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Abstract: To reduce pesticide pollution and promote sustainable agricultural development in China,
we designed a pilot-scale biofilter system to treat residual imidacloprid wastewater in an orchard.
The biofilter system demonstrated a high rate of removal of imidacloprid from the biodegradation
wastewater, with removal rates from the outlet exceeding 99% at different concentrations of pesticides.
Among environmental factors, imidacloprid concentration at the inlet and biomixture significantly
affected the activity of imidacloprid-degrading bacteria. The dominant microbial communities during
the stable operation of the biofilter system included Firmicutes, Actinobacteria, Proteobacteria, and
Bacteroidetes at the phylum level and Bacillus, Methylobacter, and unclassified_f _Microbacteriaceae at
the genus level. In future initiatives to improve biofilter performance and applicability, increasing
attention should be paid to the dominant microbial communities, the number of biofilter units, and
important environmental factors. Orchard workers in China should improve the existing treatment
of residual pesticide wastewater to mitigate agricultural non-point source pollution.

Keywords: biofilter; straw; imidacloprid; biodegradation; orchard

1. Introduction

Pesticides play an important role in preventing and controlling pests and diseases, as
well as promoting stable crop yields and increasing incomes. Approximately 2.6 million
tons of pesticides are used worldwide each year [1], and China accounts for approximately
10-15% of this usage. However, the utilization rate of pesticides in China is low (approxi-
mately 40%). The planting area of orchards in China is approximately 18 million hectares,
and pesticides are applied eight times a year. Imidacloprid, a member of the neonicotinoid
class of insecticides, is widely used to control leaf-dropping pests in fruit orchards and is
one of the most used pesticides in fruit production. Imidacloprid is easily released into the
environment and can persist for long periods, thereby accumulating in the food chain and
contaminating groundwater and surface water [2].

To improve the effectiveness and efficiency of pesticide application in orchards and
reduce pesticide use, scholars worldwide have developed pesticide application equip-
ment such as air-assisted sprayers, plant protection drones, and multifunctional robots.
However, after applying pesticides, this equipment often produces small amounts of high-
concentration pesticide residue in addition to low-concentration pesticide residue within
the large volume of water that is used to flush the interior components, such as the box
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and pipeline [3]. Developed countries such as those in Europe and the United States are
vigorously promoting the use of biofilter systems to treat pesticide residues in wastewa-
ter [4-8]. However, most Chinese farmers currently lack awareness regarding pesticide
wastewater treatment and do not have access to effective treatment measures. Generally,
pesticide wastewater residues are discharged directly into farmland soil or nearby bodies
of water, which can lead to environmental pollution and pose safety risks [9] that endanger
human health. Therefore, it is imperative to utilize precise and effective measures to re-
duce pesticide pollution in orchards and develop green technologies that can address the
aforementioned issues and promote the green, healthy, and sustainable development of the
orchard industry.

Microorganisms play a crucial role in pesticide degradation in ecosystems. Exten-
sive research has shown that microbial degradation of pesticides is the primary pathway
for ensuring the complete elimination of pesticide residues [10,11]. Understanding the
types, quantities, and activities of microorganisms is essential for understanding pesticide
metabolism [8]. During biodegradation, microorganisms can completely break down the
most toxic organic compounds into CO, and H,O [4]. Although the remediation period
can be long, microbial degradation has become an important area of research for facilitating
pesticide residue degradation owing to its economic, environmentally friendly, safe, and
efficient nature, with no secondary pollution. Microbial degradation is particularly suitable
for soils and water bodies contaminated with low to moderate levels of pesticide residues.

Biobeds are typical biological treatment systems that combine the functions of physical
adsorption and microbial degradation [12,13]. Biofilters are traditional biobeds with similar
underlying principles that have been appropriately optimized from certain initial designs
in practical applications [4,5]. Biofilters are widely used in agricultural production given
that the raw materials are easily accessible, investment and operating costs tend to be low,
and pesticide removal efficiency is high. However, research on the degradation of pesticide
residues in wastewater by biofilters and their application in orchards in China remains
limited. The metabolic characteristics and functions of the microbial communities within
biofilters are especially unclear. In Belgium, research has primarily focused on adjusting
biofilters into small and flexible systems [14], for which the number of biofilter units is
determined based on the amount of water to be treated and the concentration of pesticides.
Pussemier et al. [15] added activated carbon filter cartridges to the drainage pipes of a
biofilter system and found that the concentration of pesticides in the filtrate decreased
significantly. Complex automatic electronic computer systems are used in modern biofilters
to maintain established usage specifications [16].

The biomixture of a biofilter is crucial to the purification function because the key
mechanism for purification in the biofilter is the removal of contaminants via biomixture
microorganisms [17]. Typical biomixtures are composed of straw, charcoal, and soil at a
volume ratio of 2:1:1 [18]. However, researchers have investigated other biomixture ratios,
such as 50% straw + 45% charcoal + 5% pesticide-primed substrate or soil [19], 50% corn
cobs + 25% soil + 25% charcoal [4], and 50% soil + 50% millet stubble [20], all of which
showed a high pesticide degradation efficacy. Studies have shown that the adsorption and
degradation of pesticides are primarily influenced by the composition, balance, duration
of use, temperature, and humidity of biomixtures. Yang et al. [8] recommended further
research on the variations in pesticide adsorption and degradation efficiency of biomixtures
over time. Long-term monitoring can determine the effective lifespan of a biomixture,
thereby guiding the compensation or replacement of the substrate when microbial activity
is excessively low.

Numerous studies have demonstrated that straw is the primary site of pesticide degra-
dation and microbial activity in biofilters [21]. Straw and other lignocellulosic materials are
indispensable in biomixtures [14] because their slow degradation continuously provides
carbon, nutrients, and energy to microorganisms. China produces more than one billion
tons of crop straw annually; the Ministry of Agriculture and Rural Affairs requires the com-
prehensive utilization of straw resources, prioritizing agricultural use with a multifaceted
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approach. However, improving the comprehensive utilization of straw by exploring sus-
tainable industrial development models and developing efficient utilization mechanisms
remains necessary. Owing to its high carbon-to-nitrogen ratio of 60-100:1, straw is an ideal
raw material for regulating carbon sources and microbial fermentation. As a raw material,
it can be combined with relevant microbial ecosystems to construct high-performance
biofilters and explore new methods for resource utilization.

In particular, this study used straw as one of the main raw materials for the biomixture
of a biofilter and explored its degradation efficiency on imidacloprid pesticide residues in a
typical orchard in China. Additionally, the metabolic characteristics and functions of the
microbial communities in the biofilter were analyzed, laying the foundation for detailing the
operational mechanisms of the biofilter and the degradation and transformation pathways
of pesticide pollutants. Our findings will be useful in efforts to utilize straw resources and
mitigate environmental pollution caused by pesticide residue wastewater.

2. Materials and Methods
2.1. Description of the Experimental Site

A biofilter was installed at the Institute of Agricultural Facilities and Equipment, Jiangsu
Academy of Agricultural Sciences, Nanjing, Jiangsu Province (32°2'15” N, 118°52/26" E). The
local climate is a northern subtropical humid climate with four distinct seasons. The
biofilter system was installed in September 2022 and tested in 2022 and 2023.

2.2. Preparation of the Biomixture

Considering the typical biomixture formula (straw, peat, and soil in a volume ratio
of 2:1:1), the high cost and limited availability of peat, and the recommendation to use
agricultural and forestry organic waste straw under a resource-oriented approach [22], the
biomixture was prepared by mixing straw, substrate, and soil at a volume ratio of 1:1:1.
Rice and wheat straw were obtained from experimental fields of the Jiangsu Academy
of Agricultural Sciences, China. After drying, the straw was crushed into powder using
a straw crusher. The substrate was a special potting substrate from Shanghai Meizhijia
Gardening Co., Ltd. (Shanghai, China), which contained peat, coconut husk, pine phospho-
rus, perlite, growth regulator and microbial agents. The pH of the substrate was 5.5-8.5,
and the organic matter content was between 40% and 85%. The soil was topsoil from a
greenhouse at the Institute of Agricultural Facilities and Equipment, Jiangsu Academy of
Agricultural Sciences.

2.3. Design of Pilot-Scale Biofilter System

The biobed method has been used in several countries and regions, and most biobeds
are simple and efficient. Although the initial design of some biobeds has been adjusted in
practice, and some are referred to as a biofilter, biomass bed, phytobac, biobac, or biotable,
they remain similar in nature and principle.

Although methods for calculating the relationship between the efficiency of biofilters
and their geometric parameters have been proposed, the equipment size in practical
applications is mostly determined by empirical methods [16]. Most biofilters that have
previously been used are large and operate for extended periods. The biomixture used in
these biofilters may undergo decomposition and compaction, leading to a higher pressure
decrease and a lower mass transfer efficiency.

Based on the structural design of biofilters used in Belgium [14], astandard 1 X 1 x 1m
cubic PVC box was used as an individual carrier for the biofilter unit. The interior of each
unit was filled with a homogeneous biomixture of straw, matrix, and soil. A biofiltration
system can be constructed by connecting four biofilter units in series. Physical and opera-
tion diagrams of the static chamber are shown in Figures 1 and 2, respectively. The biofilter
system consisted of the following main elements: the pool to collect the pesticide residue
sewage, the pool to collect the circulating water, the cubic PVC boxes to carry biomixture,
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the centrifugal pumps to transfer the liquid to the biofilter and the micro-sprinklers to
produce a uniform distribution to the surface of the biomixture.

Figure 1. Physical diagram of the biofilter system.

Biomixture

Biofilter unit

A pilot scale biofilter system

Pesticide residue Circulating water
sewage pool collection pool

Figure 2. Operating diagram of the biofilter system.
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2.4. Water and Biomixture Analyses

The study was conducted between November 2022 and August 2023. Water and
biomixture samples were analyzed directly using liquid chromatography-tandem mass
spectrometry (LC-MS). The detection method for imidacloprid followed the National
Standard of the People’s Republic of China (GB 23200.121-2021) “National food safety
standard-FSS Determination of 331 pesticide and metabolite residues in foods of plant
origin—Iliquid chromatography—-tandem mass spectrometry method”. The analysis of
imidacloprid residues in the biomixture was performed in triplicate.

The study focused on pesticide spraying in orchards. We conducted on-site investiga-
tions at the production frontline and found that the water dilution ratio of 70% imidacloprid
used in Chinese orchards was 1:5000. Therefore, we used the Lidaging (70% imidacloprid,
YongGuan) for experiments, and calculated the residual imidacloprid residue concentration
as 140 mg/L (0.7 mg imidacloprid: 5000 mL water), whereas the measured value was
132.6 mg/L. Typical agricultural wastewater samples from the air-assisted sprayers were
collected and tested; the concentration range of imidacloprid pesticide residues in the
orchard washing water was 3.7-15.3 mg/L.

Based on the concentrations of imidacloprid pesticide residue and pesticide washing
water, we simulated the configuration of different concentrations of pesticide-contaminated
wastewater entering the biofiltration system with an inflow of 100 L for each test. After each
test, 100 mL water samples were collected from the outlet three or four times at irregular
intervals to detect the imidacloprid content in the purified water. During the experimental
period, samples of the biomixture within the biofiltration unit were collected using a soil
auger. The biomixture sampling depth was 0-30 cm, and the sampling depth of some
samples was 30-60 cm for analysis of imidacloprid concentrations at different depths. Next,
3-5 samples were mixed and placed in a 100 mL plastic sampling bottle for subsequent
detection of the imidacloprid content in the biomixture, which facilitated the exploration of
the operational mechanism of the biofiltration system.

2.5. Microbial Sampling and Measurements

Following the aforementioned procedure, biomixture samples from the biofilter system
were collected in January, April, June, July, and August 2023 (samples Al, A2, A3, A4, and
A5, respectively). Biomixture samples originated from the first connected biofilters unit: Al
from January, where the imidacloprid concentration from the inlet was 2.8 mg/L, A2 from
April, where the imidacloprid concentration from the inlet was 8.4 mg/L, A3 from June,
where the imidacloprid concentration from the inlet was 11.2 mg/L, A4 from July, where
the imidacloprid concentration from the inlet was 33.6 mg/L, and A5 from August, where
the imidacloprid concentration from the inlet was 140 mg/L. After collection, biomixture
samples were promptly stored at —80 °C. All microbial samples were subsequently sent to
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) for 165 rDNA sequencing.

Before DNA extraction, each sample was centrifuged at 9401.7x g for 4 min at
4 °C. Next, total DNA was extracted from each sample using the E.Z.N.A.® soil DNA
Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s instructions. The
extracted DNA was detected using 1% agarose gel electrophoresis. DNA concentration and
purity were determined using a NanoDrop2000 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). A polymerase chain reaction (PCR) was used to perform amplifi-
cation of the V3-V4 region in the 16S rRNA wusing primers 338F
(5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3') [23].
The PCR mixture contained 4 uL of 5 x Fast Pfu buffer, 2 uL. of 2.5 mM dNTPs, 0.8 uL of
each primer (5 uM), 0.4 uL of Fast Pfu polymerase, 10 ng of template DNA, and ddH20
to a final volume of 20 puL. Amplification was carried out via denaturation of the DNA
at 95 °C for 30 s, 27 cycles at 95 °C for 30 s, 55 °C for 30 s, 72 °C for 45 s, and a single
extension at 72 °C for 10 min. Using diluted genomic DNA as a template, the running
environment of this PCR adhered to the operating conditions of Sundberg et al. [24] and
others, and the PCR (ABI GeneAmp® 9700) amplification was performed using TransGen
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AP221-02: TransStart® FastPfu DNA Polymerase; these conditions ensured the accuracy
and efficiency of the amplification. The PCR products were recovered and purified using
the AxyPrepDNAusingan gel recovery kit and eluted using Tris-HCI. The library was
inspected using a NanoDrop 2000 spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) and 2% agarose gel. The PCR products were detected and quantified using the
QuantiFluor™-ST Blue fluorescence quantification system (Promega, Madison, WI, USA)
and then mixed according to the sequencing volume requirements of each sample. Se-
quencing libraries were generated using a TruSeq™ DNA Sample Prep Kit following the
manufacturer’s recommendations. Finally, sequencing was performed using the HiSeqS
PE250 platform (Illumina, San Diego, CA, USA) according to the standard protocols of
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

Raw FASTQ files were de-multiplexed using an in-house Perl script, quality-filtered
using fastp version 0.19.6 [25], and then merged using FLASH version 1.2.7 [26]. The
optimized sequences were clustered into operational taxonomic units (OTUs) using UP-
ARSE 7.1 [27,28] with a 97% sequence similarity level. The most abundant sequence of
each OTU was selected as the representative sequence. To minimize the effects of the
sequencing depth on the alpha and beta diversity, the number of 165 rRNA gene sequences
from each sample was rarefied to 20,000, yielding an average Good’s coverage of 99.09%.
The taxonomy of each OTU representative sequence was analyzed using RDP Classifier
version 2.2 [29] against the 16S rRNA gene database (e.g., Silva v138) using a confidence
threshold of 0.7.

2.6. Statistical Analysis

Based on the OTUs, alpha diversity indices, including observed OTUs, Shannon index,
Good’s coverage, Chao value, and other metrics, were calculated using the Mothur v1.30.1
software [30]. A bioinformatic analysis of the biomixture microbiota was carried out using
the Majorbio Cloud platform, including principal component analysis (PCA), redundancy
analysis (RDA), and other analyses.

3. Results and Discussion
3.1. Pesticide Degradation and Biofiltration Performance

Figure 3 shows the imidacloprid depletion of water from the pilot biofilter system.
The concentration of imidacloprid in the biofiltration wastewater changed slightly, with
an increase in imidacloprid concentration from the inlet. The biofilter system had a high
imidacloprid removal efficiency within the pesticide residue wastewater. The removal
rates of imidacloprid at the outlet for the different concentrations were all >99%, which
is similar to the results of Vischetti et al. [31]; this indicates that the reactor had a high
efficiency in removing the pesticide from the water. Subsequent tests found that the im-
idacloprid concentration from the biofiltration wastewater was always in a low, stable
state and even became undetectable despite the initial concentration of imidacloprid in-
creasing through a certain range. The degradation efficiency of the biofilter may have
been enhanced via repeated treatment of the specific pesticide [13] because the microbial
community using the pesticide for energy proliferated, and the domesticated microor-
ganisms could have potentially degraded the pesticide more easily [32,33]. Alternatively,
the degradation efficiency may have been enhanced because the biomixture strongly af-
fected the pesticide via adsorption and degradation, and the biofilter system consisted of
four biofiltration units. Furthermore, the substrate from biomixture contained microbial
agents, and some research has confirmed that microbial agents had an important impact
on pesticide residue degradation and microbial remediation in the soil [34,35]. Therefore,
they could be bioaugmentation agents, which could enhance the degradation efficiency of
pesticides from the biofilter system. Most of the pesticide was adsorbed onto the biomixture
and underwent biodegradation reactions; therefore, there was almost no leaching of the
pesticide. Pussemier et al. [15] found that the residues of the five tracked pesticides in the
biomixture of a biofilter system reached >95%.
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Figure 3. Variation in pesticide residues in wastewater from the biofilter system.

As shown in Figure 4, with an increase in the imidacloprid concentration and cumula-
tive amount of wastewater from the inlet, the imidacloprid adsorbed by the biomixture
slowly increased; however, gradually, the imidacloprid in the biomixture decreased and
subsequently remained in a relatively stable state. This may have occurred because the first
biofilter unit was in a relatively stable saturation state and was unable to adsorb excessive
imidacloprid in a short time. Following several tests, the domesticated microorganisms
accelerated the degradation of imidacloprid; however, the degradation rate did not change
in a short time. The test revealed that the imidacloprid concentration differed at various
depths in the same biofilter unit. The imidacloprid concentration in the surface biomix-
ture was relatively low but increased with the depth of the biomixture. The imidacloprid
concentration was approximately 2.67 times higher in the deeper biomixture biofilter than
in the surface biomixture at the same location, which is consistent with the results of
Verhagen et al. [36]. In summary, most pesticide biodegradation activity occurred at the top
of the biofilter, and the biodegradation rate thus decreased with increasing biofilter depth.

The test also detected the concentration of imidacloprid in the third biofilter unit
connected to the system (0.16 mg/L). This result indicated that the first biofilter unit filtered
most of the pesticide in the wastewater under a certain concentration and inflow and that
the subsequent biofilter units demonstrated adsorption and degradation within the residual
wastewater. However, the overall efficiency was low. Therefore, choosing an appropriate
number of biofilter units was important because an excessive combination of biofilter units
often leads to high manufacturing costs and low biofiltration efficiency. When reviewing
the biofilter system, Castillo et al. [4] showed that (1) the optimal number of units within a
biofilter system primarily depends on the amount of wastewater to be treated and the total
load of pesticides and (2) a two-unit biofilter is optimal for wastewater with 100 g of active
ingredients and <3000 L of water per year. For high loads, systems with three or more units
are recommended.
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A1 A2 A3 A4 A5
Sample number

Imidacloprid concentration from the biomixture (mg/L)

Figure 4. Variation of imidacloprid concentration in the biomixture. Note: Biomixture samples origi-
nated from the first connected biofilters unit: Al from January, where the imidacloprid concentration
from the inlet was 2.8 mg/L; A2 from April, where the imidacloprid concentration from the inlet was
8.4 mg/L; A3 from June, where the imidacloprid concentration from the inlet was 11.2 mg/L, A4
from July, where the imidacloprid concentration from the inlet was 33.6 mg/L, and A5 from August,
where the imidacloprid concentration from the inlet was 140 mg/L.

3.2. Analysis of Microbial Community at the OTU Level

In this study, 279,200 valid sequences were obtained, resulting in the generation of
5026 OTUs via clustering. Among the five experimental groups, there were 209 common
species, accounting for 26.76% of the species of Al, 24.97% of A2, 14.20% of A3, 19.92% of
A4, and 23.56% of A5. Additionally, A1, A2, A3, A4, and A5 contained 104, 185, 486, 158,
and 200 unique species, respectively.

PCA is a transformation in vector space used to reduce the dimensionality of a
dataset [37]. In this method, the response resulting from the processing applied to the
samples in the vector space is analyzed based on the correlation between the data extracted
from the dataset. To discern the dynamics of the microbial composition during the test
process, PCA was performed to cluster OTUs with the maximum variation (40.75% in PC1
and 26.33% in PC2). According to Figure 5, A1 and A2 are close together, as are A4 and
Ab. This indicates that the microbial community composition within the biofilter system
showed minimal variations between Al and A2 and between A4 and A5. In contrast,
A3 was more distant from the other test groups, suggesting significant differences in the
microbial community composition within the biofilter system compared with those within
the other test groups.
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Figure 5. Principal component analysis (PCA) based on operational taxonomic unit (OTU) abundance.

Table 1 shows that the Shannon index, Simpson value, Ace value, and Chao value
ranged between 1.16-1.88, 0.22-0.39, 23.49-29.42, and 23.00-31.75, respectively. A lower
Shannon value corresponds to a lower o-diversity. As shown in Table 1, the Ace and Chao
values were largest in A3, indicating the highest abundance of A3 in the biofilter. The
Ace and Chao values were lowest in A2, indicating the smallest abundance of A2 in the
biofilter. The Shannon index of the five test groups generally showed a trend of gradual
increase and eventual stabilization, with a slight fluctuation in the middle but minimal
volatility in the middle. The Shannon index was the largest for A5, which reflected the
highest uniformity and diversity of the microbial communities. The Simpson value was
always <0.4, indicating a high species richness in each group. The Shannon index and
Simpson value were also very different from a previous study [38], this may be related to
the different biofilter systems and pesticide residue wastewater. The coverage value was
0.99, indicating that the sampling and sequencing of the samples had high coverage and
almost all the OTUs could ensure the comparability of «-diversity [38]. Finally, according
to the mean and standard deviation of the index parameters of alpha diversity, the richness
and evenness of the species contained in each test sample were different; however, these
differences were small. This may have occurred because the biofilter system was primarily
utilized to treat wastewater containing residues of the single pesticide imidacloprid and
because the concentration and treatment capacity of pesticide residue wastewater were low.
This phenomenon resulted in a small change in microorganism diversity in the biofilter
system and continuous maintenance of a relatively stable state.
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Table 1. Alpha diversity analysis of different samples.

Sample Shannon Simpson Ace Chao Coverage
Al 1.16 0.39 25.90 25.20 0.99
A2 1.70 0.23 23.49 23.00 0.99
A3 1.64 0.25 33.71 31.75 0.99
A4 1.64 0.28 26.30 26.00 0.99
A5 1.88 0.22 29.42 28.50 0.99
X 1.60 0.27 27.76 26.89 0.99

S 0.27 0.069 3.94 3.35 0

3.3. Analysis of Microbial Community Taxonomy
3.3.1. Identification of Dominant Microbes

In the present study, 11 phyla (Figure 6a) and 11 genera (Figure 6b) were identified.
Microbes with a relative abundance >5% were defined as dominant microbes, and those
with a relative abundance >1% but <5% were defined as subdominant microbes.
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- [M Proteobacteria M unclassified_f__Microbacteriaceae
M Bacteroidota o | Streptomyces
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Figure 6. Relative abundances of microbes in the biomixture at the phylum (a) and genus (b) levels.

The average relative abundances of the seven phyla were >1% (Table 2). As shown in
Figure 6a, Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes were the four domi-
nant phyla in the biofilter system under stable operation, with average relative abundances
of 29.45%, 25.21%, 24.92%, and 6.87%, respectively. The dominant microbes were similar to
those reported by Liu et al. [38]; however, their relative abundances were different, which
could be attributed to the different biomixtures and application scenarios. The average
relative abundances of Firmicutes, Actinobacteria, and Proteobacteria were relatively high,
suggesting that these species integrally influence the degradation of imidacloprid. The
subdominant microbial communities at the phylum level were Chloroflexi, Patescibac-
teria, and Gemmatimonadota, with average relative abundances of 4.97%, 3.45%, and
1.26%, respectively.

The average relative abundance of the 10 genera exceeded 1% (Table 3). As shown
in Figure 6b, Bacillus, Methylobacter, and unclassified_f__Microbacteriaceae were the three
dominant genera during the stable operation of the biofilter system, with average relative
abundances of 19.27%, 9.06%, and 5.46%, respectively. The subdominant genera were
Streptomyces, Hydrogenispora, Methylocystis, Arthrobacter, Nocardioides, norank_f__JG30-KF-
CM45, and Ciceribacter.
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Table 2. Average relative abundance of microorganisms at the phylum level.

Phylum Average Relative Abundance
Firmicutes 29.45%
Actinobacteriota 25.21%
Proteobacteria 24.92%
Bacteroidota 6.87%
Chloroflexi 4.97%
Patescibacteria 3.45%
Gemmatimonadota 1.26%
Acidobacteriota 0.79%
Myxococcota 0. 75%
Verrucomicrobiota 0.71%

Table 3. Average relative abundance of microorganisms at the genus level.

Genus Average Relative Abundance
Bacillus 19.27%
Methylobacter 9.06%
unclassified_f__Microbacteriaceae 5.46%
Streptomyces 3.97%
Hydrogenispora 3.50%
Methylocystis 2.54%
Arthrobacter 2.31%
Nocardioides 2.01%
norank_f__JG30-KF-CM45 2.01%
Ciceribacter 1.74%

3.3.2. Relative Abundance Dynamics of Dominant and Subdominant Microbes

The relative abundance of Firmicutes, which was the dominant phylum, always
exceeded 15% with a change in the concentration of the residual pesticide wastewater.
Firmicutes participate in xenobiotic degradation in wastewater treatment facilities [12].
Previous studies have shown that Firmicutes can act as an electron donor to promote
the co-degradation of pesticides and nitrogen during denitrification [38,39]. With an
increase in the concentration of residual pesticide in wastewater, the relative abundance
of Actinobacteria decreased sharply, from 47.40% to 5.88%. The relative abundance of
Proteobacteria first increased sharply, then decreased and became stable. The variation in its
relative abundance ranged from 3.90% to 45.51%. The relative abundance of Bacteroidetes
fluctuated considerably, ranging from 2.14% to 14.20%. Actinobacteria, Proteobacteria, and
Bacteroidota strongly influence ecosystems and participate in biogeochemical processes
such as organic pollutant decomposition and carbon and nitrogen cycling [40,41]. Among
these, Bacteroidota has a rich enzyme system and can degrade a variety of plant fibers
and other organic substances [40]. This phylum is integral in maintaining the ecological
balance and stability of the ecosystem. The relative abundance of the subdominant phylum
Chloroflexi varied slightly, ranging from 3.47% to 6.84%. Chloroflexi are typically anaerobic
organisms [42] participating in the decomposition of organic substances and circulating
elements. Patescibacteria are a group of newly discovered bacteria that may fulfill important
roles in ecosystems, including the decomposition and circulation of organic substances.

Bacillus was the dominant genus; its relative abundance was 3.79% in A5 (minimum)
and 36.90% in Al (maximum), indicating its role in the biodegradation of imidacloprid.
Methylobacter was a non-dominant genus in some groups but dominant in others. The
relative abundance of Methylobacter was 0.01% in A2 (minimum) and 26.31% in A4 (maxi-
mum). With an increase in the concentration of the residual pesticide wastewater, unclassi-
fied_f__Microbacteriaceae gradually changed from a dominant to a non-dominant microbial
community; its relative abundance was 0.35% in A3 (minimum) and 16.32% in A2 (max-
imum). Methylobacter influences ecological processes such as methane production and
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degradation of organic matter [43] and is used in environmental and industrial fields.
Unclassified_f__Microbacteriaceae are particularly abundant in soil and participate in the de-
composition and recycling of organic material. Owing to their unknown classification, the
ecological and physiological characteristics of these bacteria are not thoroughly understood.

3.3.3. Cluster Analysis for Similarity of Samples Collected in Different Phases

The relative abundance of each genus in each sample was visually measured using a
heat map, and a cluster analysis was performed to determine similarities between samples.
Figure 7 shows the three main clusters: cluster 1, consisting of Al and A2; cluster 2,
consisting of A3 and A4; and cluster 3, consisting of A5. Taking Al as an example, it can
be seen that the cluster distance between samples gradually increased with increasing
pesticide wastewater concentration. Moreover, the diversity of microorganisms changed
upon succession, causing the cluster distance between A3 and A4 to be relatively close.
The results show that the concentration of pesticide wastewater may influence microbial
abundances, and the compositions of the dominant microbial communities from A3 and
A4 were similar to those from Al, A2, and A5. The compositions of the top five genera
varied among the different test groups.
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Figure 7. Community heatmap analysis at the genus level.

3.4. Relationship between Imidacloprid Concentration and Microbial Community Structure

The effects of some environmental factors on the top five microbial communities at
the phylum level were identified using RDA, as shown in Figure 8. The results indicated
that the two axes explained 68.22% and 24.29% of the total variability. Firmicutes were
positively correlated with the imidacloprid concentration from the inlet and middle but
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negatively correlated with the imidacloprid concentration from the biomixture and outlet.
Actinobacteria were positively correlated with the imidacloprid concentration from the
middle and outlet but negatively correlated with the imidacloprid concentration from
the inlet and biomixture. Proteobacteria were positively correlated with the imidacloprid
concentration in the biomixture and inlet but negatively correlated with the imidacloprid
concentration in the middle and outlet. Bacteroidota and Chloroflexi were positively cor-
related with the imidacloprid concentration from the inlet and biomixture but negatively
correlated with the imidacloprid concentration from the middle and outlet. The afore-
mentioned results indicated that most of the top five microbes were affected primarily by
the imidacloprid concentration of the inlet and biomixture; therefore, the imidacloprid
concentration from the inlet and biomixture had significant impacts on the activity of
imidacloprid-degrading bacteria as environmental factors. Moreover, some studies have
reported that the ambient temperature and humidity in the biomixture significantly affect
the microbial community in the biofilter [8,38]. Therefore, to improve the degradation rate
of imidacloprid in biofilters, additional attention should be given to the saturation moisture
content and operating temperature.
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Figure 8. Redundancy analysis (RDA) of some environmental factors and the top 5 microbial com-
munities at the phylum level. Notes: 1: imidacloprid concentration from the inlet, 2: imidacloprid
concentration from the biomixture, 3: imidacloprid concentration from the middle, and 4: imidaclo-
prid concentration from the outlet.

4. Conclusions

In this study, biofilters using straw, substrate, and soil as the biomixture were eval-
uated for their ability to remove different concentrations of imidacloprid from pesticide
residue wastewater. The results showed that the biofilter system demonstrated a high
rate of removal of imidacloprid from the biofiltration wastewater, and the removal rates
from the outlet were >99% at different concentrations. This study found that the imida-
cloprid concentration of the inlet and the biomixture, as environmental factors, exerted



Agronomy 2024, 14, 934 14 of 16

significant effects on the activity of imidacloprid-degrading bacteria. The dominant phyla
during the stable operation of the biofilter system were Firmicutes, Actinobacteria, Pro-
teobacteria, and Bacteroidota. The dominant genera were Bacillus, Methylobacter, and
unclassified_f__Microbacteriaceae. A key finding was that more attention should be paid to
pesticide wastewater treatment in orchards in China. Orchard workers should strengthen
the treatments of residual pesticide wastewater to mitigate agricultural non-point source
pollution. In the future, to improve the performance and applicability of biofilters, addi-
tional attention should be focused on the dominant microbial community, the number of
biofilter units, and important environmental factors. The popularization and application of
biofilters in Chinese orchards will assist in promoting sustainable and green development
in agricultural scenarios.
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