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Abstract: This study investigates the degradation characteristics of chlorpyrifos under individual
exposure and compound exposure to multiple pesticides in both traditional constructed wetlands
and electrochemically constructed wetland coupled systems, while also analyzing the microbial
communities within the systems using high-throughput sequencing technology. The results show that
the electric field can enhance the degradation performance of the system. The degradation effect of the
coupled electrochemically constructed wetland coupled system is better than that of the traditional
constructed wetland, while the compound exposure to multiple pesticides inhibits the degradation
efficiency. Under the influence of pesticides, the diversity of microbial communities decreases
towards the end of the system operation, and the electrochemically constructed wetland coupled
system exhibits lower diversity compared to the traditional constructed wetland. Proteobacteria is the
dominant phylum under compound exposure to multiple pesticides, while Firmicutes, Fusobacteria,
Verrucomicrobia, Aeromonas, and Methylophilus are the dominant electrochemically active phyla and
genera in the electrochemically constructed wetland coupled system. The impact of pesticides and the
electric field results in a decrease in amino acid metabolism and carbohydrate metabolism functions,
while membrane transport functions increase. The compound exposure to multiple pesticides has a
more significant impact on the microbial community structure and functionality than the electric field.
The results also lay a theoretical foundation for the expansion of pesticide degradation technology
and constructed wetland treatment technology to new fields, which is of great significance in realizing
the “zero direct discharge” of agricultural production wastewater, solving the problem of agricultural
non-point source pollution and ensuring the availability of agricultural production.

Keywords: electrochemically constructed wetland coupled system; chlorpyrifos; electric field;

compound exposure; microbial community

1. Introduction

With the development of modern agriculture, pesticides are commonly used. While
the use of pesticides is effective in controlling crop pests and diseases and increasing yields,
it also has a negative impact on the environment. The problem of pesticide surface pollution
in rivers and streams worldwide has become one of the prominent water environmental
problems in countries around the world. The vast majority of pesticides are compounds
composed of a variety of difficult-to-degrade substances with complex structures, not easily
degraded in the environment, high toxicity, long half-life and poor biochemical properties.
Therefore, even if pesticides are used in low concentrations, the long-term use of a variety
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of pesticides, along with rainfall or irrigation runoff into nearby water bodies, in different
forms of enrichment residues in water bodies, pose a significant risk to human and water
environment health.

As an ecological wastewater treatment technology, constructed wetland (CW) has
received wide attention both at home and abroad due to its many advantages, such as
simple construction, low construction and operation costs, convenient management and
maintenance, and good ecological and environmental benefits. Especially in the field of
pesticide treatment, constructed wetland has gradually been recognized as one of the “Best
Management Practices (BMPs)” in pesticide surface pollution prevention [1]. Based on
research, constructed wetlands have shown a certain capacity to treat pesticides. However,
most of these studies have dealt with a single pesticide, while in the environment, pesticides
mostly exist in the form of compound exposure to multiple pesticides. The compound
exposure to pesticides is bound to affect the treatment efficiency of traditionally constructed
wetlands [2]. Simply by changing the constituent elements, operating parameters, operating
mode and flow pattern of the wetland, the treatment effect of pesticides in the constructed
wetland can not be “qualitatively” improved. In view of this, this paper proposes to
improve the treatment effect of pesticides through the coupling of constructed wetland and
other treatment technologies.

Electrochemical oxidation is a high-efficiency water treatment technology that treats
organic pollutants in wastewater by using strong oxidation radicals generated by the anode
in a specific reactor with a certain voltage and current applied at both ends of the electrodes.
Owing to its features of strong oxidizing ability, easy controllability, and low pollution, it
is widely used in the treatment of difficult-to-decompose pollutants such as heterocyclic
compounds [3], printing and dyeing wastewater [4,5], phenol wastewater [6], heavy met-
als [7,8], and pesticides [9,10]. Therefore, this paper draws on the respective advantages of
constructed wetland and electrochemical oxidation methods, based on the organic combi-
nation of the two, making full use of the ecological, microbiological and electrochemical
multiple action mechanism, and integrates them to develop a novel pesticide treatment
technology, the Electrochemically Constructed Wetland Coupled System (ECW). This sys-
tem is designed to address the treatment of chlorpyrifos, comparing its efficiency under
individual exposure and compound exposure to multiple pesticides. The degradation char-
acteristics of chlorpyrifos by traditionally constructed wetlands and the electrochemically
constructed wetland coupled system, as well as the changes in the microbial community
within the system, are studied. This was undertaken in order to understand the energy
efficiency of the electrochemically constructed wetland coupling system in the field of pes-
ticide treatment, so as to lay a foundation for the research and development of an “efficient,
environmentally friendly” pesticide degradation and treatment technology, which is also
conducive to the development of an agricultural surface pollution control technology, and
is of great practical significance in solving the problem of agricultural surface pollution and
in guaranteeing the sustainable development of agricultural production.

2. Materials and Methods
2.1. Experimental Device

As shown in Figure 1, the experimental device consisted of a polyvinyl chloride bucket
with a diameter of 30 cm, height of 22 cm, and effective volume of 15.5 L. Combining
the results of previous studies, the device was filled with 2 cm of pebbles (particle size
10-30 mm), 3 cm of gravel (particle size 4-8 mm), and 15 cm of soil mixed with natural
soil (sand/natural soil 1:4) from the bottom to the top. Calamus was used as the test plant,
which was evenly planted in the system at 85 plants/m?. A graphite carbon anode plate
and a stainless steel cathode plate (electrode plate length x width x thickness: 200 x 100
x 2 mm) were vertically positioned on both sides of the device, 15 cm apart, which were
connected to a stabilized DC power source through wires. When the system’s power source
was in an open-circuit state, the system operated in the traditionally constructed wetland
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mode. When the power source was in a closed-circuit state, the system switched to the
electrochemically constructed wetland coupled system mode.

Power Supply

e e

Influent
2cm T B
15cm
Sand and Natural Soil
3cm Gravel
2cm Pebble

Effluent
Figure 1. Experimental setup.

2.2. Experimental Water

Simulated wastewater was used to test chlorpyrifos degradation in the system, consist-
ing of chlorpyrifos as the main pollutant, along with glucose, potassium nitrate, and other
trace elements for microbial growth. Chlorpyrifos was the only pesticide in the water for
individual exposure conditions. At this point, the initial concentration of chlorpyrifos was
0.28 g/L. whereas the water for compound exposure conditions was further treated with
insecticides (thiamethoxam and chlorobenzamide), herbicides (atrazine, butachlor, and
glyphosate), and fungicides (azoxystrobin, chlorothalonil, and captan) on a water basis for
individual exposure conditions. At this time, the initial concentrations of various pesticides
in the wastewater were chlorpyrifos 0.28 g/L, thiamethoxam 0.14 g/L, chlorobenzamide
0.07 g/L, atrazine 0.28 g/L, butachlor 0.42 g/L, glyphosate 0.7 g/L, azoxystrobin 0.14 g/L,
chlorothalonil 0.28 g/L, and captan 0.056 g/L.

2.3. Experimental Design

To investigate the degradation efficiency of chlorpyrifos in the electrochemically
constructed wetland coupled system under different exposure conditions, this study estab-
lished two experimental groups: one with chlorpyrifos under individual exposure (In) and
the other under compound exposure (Co). Simultaneously, to investigate the influence of
the electric field in the electrochemically constructed wetland coupled system on the degra-
dation efficiency, two experimental groups were established: the traditional constructed
wetland (CW) and the electrochemically constructed wetland coupled system (ECW).Thus,
the experiment involved four distinct experimental groups: the electrochemically con-
structed wetland coupled system group under the condition of chlorpyrifos individual
exposure (ECW—In), the traditionally constructed wetland group (CW—In), the electro-
chemically constructed wetland coupled system group under the condition of compound
exposure (ECW—Co), and the traditionally constructed wetland group (CW—Co). Each
of these experimental groups was replicated three times. The experiment was conducted
using a one-time water inflow mode, with the water level maintained 2 cm above the
substrate. The experiment lasted for 56 days. The laboratory temperature was maintained
at 22-25 °C, and the current density in the system was kept at 0.07 mA /cm?.
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2.4. Sample Collection

At the end of the experiment, water samples, substrates, and plants were collected
to measure the chlorpyrifos content in the water, substrate, and plant tissues. In both
the initial and final stages of the experiment, substrate samples were obtained from the
experimental setup for the analysis of the microbial community.

The chlorpyrifos assay substrate was sampled 3 cm below the surface layer of the
substrate, and the microbial community analysis substrate was sampled at different heights
of 0.5 cm, 7.5 cm, and 13 cm below the surface layer of the substrate. All samples of three
replicate experimental groups at the three different heights were mixed in equal volume
and analyzed as the standard sample.

2.5. Analysis and Data Processing Methods

For the determination of chlorpyrifos content, water samples, substrates, and plants
were pretreated with petroleum ether [11], and then the absorbance was measured with
ultraviolet spectrophotometry (293 nm) [12]. All measurements were taken as the average
of three replicates.

The microbial community was assessed with high-throughput sequencing methods.
The microbial DNA of the sample was extracted using the E.Z.N.A™ Mag-Bind Soil DNA
kit. The first round of polymerase chain reaction (PCR) amplification was performed
with the V3-V4 hypervariable region fragment universal primers 341F (CCTACGGGNG-
GCWGCAG) and 805R (GACTACHVGGGTATCTAATCC), and the second round of ampli-
fication included Illumina bridge PCR-compatible primers. The sequencing service was
commissioned by Biology Bioengineering, Ltd. (Shanghai, China), which was completed
on the [llumina MiSeq platform.

This study utilized Excel 2010 and SPSS 22.0 software for data processing, including
cluster analysis and PCA. Graphs were created using Origin 2022.

3. Results and Discussion
3.1. Degradation of Chlorpyrifos

A wetland system is an ecological treatment that utilizes the physical, chemical,
and biological effects of a substrate, plant, and microbes to efficiently purify pollutants.
Therefore, the degradation of chlorpyrifos using the system was analyzed according to the
extent of degradation of chlorpyrifos in the system and the concentration of chlorpyrifos in
the substrate and plants. The results are shown in Figure 2 and Table 1.

Table 1. Chlorpyrifos concentration and removal rate in the system.

Effluent Sorption Absorption
. Removal Rate . .
Type Concentration (%) Concentration Concentration
(mg/L) (mg/Kg) (mg/Kg)
CW-In 8848 £1.83 ¢ 68.40 £ 0.66 b 147 +0.01c¢ 0.14 £ 0.006 d
CW—-Co 10547 £ 1.26 a 62.33 £045d 049 £0.02d 0.41 £0.023b
ECW—In 82.67 £1.27d 7047 £045a 1.85+0.04a 0.26 +0.035 ¢
ECW—-Co 95.60 = 0.96 b 65.86 £ 0.34 c 1.65+0.036 b 1.49 +0.036 a

Legend: values = mean =+ standard deviation (1 = 3); means within a row with different letters are significantly different.

At the end of the operation period, the average effluent concentration of chlorpyrifos
for CW—In, CW—Co, ECW—In, and ECW—Co systems were 88.4 mg/L, 105.6 mg/L,
82.7 mg/L, and 95.6 mg/L, respectively. The average degradation rates were 68.4%, 62.3%,
70.5%, and 65.9%, with significant differences observed among the experimental groups.
The degradation rate of chlorpyrifos was higher under individual exposure conditions com-
pared to compound exposure conditions, and the electrochemically constructed wetland
coupled system exhibited higher degradation rates compared to traditionally constructed
wetlands, indicating that the electric field can enhance the degradation effect of the system
and that compound exposure of various pesticides inhibited the degradation ability of the
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system. The degradation of pesticides by microorganisms constitutes a vital pathway for
pesticide removal within the system. However, under compound exposure conditions,
microbial activity within the system was suppressed [13], leading to a reduced chlorpyrifos
degradation capacity. Additionally, research findings from Alshawabkeh AN and Leong
SY [14,15] suggest that in an appropriate electric field environment, the electric field can
stimulate microbial and plant activity within wetland systems, thus enhancing the system’s
treatment efficiency. Simultaneously, the direct oxidation reactions induced by the electric
field can degrade certain pollutants. Therefore, influenced by the stimulation of the electric
field, the electrochemically constructed wetland coupled system demonstrates a higher
chlorpyrifos degradation rate compared to traditional constructed wetlands.

200 —/— Efftuent Concentration (mg/L.) e
—{ = Sorption Concentration (10”mg/Kg)
—— Absorption Concentration (10 mg/Kg)
[777] Removal Rate (%) 1 90
160
-1 80
= Q
S 120 F =
g = 70 Qﬁ
g S
O =)
= 160 &
C 80 F Q
K a2
-1 50
40
-1 40
P CW-In e

ECW-In

Figure 2. Chlorpyrifos content in the system, substrate, and plants with an electrochemically con-
structed wetland coupled system. ECW —In, electrochemically constructed wetland coupled system
with individual chlorpyrifos exposure; CW —In, traditionally constructed wetland with individual
chlorpyrifos exposure; ECW—Co, electrochemically constructed wetland coupled system with combined
pesticide exposure; CW—Co, traditionally constructed wetland with combined pesticide exposure.

The substrate in the system adsorbs pesticides through physical and chemical reactions,
resulting in their degradation [16]. At the end of the operation period, the average con-
centration of chlorpyrifos in the substrates for CW—In, CW—Co, ECW—In, and ECW—Co
systems were 1.47 mg/kg, 1.39 mg/kg, 1.85 mg/kg, and 1.65 mg/kg, respectively, with
significant differences observed among the experimental groups. Therefore, the concentra-
tion of chlorpyrifos in the substrate was generally higher under individual exposure than
that under compound exposure, in line with the results of Li et al. [17]. Since the sorption
sites of pesticides on the substrate are limited, competition will occur among the different
pesticides for these sites [18,19], leading to an overall reduction in the sorption capacity of
the chlorpyrifos. The sorption of pesticides on the substrate is also affected by the nature of
the pesticides themselves [20]. For example, pesticides with a larger octanol-water partition
coefficient (Kow) and organic matter sorption coefficient (Koc) will be more easily adsorbed
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by the substrate. The Kow and Koc parameters of the chlorantraniliprole and chlorothalonil
added in the compound exposure experiment were higher than those of chlorpyrifos, and
they were in a dominant position in the sorption competition, which reduced the sorption
capacity for chlorpyrifos of the substrate.

The concentration of chlorpyrifos in the substrate was also higher in the electrochemi-
cally constructed wetland coupled system mode than in traditionally constructed wetland.
Previous studies have indicated that the organic matter content in the system also affects
the sorption of pesticides on a substrate; that is, an increase in organic matter decreases the
sorption capacity [21-23]. In the electrochemically constructed wetland coupled system,
strong direct and indirect oxidation reactions of organic matter occurred in the system,
which resulted in a decrease in the organic matter content to weaken the competitive
sorption between substances, and thus increased the sorption capacity of the substrate
for chlorpyrifos.

Plants also play an important role in the absorption and degradation of chlorpyrifos
in this system. At the end of the operation period, the chlorpyrifos concentrations in plant
tissues for CW—In, CW—Co, ECW—In, and ECW —Co systems were 0.16 mg/g, 0.41 mg/g,
0.26 mg/g, and 1.49 mg/g, respectively, with significant differences observed among the
experimental groups. Previous studies have shown that the absorption of pesticides by
plants depends on the concentration of pesticides in the environment and the physiological
state of plants; that is, the higher the concentration of pesticides or the more vigorous the
growth of plants, the more pesticides they will absorb. In addition, pesticides in plants
undergo a series of reactions to ultimately become converted into other products. In closed-
circuit mode, the electric field can increase the enzyme activity in the plant to accelerate
the synthesis of enzymes, and thereby promote plant growth, contributing to the higher
concentration [15,24-27]. The degradation rate of chlorpyrifos in the system was also lower
under compound exposure conditions, resulting in a higher concentration of chlorpyrifos
in the system. Consequently, the concentration of chlorpyrifos in plants under compound
exposure was generally higher than that under individual exposure conditions. In addition,
the rate of transformation of chlorpyrifos in plants will also affect its concentration. Under
compound exposure conditions, the physiological state of plants is negatively affected
by many pesticides, which restricts the ability of transforming chlorpyrifos in the tissue,
resulting in more residue of chlorpyrifos in plants. However, the actual difference in
the transformation of chlorpyrifos in plants under these conditions needs to be further
verified experimentally.

3.2. High-Throughput Sequencing
3.2.1. Microbial Community Diversity

The high-throughput sequencing results of the samples collected before the experi-
ment (Initial) and from the four experimental groups (ECW —In, ECW—Co, CW—In, and
CW—Co) are shown in Table 2. A total of 299,848 sequences were obtained from the five
groups of samples, and clustered at a similarity level of 97% to obtain 29,414 operational
taxonomic units (OTUs) for species’ classification. All samples showed sufficiently deep
sequence coverage suitable for microbial community analysis.

Table 2. Microbial community diversity.

Sat;llgles 1::;;2:;:: Nuén,l?lj; of Chaol Index  ACE Index Shannon Index Simpson Coverage
Initial 67,660 9016 41,902.62 85,544.22 6.26 0.03 0.90
CW—In 59,239 6417 15,063.84 21,743.44 6.56 0.01 0.94
CW-Co 63,033 6671 32,890.43 60,978.58 5.67 0.02 0.92
ECW—-In 49,825 4336 8215.19 8794.71 5.85 0.03 0.96
ECW—Co 60,091 2974 13,310.22 29,259.80 4.70 0.02 0.96
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CW-Co

CW-In

Microbial community diversity refers to both the richness and evenness of the commu-
nity. The OTU count, Chaol, and ACE indices reflect microbial community richness [28], a
larger index indicates a more species-rich community, whereas the Shannon and Simpson
indices reflect microbial community evenness [29,30]. The higher the Shannon value and
the lower the Simpson index value, the higher the microbial community diversity. Table 2
shows that the microbial community richness of the five groups was in the order Initial
>CW-—-Co > CW-In>ECW-Co > ECW-—In, and the evenness was in the order CW—In
> Initial > ECW—In > CW—Co > ECW—Co. At the initial stage, microbial community
diversity was relatively high. However, as the system operated, a portion of the microbial
community was eliminated due to the inhibitory effects of pesticides, resulting in a reduc-
tion in microbial diversity. This finding aligns with the results of previous research, such as
the study by Onneby K and others [13].

In addition, the electric field has a greater influence in the electrochemically con-
structed wetland coupled system; thus, the microbial community that is not well-suited for
survival in an electric field environment will be further eliminated under this condition,
resulting in a greater decrease in the diversity. The richness of the microbial community
under compound exposure was higher than that of individual exposure, although the oppo-
site trend was found for evenness. This can be explained by the fact that different kinds of
pesticides present under compound exposure can provide different kinds of decomposition
products for microorganisms through a series of degradation processes in the system, thus
constantly changing the microbial growth environment.

In order to visually analyze the composition of the microbial communities among
the samples, the number of shared and unique OTUs among the samples was counted
by plotting the OTUs Wayne plots, as in Figure 3. The five groups of samples in Initial,
CW—In, CW—-Co, ECW—In, and ECW—Co produced 9016, 6417, 6671, 4336, and 2974
OTUs, respectively; among them, 278 OTUs were common to the five groups of samples,
and the proportion of common OTUs in Initial, CW —In, CW—Co, ECW—In, and ECW—Co
was 3.08%, 4.33%, 4.17%, 6.41%, and 9.35%, respectively. CW—In, CW—Co, ECW—In,
and ECW—Co were 3.08%, 4.33%, 4.17%, 6.41%, and 9.35%, and the similarity of OTUs
among the five groups of samples was low. The dominant phyla with greater than 5% of
the total OTUs were Proteobacteria (49.28%), Actinobacteria (12.59%), Acidobacteria (10.43%),
and Bacteroidetes (5.76%). Initial, CW—In, CW—Co, ECW—In, and ECW—Co were 6523,
4185, 4433, 2617, and 1748, accounting for 72.35%, 65.22%, 66.45%, 60.36%, and 58.78% of
the total number of samples. Pesticides and electric fields had relatively large effects on
microbial community diversity.

Initial

W Acidobacteria(10.43%)

M Actinobacteria(12.59%)

B Armatimonadetes(0.36%)

W Bacteroidetes(5.76%)

M candidate division WPS-1(1.08%)

m Candidatus Saccharibacteria(0.72%)

W Chloroflexi(1.08%)

M Deinococcus-Thermus(0.36%)
Firmicutes(2.88%)

B Gemmatimonadetes(3.24%)

M Nitrospirae(0.72%)
Planctomycetes(4.32%)
Proteobacteria(49.28%)
unclassified(2.52%)
Verrucomicrobia(4.66%)

ECW-Co

ECW-In

Figure 3. Venn diagram of the OTUs detected. ECW —In, electrochemically constructed wetland
coupled system with individual chlorpyrifos exposure; CW—In, traditionally constructed wetland
with individual chlorpyrifos exposure; ECW —Co, electrochemically constructed wetland coupled
system with combined pesticide exposure; CW—Co, traditionally constructed wetland with combined
pesticide exposure.
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Analyzing the number of shared OTUs between the two samples, the shared OTUs be-
tween the electrochemically constructed wetland coupled system alone and the composite
exposure samples was 641, while the shared OTUs between the traditional constructed wet-
land alone and the composite exposure samples was 1003, which means that the different
exposures to pesticides had a greater impact on the microbial community diversity in the
electrochemically constructed wetland coupled system than in the traditionally constructed
wetland system. The number of shared OTUs between the electrochemically constructed
wetland coupled system and the traditional constructed wetland system under pesticide
exposure alone was 1269, while the number of shared OTUs between the electrochemically
constructed wetland coupled system and the traditionally constructed wetland system
under pesticide composite exposure was 643. Thus, the different modes of operation of
the system had a greater impact on the diversity of microbial communities under pesticide
composite exposure than that under separate exposure.

Figure 4a shows the top eight dominant phyla and Figure 4b shows the top six most
dominant genera in each sample as a bar graph for visual representation of the microbial
community changes over time and under different conditions of the system. The relative
abundances of the first eight dominant bacteria accounted for 93.02%, 94.52%, 97.74%,
92.82%, and 99.34% of the total bacteria in the Initial, CW—In, CW—Co, ECW —In, and
ECW—Co group, and the relative abundance of Proteobacteria was the highest in all cases at
51.41%, 54.93%, 72.94%, 50.50%, and 91.71%, respectively. The abundance of Proteobacteria
did not change significantly under the condition of individual exposure, but increased
significantly under the condition of compound exposure, with the highest proportion
detected under the electrochemically constructed wetland coupled system of compound
exposure. Indeed, Proteobacteria was reported to be the dominant phylum affected by
a variety of pesticides and electric fields. In addition, the abundance of Bacteroidetes
and Acidobacteria in compound exposure conditions was lower than that in the individual
exposure conditions, and the abundance was also lower in the electrochemically constructed
wetland coupled system than in the traditionally constructed wetland. Under the influence
of an electric field, the abundance of Firmicutes and Fusobacteria in ECW —In was higher
than that of CW—In, and the abundance of Verrucomicrobia was higher in ECW —Co than in
CW—Co, which was the dominant electrochemically active phylum.

As shown in Figure 4b, the most abundant genera in the Initial, CW—In, CW—Co,
ECW —In, and ECW—Co groups were Sphingomonas (19.33%), Sphingomonas (8.49%), Sph-
ingomonas (16.84%), Aeromonas (14.54%), and Methylophilus (11.35%). Under the influence
of pesticide exposure and an electric field, the abundance of Sphingomonas was lower in
the later period of system operation than at any earlier period, and was also lower in the
electrochemically constructed wetland coupled system than in traditionally constructed
wetland. The abundance of Aeromonas and Methylophilus increased significantly in ECW—In
and ECW—Co, indicating that an electric field could promote the growth of these dominant
electrochemically active genera in the system.

To further understand the differences in microbial community structure under differ-
ent operating modes, cluster analysis was performed on the results of the eight dominant
phyla, as shown in Figure 5. The dissimilarity in microbial communities was influenced
by the pesticide exposure mode. The compound exposure experimental groups, CW—Co
and ECW—Co, clustered together, while the Initial and CW —In grouped together, and
further, they clustered with ECW —In. This indicates that the impact of compound expo-
sure to multiple pesticides on microbial community structure is greater than that of the
electric field.
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Figure 4. Microbial community at the (a) phyla and (b) genera level. Initial, sample collected prior to
operating the system; ECW—In, electrochemically constructed wetland coupled system with individ-
ual chlorpyrifos exposure; CW —In, traditionally constructed wetland with individual chlorpyrifos
exposure; ECW —Co, electrochemically constructed wetland coupled system with combined pesticide
exposure; CW—Co, traditionally constructed wetland with combined pesticide exposure.
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1.66
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Actinobacteria 0.00

Firmicutes

Verrucomicrobia
-1.21

Gemmatimonadetes
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Bacteroidetes

Proteobacteria
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Figure 5. Cluster analysis of phylum-level relative abundances; ECW—In, electrochemically con-
structed wetland coupled system with individual chlorpyrifos exposure; CW—In, traditionally
constructed wetland with individual chlorpyrifos exposure; ECW—Co, electrochemically constructed
wetland coupled system with combined pesticide exposure; CW—Co, traditionally constructed
wetland with combined pesticide exposure.

3.2.2. PICRUSt Gene Prediction

PICRUSt was used to infer the function of the microbial community by comparing
the data of microbial community abundance against the database. As shown in Figure 6,
the PICRUSt genetic results of the five groups of samples indicated that the microbial
community is mainly involved in six types of biological metabolic pathways, including
metabolism, genetic information processing, and environmental information processing as
the main components.

The five groups of samples were related to a total of forty-one subfunctions, showing
high functional richness in the communities. The main subfunctions included amino acid
metabolism, carbohydrate metabolism, energy metabolism, replication and repair, and
membrane transport, accounting for 43.72%, 43.11%, 44.79%, 44.27%, and 43.95% of the
functions in the Initial, CW—In, CW—Co, ECW —In, and ECW—Co samples, respectively.
These findings suggest that under the stress of pesticides and an electric field, the phys-
iological stability of microorganisms in the system was destroyed, and the amino acid
metabolism and carbohydrate metabolism were disturbed in the later period of operation,
resulting in an overall decrease [31-33]. In addition, the replication and repair functions of
microorganisms in the system were severely impaired and the expression of related genes
decreased under the compound exposure condition. However, the effect of the electric field
on the replication and repair functions of microorganisms was not significant. By contrast,
the by-products of pesticide decomposition increased in the system, which can enhance
the microbial transmembrane transport activities, resulting in an increase in the expression
levels of related genes at the later stage of the operation. These decomposition products
were more abundant in the system under compound exposure, and the abundance of mem-
brane transport-related genes was higher than that detected under individual exposure.
The changes in the abundance of all functional genes among the five groups of samples
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were less than 5%, which was not significant, indicating that despite subtle changes, the
microorganisms still maintained similar functions. This is consistent with the findings of
Gao et al. [34] and Yang et al. [35], who indicated that microbial communities can maintain
their function by adapting to changing environments.
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Figure 6. Abundances of Kyoto Encyclopedia of Genes and Genomes pathways in level-2 of the func-
tional prediction by PICRUSt. Initial, sample collected prior to operating the system; ECW—In, elec-
trochemically constructed wetland coupled system with individual chlorpyrifos exposure; CW—In,
traditionally constructed wetland with individual chlorpyrifos exposure; ECW—Co, electrochemi-
cally constructed wetland coupled system with combined pesticide exposure; CW—Co, traditionally
constructed wetland with combined pesticide exposure.

To further explore the effects of different conditions of the system on the overall
microbial composition and function, principal component analysis (PCA) was conducted
using the predicted genes. As shown in Figure 7, PCA1 accounted for 95.8% of the variation,
and PCA?2 accounted for only 2.64% of the total variation. The Initial, CW—In, and ECW—In
groups clustered together at the extremes of PCA1 and PCA2, while CW—Co and ECW—Co
clustered into another group, although the two were relatively more dispersed along PCA2
compared to the other cluster.
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Figure 7. Principal component analysis of differences in predicted functional genes between dif-
ferent samples. Initial, sample collected prior to operating the system; ECW —In, electrochemically
constructed wetland coupled system with individual chlorpyrifos exposure; CW—In, traditionally
constructed wetland with individual chlorpyrifos exposure; ECW—Co, electrochemically constructed
wetland coupled system with combined pesticide exposure; CW—Co, traditionally constructed
wetland with combined pesticide exposure.

4. Conclusions

This article conducted a comparative analysis of the degradation characteristics of
chlorpyrifos under individual exposure and compound exposure to multiple pesticides in
both traditionally constructed wetlands and electrochemically constructed wetland coupled
systems, as well as the changes in the microbial community within the systems. The results
are as follows.

There are significant differences in the degradation of chlorpyrifos, adsorption in
substrates, and absorption in plants among different experimental groups. An electric field
can strengthen the degradation of chlorpyrifos sorption by the substrate and its absorption
by plants, while compound exposure of different pesticides inhibited the degradation of
chlorpyrifos and the sorption by the substrate in the system.

Microbial community diversity decreased to some extent at the end of system op-
eration due to the influence of pesticides, and under the impact of the electric field, the
electrochemically constructed wetland coupled system exhibited lower diversity compared
to traditionally constructed wetlands. In addition, the similarity between the OTUs of the
five groups of samples affected by pesticides and electric fields was low, and the main
dominant phyla in the shared OTUs were Proteobacteria, Actinobacteria and Acidobacteria.
Proteobacteria emerged as the dominant phylum under compound exposure to multiple
pesticides, particularly in the electrochemically constructed wetland coupled system under
compound exposure, where its abundance reached 91.71%. Firmicutes, Fusobacteria, and
Verrucomicrobia were the dominant electrochemically active phyla in the electrochemically
constructed wetland coupled system, and Aeromonas and Methylophilus were the domi-
nant electrochemically active genera in this system. The impact of compound exposure
to multiple pesticides on microbial community structure was greater than that of the
electric field.

The main functions of the microbial community involved metabolism, genetic infor-
mation processing, and environmental information processing. There were no significant
differences in microbial community functional profiles among the samples. However,
both pesticides and the electric field had an impact, leading to a decrease in amino acid
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metabolism and carbohydrate metabolism functions, while membrane transport functions
increased. Overall, these results show that compound effects of multiple pesticides influ-
ence the replication and repair functions of microorganisms, and that compound exposure
of multiple pesticides has a greater impact on microbial community function than the
electric field. In general, the electrochemically constructed wetland coupling system im-
proves the degradation of pesticides in traditionally constructed wetlands, which is of great
significance for pesticide residues in the environment.

In summary, the composite exposure of pesticides affects the treatment effect of the elec-
trochemically constructed wetland coupled system and traditionally constructed wetland
system compared with separate exposure, but most of the pesticides in the environment ex-
ist in the form of composite exposure to different pesticides, so discovering how to improve
the effect of pesticide degradation is the key to solving agricultural surface pollution and
guaranteeing the sustainable development of agricultural production. According to the
results of the above study, in the electrochemically constructed wetland coupling system,
microorganisms are affected by the electrocatalytic effect of the electric field, and some
microbial activity is enhanced, which is conducive to the degradation of pesticides; at
the same time, the pesticides can be converted into bioavailable intermediates under the
electrochemical effect of the electric field, which improves their biochemical properties,
so the degradation effect of the electrochemically constructed wetland coupling system is
superior to that of the traditionally constructed wetland, and is more suitable for the field
of efficient degradation of pollutants. Therefore, the degradation effect of the electrochemi-
cally constructed wetland coupling system is better than traditionally constructed wetland,
and more suitable for the field of efficient pollutant degradation. The results of this paper
also laid a theoretical foundation for the development of pesticide degradation technology
and the expansion of constructed wetland treatment technology to new fields, which also
promotes the development of agricultural surface pollution control technology. It is of
great practical significance to achieve “zero direct discharge” of agricultural wastewater,
solve the problem of agricultural surface pollution, reduce pollution and carbon, protect
the water environment and ensure the sustainable development of agricultural production.
Nevertheless, it is also essential to conduct optimization experiments to further enhance
system performance in the future.
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