,
r? = 0.994.

2.6. Determination of the Dynamics of Copper Immobilization during the Degradation of
Ambrosia artemisiifolia L.

The capability of a diversified microbial community (DMC) to immobilize metal ions
during ragweed degradation was investigated. The stock solutions were 40,000 mg L~?
Cu(Il), Cr(VI), and Fe(Ill) prepared by dissolving CuSO4-5H,0, K,CrO4 or FeSO4-5H,0
in distilled water. The Fe(Il) solution was treated with hydrogen peroxide for complete
iron oxidation. Sodium citrate was used as a chelator to stabilize Cu(Il) and Fe(III) in
a soluble state in the culture fluid. The Cu(Il) concentration was determined via the
colorimetric method with 4-(2-pyridylazo)resorcinol (PAR). The methods are based on
the property of PAR to form red-colored complexes with cations of bivalent heavy metals,
including Cu®* [34]. The concentration of Cr(VI) in the cultural fluid was measured via
the colorimetric method with DFC (1,5-diphenylcarbazide) [35]. A colorimetric method
using qualitative reactions with o-phenanthroline and KSCN was used to determine the
concentrations of Fe(II) and Fe(III) in the medium, respectively [36]. These reactions are
based on the formation of red-colored complexes of KSCN with Fe(III) and o-phenanthroline
with Fe(II). On the 42nd day of degradation, metal solutions containing Cu(II), Cr(VI), and
Fe(Ill) were added to the different sealed glass jars to the final concentrations of 500 mg L.
The experiment was carried out in triplicate (n = 3). Standard deviation (SD) and average
values (x) were calculated.

3. Results
3.1. Bioactive Compound Content in the Extracts of Ambrosia artemisiifolia L.

The concentration of widespread exometabolites of ragweed was studied in this work.
Both soluble organic compounds (sugars, flavonoids, phenols, etc.) and insoluble ones
(cellulose, lignin-cellulose, etc.) will determine the efficiency of organic biomass degrada-
tion and methane synthesis [37]. Herein, we focused on determining the concentration
of soluble organic compounds (which are highly available for microorganisms) in the
prepared ragweed extract. According to literature data, the concentration of cellulose in
ragweed ranges from approximately 20 to 30% [13].

Whole-plant extracts (aerial and root parts) were prepared using 70% aqueous ethanol
to determine the concentrations of carbohydrates, phenols, flavonoids, and antioxidant ac-
tivity. We observed that ragweed extracts contained carbohydrates, phenols, and flavonoids.
The total concentration of carbohydrates in the ragweed was 0.7 mg mL~! of extract or
303.1 mg g~ ! of dry matter. The flavonoid concentration was 0.5 mg mL~! or 186.3 mg g~
of extract. The total concentration of the phenols amounted to 0.7 mg of GAE mL~! or
275.7 mg of GAE g~ ! of extract. In terms of the dry mass of ragweed, the concentration of
phenolic compounds, flavonoids, and carbohydrates (sugars) was quite high and amounted
to 21.5 +3.5,14.5 £+ 2.3, and 23.7 & 1.5 mg g~ ! of plant, respectively.

The concentrations of the investigated bioactive compounds in the extract (mg mL~!,
mg g~ ! of extract) and ragweed biomass (mg g~ ! of the plant) are presented in Table 1.

In addition, the level of antioxidant activity of the ragweed extracts was also very
high and amounted to 86.3%. In this way, we ensured that our plants contained a sufficient
amount of organic compounds, in particular carbohydrates. The high content of carbo-
hydrates indicates the capability of anaerobic fermentation of the ragweed substrate with
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high efficiency. Therefore, we hypothesized that ragweed would be efficiently degraded by
a diversified microbial community with methane production.

Table 1. Total carbohydrates, phenol, and flavonoid concentrations in the extract and biomass of
Ambrosia artemisiifolia L.

. In Extract In Biomass
Type of Analysis
mg mL-1 mg g1 mg g1
Phenols (GAE) 07+£0.1 275.7 £45.1 21.5£35
Flavonoids (RUE) 05+0.1 186.3 +29.5 145+23
Total carbohydrates 0.7 £0.05 303.1 £ 18.4 23.7+15
Antioxidant activity, % 879+15 - -

3.2. Immobilization of Copper during the Degradation of Ragweed Biomass

Solutions of copper, chromium, and iron were added into the anaerobic jars (bioreactor)
with tap water and Ambrosia artemisiifolia L. dried biomass at the 42nd hour of cultivation
to the final concentrations of 100, 200, 500, and 1000 mg L~ ! in the active phase of microbial
growth. It was necessary to determine the level of resistance of the microbial community
and the concentration at which maximum heavy metal immobilization will occur. Immobi-
lization occurred in the anaerobic jars due to the active growth of a diversified microbial
community (inoculum). The active phase of degradation was dominated by methanogenic
microorganisms that consumed the hydrolysis products of ragweed (acetate, glucose, and
hydrogen) and synthesized methane (CHy) and carbon dioxide (CO,). Methanogenic
microorganisms actively immobilized copper compounds in the active phase of growth at
concentrations of 100, 200, and 500 mg L1 (Figure 2).

The efficiency of immobilization in the variants with 100, 200, and 500 mg L~ Cu(II)
was 100%. As expected, the fastest immobilization occurred in the presence of 100 mg L~}
Cu(Il) (Figure 2b, black lines). Thus, the Cu(Il) concentration decreased twice, from 105.4
to 55.3 within two hours and from 105.4 to 2.2 mg L~! within 4 h. The duration of
complete immobilization was 6 h. Cu(Il) compounds also precipitated gradually at the other
concentrations. However, the immobilization durations were 12 and 30 h at 200 mg L1
and 500 mg L™, respectively. The concentration of 1000 mg L~ Cu(Il) of copper was
found to be detrimental to the microbial community. The efficiency of immobilization was
only 19.5% in the variant with 1000 mg L~! Cu(II) concentration. The Cu(II) concentration
decreased only from 1003 mg L~! to 807 mg L~!. After the introduction of 1000 mg of
Cu(Il), the redox potential increased sharply from —210 mV to +421 mV, after which the
microbial community could not adapt to the action of this extreme factor (Figure 2a).

Chromium turned out to be more toxic than copper. Thus, effective immobilization
occurred only in the presence of 100 and 200 mg L~! Cr(VI) (Figure 2c). The duration of
complete immobilization was only 8 h for 100 mg L.=! Cr(VI) and 34 h for 200 mg L~'. The
Cr(VI) concentration decreased from 211 to 155.1 mg L~ ! in 12h and to 222 mg L~ in 30 h
(Figure 2¢). In variants with 500 mg L1 of Cr(VI), only partial immobilization of chromium
occurred with an efficiency of 19.0%. Thus, the concentration of Cr(VI) decreased from
509 to 412.5 mg L~! during the 26 h of growth of the methanogenic microbial community
and remained stable thereafter. The introduction of 1000 mg L~ Cr(VI) led to a complete
cessation of microbial growth.

The insertion of chromium also led to a significant increase in the redox potential of
the medium. The Eh increased from —234 mV to +118 mV and from —218 to +510 mV in
the variants with 100 and 1000 mg L~ Cr(VI), respectively (Figure 2d).

The methanogenic microbial community immobilized iron with the lowest efficiency
compared to copper and chromium immobilization. Methanogens reduced Fe(III) to Fe(II),
which then precipitated as insoluble compounds of divalent and trivalent iron (Figure 3).
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Figure 2. The dynamics of Cu(II) (a) and Cr(VI) (c) immobilization and Eh (b,d) during degradation
of Ambrosia artemisiifolia L. weed in the presence of 100 (black lines), 200 (red lines), 500 (blue lines),
and 1000 (green lines) mg L~ Cu(1l) (a,b) and Cr(VI) (c,d).

Thus, the immobilization efficiency was 66.4% in the variant with 100 mg L~ Fe(III).
The concentration of Fe(Ill) decreased from 99.8 to 56.4 mg L~ ! and the concentration
of Fe(Il) increased from 0 to 45.5 mg L~! during the 2 h after metal insertion. However,
soluble compounds of Fe(Il) were gradually immobilized, and the concentration of Fe(III)
and Fe(II) in the medium was 18 and 15.5 mg L ™! after 24 h of iron insertion, respectively.
In the variant with 200 mg of Fe(IlI), the immobilization began only 18 h after the insertion
of iron. Initially, iron was reduced from Fe(III) to Fe(I). Thus, at 18 h, the solution contained
76.7 mg L~! of Fe(Ill) and 112.4 mg L~! Fe(Il). After that, iron began to precipitate, and at
28 h, 55 mg L1 Fe(Ill) and 25.1 mg L~! Fe(Il) remained in the solution (Figure 3b). The effi-
ciency of immobilization was 60.5%. Similar patterns of iron transformation were observed
in the variants with 500 and 1000 mg L~! Fe(III). The effectiveness of immobilization was
38.3% (46 h) and 20.5 (40 h), respectively. In contrast to copper and chromium, iron did not
cause significant changes in the redox potential after insertion into a metabolically active
medium. The redox potential remained at the optimal level for methanogens (from —150
to —220 mV) in the presence of Fe(III) in the amount of 100-1000 mg L~
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Figure 3. The dynamics of the iron (Fe(II) and Fe(III)) immobilization by the methanogenic microbial
community during degradation of Ambrosia artemisiifolia L. weed at the initial concentrations of
100 (a), 200 (b), 500 (c), and 1000 (d) mg L~ Fe(III).

3.3. The Dynamics of the Metabolic Parameters of the Microbial Community during the
Degradation of Ragweed Biomass

The main metabolic parameters of ragweed degradation in different experimental
variants were studied. The first variant was the control, where only the natural ragweed
microbiome was used as the inoculum. In the second and third variants, degradation
occurred via a diversified microbial community (the source, the sewage treatment plant
in Kyiv), but the solutions of heavy metals were added to the bioreactor to the final
concentration of 500 mg L~'. The patterns of the influence of heavy metals (Cu(II), Cr(VI),
and Fe(IIl)) on the metabolism of the diversified microbial community were similar. In this
case, the graphs show a variant of the effect of copper on the main metabolic parameters of
microbial growth. The dynamics of pH, Eh, DOC (dissolved organic carbon), as well as
ammonium ions (NH4"), were studied (Figure 4). In control conditions with the natural
ragweed microbiome, the pH decreased sharply and fluctuated between 5.2 and 5.8 starting
from the 7th day of the degradation (Figure 4a).

Acidification could occur as a result of the partial hydrolysis of plants or the digestion
of the available sugars, which results in the formation of organic acids. In the absence of a
diversified microbial community, microorganisms capable of consuming the organic acids
as a substrate were absent (in contrast to experimental variants with DMC inoculum). In
the variant with DMC inoculum, a significant increase in the pH index to neutral values
was observed from the 7th to the 10th day, which indicates a high metabolic activity of
microorganisms and the accumulation of alkaline ions in the solution. Autoregulation of
the pH index to more optimal values indicates the presence of various physiological groups
of microorganisms in the bioreactor.
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Figure 4. The dynamics of pH (a), redox-potential (b), concentrations of ammonium ions (c¢) and
dissolved organic carbon (d) during Ambrosia artemisiifolia L. degradation in different experimental
conditions: the black lines represent the degradation in control conditions by the native microbiome;
the green lines represent degradation by DMC; and the blue lines represent degradation by DMC in
the presence of 500 mg L~! Cu(II).

A similar phenomenon also occurred with the pH index. The microbial community
decreased the redox potential to a level more optimal for the growth of strict anaerobes
and methane synthesis compared to the control (Figure 4b). In the control treatment, the
Eh decreased only to —75 mV (Figure 4, black lines), which is not low enough for the
development of strict anaerobic methanogens. However, in the variant with DMC, Eh
decreased to —250 mV and remained at a low and optimal level for methanogens till the
end of the degradation (Figure 4b, green lines). Adaptation of the DMC to cultivation
conditions was also manifested in the variant under the copper influence. Before the
copper insertion, the redox potential dropped to —200 mV. The copper presence led to
a sharp increase in the Eh from —200 to +250 mV and a slowdown in the growth of
anaerobic microorganisms (Figure 4b, blue lines). However, the Eh again decreased to
more optimally negative values within 15 h, and by day 50, it was —150 mV (Figure 4b,
blue lines). Intensive hydrolysis of plant biomass was confirmed by an increase in the
concentration of ammonium ions and DOC in the culture liquid. The initial concentration of
ammonium ions in all experimental variants ranged from 42.9 to 54.2 mg L.~ and increased
to 1101.6-1399.3 mg L~! within two days (Figure 4c). Ammonium ions accumulated in
the medium for 26 days. For example, in the variant with the inoculum on the 19th
day, it was 2220.8 mg L~!. However, on the 75th day, the concentration had already
decreased from 2220.8 mg L~ to 183.5 mg L~!. Fluctuations in the concentration of organic
compounds were also observed during the degradation process. In the control variant, the
concentration increased from 867.8 to 1197.2 mg L~! on the 5th day and slightly decreased
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to 603.0 mg L~! (Figure 4d) on the last day of degradation. In the experimental variant with
the DMC inoculum, the concentration of DOC increased to 1493.4 mg L1 and remained
at this level for up to 8 days (Figure 4d, green lines). However, the diversified microbial
community actively grew and synthesized biogas. On the 75th day, the DOC concentration
decreased to 312 mg L~! as shown in Figure 4c. Copper inhibited the transformation of
the substrate compared to the experimental variant under metal-free degradation by DMC.
However, after the complete immobilization of copper, substrate consumption resumed.
On the 75th day of degradation, the concentration of DOC decreased from 1485.5 mg L1
(8 days) to 559.8 mg L~ (Figure 4c).

3.4. Methane Production and the Efficiency of Ragweed Degradation

Intensive degradation of ragweed biomass was also confirmed by significant methane
synthesis in experimental variants where the inoculum was DMC from a sewage treatment
plant (Figure 5a). Active synthesis of methane began on the 23rd day, and on the 35th day
its concentration was 48.8%; on the 69th day, it was 64.8%. In the control variant without
inoculum, methane was synthesized only at a residual concentration that did not exceed
15.3% (Figure 5a). Cumulative methane production in the control was only 130 mL in the
variant with DMC inoculum and under the influence of copper, it was 1120 mL and 735 mL.
Thus, copper inhibited methane production by 1.5 times (Figure 5c). Similar patterns of
changes in the concentration and carbon dioxide synthesis were also observed in both the
control and the experimental variants (Figure 5b,d). The cumulative production of CO, in
the control was 170 mL, in the variant with DMC inoculum, 1350 mL, and in the variant
with copper, 1134 mL (Figure 5d).

The methane and carbon dioxide yields during the degradation of ragweed biomass
were calculated. This also confirmed the high efficiency of ragweed degradation by a
diversified microbial community (Table 2).

Table 2. The effectiveness of ragweed degradation in the presence of heavy metals.

Treatments CH4 Max, CH4 Yield, C02 Yield, Kd,
vol.% Lkg 1 TSpane  Lkg ! TSpjant Times
Control with native bacteria 143+13 6.5+22 85+21 23+04
Inoculum of DMC 65.1 £6.1 56.0 7.3 67.5 £+ 8.0 192+ 54
500 mg L~ Cu(l) 64.9 +11.3 384+ 4.6 56.7 +9.1 113 £3.7
500 mg L~ Cr(VI) 53.1 +11.3 224 4+42 341 +54 53+15
500 mg L~ Fe(III) 64.3 £ 8.1 49.7 £ 5.3 689 +72 184 +5.2

Thus, the effective degradation of ragweed by a diversified microbial community with
a high yield of CHy was demonstrated. It was determined that the ragweed biomass was
actively degraded in the absence of additional co-substrates in the variants with DMC
inoculum. Intensive degradation of the ragweed could be ensured by the presence of
syntrophic relationships in the microbial community, in which the exometabolites of some
microorganisms (hydrolytics and cellulolytics) are substrates for others (methanogens).
Copper inhibited the development of the microbial community; however, it was completely
immobilized by microorganisms at a concentration of 500 mg L~!. After copper immo-
bilization, the metabolic activity of DMC was restored. Iron did not suppress methane
synthesis or the growth of microorganisms.
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Figure 5. The dynamics of the CHy (a) and CO; (b) concentration as well as methane (c) and carbon
dioxide (d) production during the degradation of Ambrosia artemisiifolia L. weed: the degradation
in control conditions with the native microbiome (black lines), the degradation by inoculum (DMC,
green lines), as well as under the influence of 500 mg L~! Cu(Il) (blue lines).

4. Discussion

The study of beneficial properties of microorganisms and plants is currently of great
interest to both science and industry [38,39]. Microorganisms and their exometabolites
have found diverse applications in various industrial fields. In pharmacology. They
are utilized for synthesizing biologically active compounds. In the agroindustry, they
are used to suppress the growth of phytopathogenic bacteria and fungi and preserve
crops [40,41]. Moreover, they are employed in environmental protection biotechnologies
to degrade toxic organic [42] and inorganic waste [43]. The use of microorganisms for
the biological purification of soil and wastewater from toxic metals is one of the most
in-demand fields [44]. This work showed the possibility of using a diversified microbial
community with large species diversity and broad substrate specificity [45]. The application
of such a microbial community is very promising in industrial conditions [46] for biogas
synthesis or degradation of multicomponent food waste [47]. It is commonly known that
various species or physiological groups of microorganisms differ in their metabolism and
sensitivity to extreme factors [48]. Therefore, relying on a single microbial strain for the
fermentation of various organic wastes can result in low efficiency [49]. To improve such
processes, it is recommended to spread the use of expensive co-substrates, which are
economically costly and unprofitable [50]. The development of methods for controlling
and utilizing invasive weeds has been actively underway for the last decade, with special
attention paid to aquatic invasive plants, such as water lettuce [51,52], as well as goldenrod,
nettle, wormwood, etc. [53]. Several studies of biological and chemical control with the use
of herbicides have already been conducted for noxious ragweed [12].
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However, the attention of scientists is focused on the study of allergens produced by
these weeds, the selection of invasive weed inhibitors, etc. [6]. A review of the literature
shows that the most widespread method of ragweed control is its mechanical removal from
the land and burial, or physical and chemical processing [54]. Our study suggests that
the mechanical extraction of ragweed followed by its use as a feedstock for biomethane
production and the degradation of toxic metals is a promising biological method for con-
trolling and utilizing invasive weeds. Some experimental data have already been obtained
on the possibility of using invasive plants as substrates for obtaining bioethanol [55],
biomethane [56], organic acids, and other useful products. However, ragweed remains
unexplored in this aspect. Recently, there has been only one study describing the high
energy potential of ragweed, based on an analysis of its cellulose and lignin content [13].
Due to the presence of toxicants in the pollen and toxic exometabolites, it is believed that
this plant has an allelopathic effect and can be toxic to most microorganisms [57]. However,
the selection and adaptation of the microbial community for the degradation of these
plants is the key to effective utilization and obtaining useful products. This is confirmed
by the example of our research. Under experimental conditions, the yield of methane was
56 L kg ! TS. The experimental or industrial production of biogas from ragweed has not
been reported yet. However, in other studies, slightly more biogas was obtained during the
fermentation of another invasive weed with the presence of an additional co-substrate such
as food waste, cow manure, etc.). For example, the optimization of anaerobic co-digestion of
Solidago canadensis L. biomass and cattle slurry was conducted, and the maximum methane
production of 143.7 L kg ! of volatile solids (VS) was obtained.

In addition, we showed that ragweed biomass contains some biologically active sub-
stances, phenolic compounds, and soluble carbohydrates. Studies showing the possibility
of extracting pharmacological compounds from invasive weeds have already been pub-
lished [58]. Thus, the scientific approach is versatile and does not pose an ecological danger
to the environment, as, for example, in the case of the use of herbicides and the adaptation
of ragweed to them. Further research in this direction will contribute to the accumulation
of data on the disposal of harmful ragweed and the obtaining of useful products from it.

5. Conclusions

The obtained results demonstrate the high effectiveness of using a diversified microbial
community in sewage treatment plants for the degradation of Ambrosia artemisiifolia L., a
noxious plant. Microorganisms in the syntrophic association have shown promise for the
utilization of ragweed and the synthesis of biogas, as well as the complete immobilization
of toxic copper compounds. Ragweed biomass was effectively degraded with methane
production, which indicates the capability of its use as a sustainable feedstock for renewable
energy carriers. The development of a full-scale treatment plant to determine the patterns
of ragweed degradation will be the next step in our study.
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