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Abstract Plastic films have previously displayed tre-
mendous potential to increase water use efficiency in
farmland and the yield of cash crops; however, long-
term use of plastic film in soils can influence soil phys-
iological and biochemical characteristics and change its
biota. The present study aimed to investigate the effects
of residual plastic film pollution on soil microbe com-
munity structure and fertility in Xinjiang province, Chi-
na. Residual plastic film-contaminated soil and non-
contaminated soil in Xinjiang farmland were selected
for this study. The results indicated that residual plastic
film pollution changed the structure of the soil biologi-
cal community by significantly decreasing and increas-
ing the abundance ofActinomycetes and Proteobacteria,
respectively; further, the pollution decreased soil organ-
ic matter and inorganic nitrogen content by downregu-
lating microbial genes related to soil carbon and nitro-
gen cycles and decreasing related enzymatic activities.
The present results indicated that long-term residual

plastic film exposure (more than 10 years) in farmland
significantly decreases soil fertility and alters the micro-
bial community structure.

Keywords Plastic film .Microbial community
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1 Introduction

Application of plastic films on soil is a global agricul-
tural practice for increasing crop production, achieving
earlier harvests, improving fruit quality, and increasing
water-use efficiency (Wu 2002; Wei et al. 2015;
Steinmetz et al. 2016). The surface area of agricultural
land covered with plastic films has increased worldwide
by approximately 7% in the last 10 years (Wang et al.
2016). Previous reports indicated that with the use of
plastic film technology, grain and cash crop production
increased by 20–35% and 20–60%, respectively, and
water-use efficiency was improved by 20–60% (Liu
et al. 2014). Plastic film for soil was introduced in China
in the late 1970s, and the proportion of land covered by
the films increased tremendously at a rate of 30% per
year between 1991 and 2004, especially in the northern
regions of China (Espí et al. 2006). In Xinjiang, the
northwest province of China, the use of plastic films
increased from 7.0 to 34.8 kg ha−1 from 1991 to 2011;
however, it was accompanied with a series of pollution
hazards from residual pollution films (RPFs) (Jambeck
et al. 2015; Wang et al. 2016).
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Soil is closely related to human survival and devel-
opment (Doran et al. 2003). The composition and diver-
sity of microbial communities in soils play an important
role in maintaining soil quality (Kennedy and Smith
1995; Rong et al. 2017). Microbes are sensitive to soil
contaminants, and their composition and activity are the
primary biological indicators of changes in the soil
environment, as they play a key role in carbon, nitrogen,
phosphorus, and potassium cycling in the soil (Avidano
et al. 2005; Bergkemper et al. 2016; Delgado-Baquerizo
et al. 2016). Plastic film contains approximately 20–
60% phthalate esters (PEs), which ubiquitously contam-
inate the environment and affect microbial communities
and soil enzymatic activities (Chen et al. 2013; Fu and
Du 2011; Jambeck et al. 2015; Zhou et al. 2005). PE
content in all non-cultivated soils was reported to be the
lowest (Xu et al. 2008), while residual PE concentration
in RPF soil was reported to vary from 124 to
1232 μg g−1 in Xinjiang; this concentration increased
with the use of the plastic film (Kong et al. 2012; Wang
et al. 2007). PEs were reported to inhibit fluorescein
diacetate hydrolysis and dehydrogenase activity (Wang
et al. 2016) or enhance phosphatase activity (Xie et al.
2010; Zhou et al. 2005), which might be attributed to
different environmental conditions or experimental con-
ditions to manage RPF contamination.

Most studies on the effects of RPF on soil microbial
populations and enzymatic activity were conducted un-
der laboratory conditions, not in outdoor farmland
(Chen et al. 2013; Wang et al. 2016), and few studies
have attempted to elucidate the effects of long-term use
of plastic films on soil fertility andmicrobial community
composition. Hence, the present study analyzed the soil
microbial abundance and community composition and
enzymatic activity in soils of the field environment,
where plastic films have been used for more than
10 years, through high-throughput sequencing.

2 Materials and Methods

2.1 Soil Sample Collection

The upper 20-cm layer of the soil (with surface soil
removed) from two different sites in Urumqi (44° 7′ N,
87° 31′ E, Xinjiang, China) was collected on the basis of
the level of plastic film contamination; the first site
comprised fields containing plastic film mulch used
during crop production, and the second site contained

no plastic film mulch. Three soil cores at different
depths (0–20 cm) sampled across a horizon distance
200 cm away from each site were combined as a single
sample with four replicates. Subsamples for soil physi-
cochemical analysis were stored at − 20 °C and analyzed
within 1 week. Subsamples for molecular analysis were
stored at − 80 °C.

2.2 Soil Physicochemical Analysis

The soil was initially naturally dried at approximately
25 °C and then filtered through a sieve (< 2 mm) to
eliminate the plant debris. Next, the soil was homoge-
nized for chemical analysis. The following chemical
properties of the soil were determined: soil pH, electrical
conductivity (EC), soil organic matter (SOM) and total
nitrogen (TN) content, ammonium nitrogen (NH4

+-N),
and nitrate nitrogen (NO3

−-N). Soil pH and EC were
measured in a 1:2.5 (w/w soil: water) suspension using a
pH meter and conductivity meter, respectively. TN con-
tent in the soil was determined using Kjeldahl’s method
(Raya-Moreno et al. 2017; Sen et al. 2017). NH4

+-N and
NO3

−-N content was determined in accordance with the
method of Wu et al. (2017). SOM content was deter-
mined using the potassium dichromate oxidation meth-
od (González-Pelayo et al. 2006).

2.3 Estimation of Enzymatic Activities

Soil enzymatic activities were assayed and consid-
ered an indicator of soil microbial activity (Qian
et al. 2007b). Soil dehydrogenase (sDHA) induces
2,3,5-triphenyltetrazolium chloride to generate red
triphenyl formazance. Phosphatase (S-ACP) cata-
lyzes the conversion of disodium phenyl phosphate
to phenol. Urease (S-UE) hydrolyzes urea to pro-
duce ammonia. Solid-β-glucosidase (S-β-GC) cat-
alyzes the conversion of glucoside of p-nitroben-
beta-d pyrana to generate p-nitrophenol. Soil
chitinase (S-Chi) hydrolyzes chitin and produces
a red compound with dimethylaminobenzaldehyde.
Levels of sDHA, S-ACP, S-UE, S-NR, S-β-GC,
and S-Chi were measured spectrophotometrically at
485, 660, 578, 540, 400, and 585 nm using the
corresponding reagent kit (Suzhou Comin Biotech-
nology Co., Ltd., Suzhou, Jiangsu, China), as per
the manufacturer’s guidelines.
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2.4 DNA Extraction and 16S rDNA Sequencing

The PowerSoil® DNA Isolation Kit (Mo Bio Laborato-
ries Inc., Carlsbad, CA, USA) was used to extract ge-
nomic DNA from (0.25 ± 0.02 g) soil in accordance
with the manufacturer’s instructions. The quantity and
concentration of DNAwere measured and evaluated, as
previously reported (Qian et al. 2007a). The extracted
DNA was amplified using polymerase chain reaction
(PCR) with forward primer 314F (5 ′-CCTA
YGGGRBGCASCAG-3′) and reverse primer 805R
(5′-GGACTACNNGGGTATCTAAT-3′) of V3-V4,
followed by 16S rDNA sequencing. The 16S rDNA
amplicon sequencing was conducted on the Illumina
HiSeq 2500 platform (Zhejiang Tian Ke Hi-Tech De-
velopment Co., Ltd. Hangzhou, China). When the se-
quence similarity ≥ 97%, the gene sequences were
assigned into one operational taxonomic unit (OTU).
The soil microorganisms were classified into different
taxa by aligning the OTU with the SILVA database and
using the RDP Classifier software (Version 11.4) for
further analysis. Alpha diversity indices including
Chao1, Shannon, Simpson, and observed species were
calculated with QIIME (Version 1.9.1). Beta diversity of
both weighted and unweighted unifrac was calculated
by QIIME (Version 1.9.1). Principal component analy-
sis (PCA) was performed by R software (Version 3.2.2).

2.5 Quantitative Polymerase Chain Reaction Assays

The effects of RPF on expression of soil carbon and
nitrogen cycle-related genes in soil microorganisms
were investigated using quantitative polymerase chain
reaction (qPCR). The reaction contained the following:
1 μL template DNA (10 ng μL−1), 5 μL SYBR Green
Realtime PCR Master Mix (Toyobo, Osaka, Japan),
0.4 μL each of the forward and reverse primers, and
3.2 μL double-distilled water (Li et al. 2018). All oper-
ations were carried out on ice. The cycling conditions
were as follows: initial denaturation at 95 °C for 10 min,
followed by 40 cycles of denaturation at 95 °C for 15 s,
annealing at 56 °C for 30 s, and 72 °C for 1 min, and
final extension at 72 °C for 10 min. Real-time quantita-
tive PCR (qRT-PCR) was performed using an
Eppendorf Mastercycler® ep RealPlex4 system
(Wesseling-Berzdorf, Germany), as described previous-
ly (Lu et al. 2018). A total of seven genes were detected,
including three carbon cycle-related genes (cbbL, chiA,
and β-glu) and four nitrogen cycle-related genes (nifH,

amoA, nosZ, and nirK) (Song et al. 2017). Primer
sequences are listed in Table S1.

2.6 Statistical Analysis

All data are presented as means ± standard error (SE)
and were compared using one-way analysis of variance
(ANOVA). All statistical analyses were performed using
StatView 6.0 software (Statistical Analysis Systems In-
stitute, Cary, NC, USA). The differences were consid-
ered significant when the probability (p) was less than
0.05 or 0.01. Multivariate data were imported into the
SIMCA-P+ 14.0 software package (Umetrics, Umea,
Sweden) to assess differences in soil community struc-
ture through PCA.

3 Results

3.1 Effects of Plastic Film on Physicochemical
Properties of Soil

Soil chemical properties of each group are provided in
Table 1. The content of TN, NH4

+-N, and NO3
−-N

significantly decreased by 42.10%, 17.7%, 50.53%,
respectively, compared with that in control soil. SOM
content was 3.15 × 104 mg kg−1 in control soil but
decreased to 48.57% (1.53 × 104 mg kg−1) in the plastic
film-covered soil. Conversely, compared with that in
control soil, EC and phosphorus content increased from
4.38 ms cm−1 and 34.56 mg kg−1 to 9.83 ms cm−1 and
45.87 mg kg−1, respectively. Compared to that in control
soil, soil pH and sulfur content did not change signifi-
cantly in the RPF-exposed soil; the pH was maintained
at about 7.3 in both soils.

3.2 Effects of Plastic Film on Soil Enzymatic Activity

Enzymatic activity in the different soils is shown in
Fig. 1. Compared with that in control soil, sDHA activ-
ity was slightly reduced, and S-ACP activity was slight-
ly increased in the RPF soil, while S-UE in the plastic
film-covered soil decreased significantly from
92 2 . 3 8 mg d a y − 1 g − 1 i n t h e c o n t r o l t o
747.01 mg day−1 g−1. Simultaneously, both S-β-GC
and S-Chi decreased by 24.94% and 24.87%, respec-
tively, compared with that in control soil. Conversely, S-
NR significantly increased by 25.42% in plastic film-
covered soil, compared with that in control soil.
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3.3 Effects of Plastic Film on the Diversity and Richness
of Soil Microorganism Communities

To determine the effect of plastic film pollution on soil
microbial community structure, we obtained approxi-
mately 539,963 reads from Illumina sequencing, with
60,635–79,731 reads per sample. The average numbers
of OTUs significantly increased by 9.72% in the plastic
film-covered soil, compared with those in control soil.
As shown in Table 2, the number of Chao1 and observed
species in the plastic film-exposed soil was 4.34% and
7.83% higher than that in control soil, respectively,
while the average Shannon diversity indices in the con-
trol soil were not significantly different from those in the
plastic film-covered soil. The Simpson values of all
groups were close to 1, indicating high coverage rates
of sequencing in this study. PCA revealed that the
bacterial community structure changed and indicated
more than 50% species variance by two axes. As shown

in Fig. 2, the bacterial community in plastic film-
covered soil was different from that in control soil.

To further investigate the differences in taxonomic
distribution between plastic film-covered soil and con-
trol soil ecosystems, metagenomic biomarkers were
identified using linear discriminate analysis (LDA) ef-
fect size (LEfSe), and differentially abundant taxa were
determined from the metagenome data with default
parameters. Ninety-five distinguishing taxa in the two
different soils had LDA scores greater than 1.2. As
shown by the c i rcu la r c ladogram, Phylum
Actinobacteria was the most abundant in the control
soil. In plastic film-covered soil, the abundance of
Proteobacteria, Bacteroidetes, and Cyanobacteria in-
creased significantly, and Phylum Proteobacteria was
the most abundant (Fig. 3).

3.4 Composition and Changes in Bacterial
Communities

The bacterial community taxonomic distribution be-
tween plastic film-covered and control soil was further
investigated, and the 10 most abundant phyla are shown
in Fig. 4. Compared with that in the control, the abun-
dance of Actinobacteria decreased from 32.15 to
14 . 4 1% ; Ac i doba c t e r i a , F i rm i c u t e s , a n d
Thaumarchaeota displayed the same trend, and their
abundance decreased from 9.61 to 8.00%, 4.03 to
3.74%, and 0.76 to 0.43%, respectively. The abundance
of Chloroflexi remained at approximately 5% in the
plastic film-covered soil and control soil. The control
soil contained approximately 27.18% Proteobacteria;
however, the abundance increased to 33.47% in the
plastic film-covered soil . The abundance of
Gemmatimonadetes increased from 13.33 to 20.69%,
and Bacteroidetes, JL-ETNP-Z39, and Nitrospirae
displayed the same trend and increased from 4.16 to
7.52%, 0.80 to 2.44%, and 0.86 to 1.43% abundance,
respectively.

Table 1 The primary physical and chemical properties of the soils in control (Con) and plastic film-covered soil (Treat)

Group NH4-N
(μg g−1)

NO3-N
(μg g−1)

TN (%) SOM (%) P (μg g−1) S (%) EC
(ms cm−1)

pH

Con 2.77 ± 0.097 24.42 ± 2.72 0.19 ± 0.0006 3.15 ± 0.05 34.56 ± 3.58 0.048 ± 0.01 4.38 ± 0.06 7.41 ± 0.02

Treatment 2.28 ± 0.07* 12.08 ± 1.45* 0.11 ± 0.004* 1.53 ± 0.05* 45.87 ± 1.19* 0.06 ± 0.004 9.81 ± 0.71* 7.22 ± 0.09

*Significant differences at the p < 0.05 level between treatments
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Fig. 1 Enzyme activities in control soil (Con) and plastic film-
covered soil (Treat). Asterisk indicates significant differences at
the p < 0.05 level between treatments. Error bars indicate the
standard error of the mean (n = 4)
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At the genus level (Fig. 5), the abundance of
Sph i ngomona s , Bac i l l u s , De f l u v i i c o c cu s ,
Xanthomonas,Nitrospira, andGemmatimonas in plas-
tic film-covered soil increased by 58.36%, 37.35%,
21.76%, 313.42%, 102.72%, and 30.81%, respective-
ly, compared with that in control soil. In contrast, the

abundance o f Ske rmane l l a , Ar th robac t e r ,
Nocardioides, Enterobacter, Solirubrobacter, and
Pseudomonas decreased in plastic film-covered soil
by 40.43%, 67.02%, 71.81%, 58.76%, 76.72%, and
70.75%, respectively, compared with that in the
control.

Table 2 Operational taxonomic unit (OTU) sequences and the alpha diversity indices of control group (Con) and the plastic film-covered
soil (Treat)

Simple OTUs Chao1 Observed species Shannon Simpson

Con 2227 2549.20 2042.5 8.751 0.9928

Treatment 2443.5 2659.85 2202.5 8.755 0.9921

Fig. 2 Multivariate classification of the soil bacterial communities under different treatments. Eigenvalues and eigenvectors were sorted by
principal component analysis (PCA) of average well color development in two different soils
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3.5 Changes in Expression of Soil Carbon and Nitrogen
Cycle-Related Genes

There was a significant difference in the abundance of
genes involved in carbon cycling (Fig. 6a). The abun-
dance of cbbL, a key gene in soil microbial carbon
fixation, decreased to 53.1% in the plastic film-
covered soil. The abundance of chi-A and β-glu, both
related to the carbon cycle, decreased to 51.2% and
79.2%, respectively, in plastic film-covered soil. Inter-
estingly, the abundance of genes was consistent with the
activities of the relevant enzymes; the activities of S-β-
GC and S-Chi decreased by 24.94% and 24.87% in

Fig. 3 LEfSe cladograms showing taxa with different abundance
values. Small circles and shading with different colors in the
diagram represent abundance of those taxa in the respective treat-
ment group. Yellow circles represent non-significant differences in

abundance between treatment groups for corresponding taxa.
LEfSe detected 95 biomarkers at different taxonomic levels with
differential abundance among different treatment groups

Con Treat
0.0

0.2

0.4

0.6

0.8

1.0

ecnadnuba
evitale

R

Others

 Thaumarchaeota

 Nitrospirae

 JL-ETNP-Z39

 Firmicutes

 Chloroflexi

 Bacteroidetes

 Acidobacteria

 Gemmatimonadetes
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 Proteobacteria

Fig. 4 Relative abundance of top 10 bacterial communities at
phylum level in control soil (Con) and plastic film soil (Treat)
groups
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plastic film-covered soil, respectively, compared with
those in control soil.

The abundance of the nitrogen fixation-related gene
nifH increased by about 48.34%, while that of nosZ and
nirS increased by 80.45% and 83.09%, respectively, in

the plastic film-covered soil; however, the abundance of
nirK, also related to denitrification, decreased by
37.22%. The abundance of amoA, an ammonia
oxidation-related gene, decreased by 9.77% in the plas-
tic film-covered soil (Fig. 6b).

Fig. 5 Species abundance clustering heat map of genera. (Vertical
for the sample information, horizontal for the species annotation
information, the figure on the left side of the tree as a cluster tree;
the top of the cluster tree for the cluster between clusters. The
corresponding value of the intermediate heat map is the Z value

obtained by normalizing the relative abundance of each row. The Z
value of a sample on a certain category is the relative abundance of
the sample on the classification and the average relative abundance
difference is divided by the standard deviation of all samples on
the classification.)
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4 Discussion

4.1 Soil RPFAffects Soil Physicochemical Properties,
Enzymatic Activity, and Abundance of Soil Carbon
and Nitrogen Cycle-Related Genes

We evaluated the effects of soil RPF on soil physico-
chemical properties, enzymatic activities, and the abun-
dance of soil carbon and nitrogen cycle-related genes. A
plastic film is very effective in controlling the growth of
weeds, limiting soil water evaporation, and increasing
crop production (Wu 2002; Steinmetz et al. 2016); how-
ever, the long-term use of plastic film in soil decreased
soil TN and SOM, while EC content significantly in-
creased in plastic film-exposed soil, indicating a high
degree of soil salinization (Rhoades et al. 1990). These
results indicated that the RPF in soil can be considered a
pollutant during long-term exposure in fields.

In the present study, RPF also significantly reduced
S-β-GC activity, owing to the inhibitory effect of the
contaminants of RPF and the reduction of the organic
substrate (Chen et al. 2009; Xie et al. 2010). S-UE, a key
component in the soil nitrogen cycle found in bacteria,
fungi, and higher plants (Samborska et al. 2004), was
also reduced significantly in plastic film-covered soil.
Reduction in S-β-GC and S-UE levels has been

reported to exert a negative effect on soil fertility and
the nitrogen–carbon cycle (Qian et al. 2007b; Zhou et al.
2005). sDHA and S-ACP were considered indicators of
soil microbial activity and functional diversity. The
effects of plastic film on S-ACP and sDHA activities
were not remarkable, which may be attributed to the
adaptation of microbes to the long-term exposure to
plastic film residue; however, plastic film can affect
S-ACP and S-UE activity during short-term exposure
(Xie et al. 2010).

Soil carbon is mainly divided into two parts: one part
is derived from carbon fixation by microorganisms, and
the other is the organic matter decomposed by soil
microorganisms. In the present study, a carbon-fixation
gene (cbbL) and two carbon source hydrolase-coding
genes (β-glu and chi-A) in plastic film-covered soil
decreased to different degrees in accordancewith chang-
es in corresponding enzyme activities of β-glucosidase
and S-Chi. These results indicated that soil carbon
cycle-related genes and enzymatic activity were nega-
tively correlated with the presence of plastic film residue
in soil, which may have contributed to reductions in
SOM content and soil fertility.

Urease is a key component in the nitrogen cycle in
soil and is commonly expressed in bacteria (Zhou et al.
2005). Figure 1 shows that urease activity was signifi-
cantly inhibited. The inhibition of urease might be at-
tributed to disruption by pollutants in RPF. Similarly,
some previous studies reported that PEs in plastic film
can inhibit urease and β-glucose activities in the soil
(Wang et al. 2009; Xie et al. 2010). Upadhyay et al.
(2009) reported that Bacillus also has nitrogen fixation
capacity. A nitrogen fixation gene (nifH) was more
abundant in plastic film-covered soil than in control soil,
probably owing to the increase in Azotobacter. Further-
more, RPF significantly increased the abundance of
denitrification genes, which may be because of the
increase in the abundance of denitrifying microorgan-
isms in the plastic film-covered soil. In this study, the
gene copy numbers of nirS and nosZ, but not those of
nirK, were positively correlated with S-NR activity,
indicating that nirS-type and nosZ-type denitrifiers
contribute more to nitrate reduction. This finding
indicated that nirS-type and nosZ-type denitrification
was more active than the nirK-type. Overall, these
findings indicated that the functional communities
involved in denitrification respond differently to plas-
tic film-covered soils, which may affect soil fertility
(Tao et al. 2018).
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4.2 Bacterial Community, Diversity, and Richness
in Two Different Residual Plastic Film-Exposed Soils

Illumina sequencing results for 16S rDNA revealed that
the bacterial community in plastic film-covered soil was
notably different from that in control soil. The change in
bacterial composition between plastic film-exposed soil
and control soil showed that the effects of the plastic
film can alter the soil microbiome to contain more
abundan t Pro t e obac t e r i a , Bac t e ro i d e t e s ,
Gemmatimonadetes, and Nitrospirae than in control
soil. A high abundance of denitrification genus was
observed for Proteobacteria and Bacteroidetes
(Heylen et al. 2006). In our study, nirS and nosZ abun-
dance increased significantly in plastic film-covered
soil. Gemmatimonadetes are well adapted to not only
arid but also oligotrophic conditions (Hanada and
Sekiguchi 2014), which indicates that RPF changed soil
fertility and resulted in the generation of tolerant micro-
organisms in an unhealthy environment. Nitrospirae are
nitrite-oxidizing bacteria ubiquitous in terrestrial envi-
ronments that play major roles in biological nitrogen
cycling and soil nitrification in agricultural ecosystems
(Xia et al. 2011). In the present study, abundances of
some bacterial phyla in plastic film-covered soils dif-
fered significantly from those in control soil, indicating
a gradual adaptation to the plastic film contamination.

PCA revealed that most of the altered soil microor-
ganisms were significantly affected by RPF. Bacillus,
which has high anti-fungal ability, also has nitrogen
fixation capacity (Son et al. 2009). Xanthomonas are
bacterial plant pathogen (Da et al. 2002). Sphingomonas
strains are often isolated from contaminated soils as
degraders of polycyclic aromatic hydrocarbons and
can be considered important biocatalysts for soil biore-
mediation (Leys et al. 2004). The application of harmful
substances will inevitably cause the emergence of cer-
tain species of bacteria (Cai et al. 2015). The abundance
of these genera in plastic film-covered soil was signifi-
cantly higher than that in control soil; these results
indicated that RPF increased the number of degrading
bacteria and may increase the risk of pest infestation in
crops. Sphingomonas and Pseudomonas can promote
nitrate reduction to produce nitrogen (Chen et al. 2017b;
Tao et al. 2018). Pseudomonas is also a microbial sur-
factant that promotes denitrification in the nitrogen cy-
cle (Chen et al. 2017a, b; Wang et al. 2017). These
genera were more abundant in plastic film-covered soil,
indicating that RPF increases the abundance of

denitrifying microorganisms, thereby accelerating the
soil denitrification process. The application of harmful
substances will inevitably cause the emergence of cer-
tain species of bacteria (Cai et al. 2015). Nitrogen-fixing
bacteria, degrading bacteria, and some plant pathogen
bacteria are also increased in our study, and with the
prolongation of the plastic film pollution time, the de-
crease of the pollutant concentration, and the cross of the
soil under the natural environment, some microorgan-
isms in polluted soil may be gradually restored. This
maybe the reason that microorganism diversity was
increased after RPF exposure.

5 Conclusion

Using two types of soils with different levels of plastic
film residue, soil physicochemical properties, organic
matter content, nitrogen content, microbial community
structure, enzymatic activities, carbon and nitrogen
cycle-related genes, and fertility were determined to be
associated with the presence of RPF. Specifically, RPF
pollution decreased the SOM and soil TN content, reg-
ulated the activity of carbon and nitrogen cycle-related
genes in soil, and hence reduced soil fertility. Long-term
RPF pollution caused some bacteria to adapt to the
environment and increase in abundance, and the distri-
bution and relative abundance of these microorganisms
also changed significantly.
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