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Abstract: Microplastics (MPs) or polycyclic aromatic hydrocarbons (PAHs) pollution has received
increasing concern due to their ubiquitous distribution and potential risks in soils. However, nothing
is known about the influences of PAHs-MPs combined pollution on soil ecosystems. To address the
knowledge gap, a 1-year soil microcosm experiment was conducted to systematically investigate the
single and combined effect of polyethylene (PE) /phenanthrene (PHE) on soil chemical properties,
enzymatic activities and bacterial communities (i.e., diversity, composition and function). Results
showed that PE and PHE-PE significantly decreased soil pH. The available phosphorus (AP) and
neutral phosphatase activity were not considerably changed by PHE, PE and PHE-PE. Significant en-
hancement of dehydrogenase activity in a PHE-PE amended system might be due to the degradation
of PHE by indigenous bacteria (i.e., Sphingomonas, Sphingobium), and PE could enhance this stimu-
lative effect. PHE and PHE-PE led to a slight increase in soil organic matter (SOM) and fluorescein
diacetate hydrolase (FDAse) activity but a decrease in available nitrogen (AN) and urease activity. PE
significantly enhanced the functions of nitrogen cycle and metabolism, reducing SOM /AN contents
but increasing urease/FDAse activities. There were insignificant impacts on overall community
diversity and composition in treated samples, although some bacterial genera were significantly
stimulated or attenuated with treatments. In conclusion, the addition of PHE and PE influenced the
soil chemical properties, enzymatic activities and bacterial community diversity /composition to some
extent. The significantly positive effect of PE on the nitrogen cycle and on metabolic function might
lead to the conspicuous alterations in SOM /AN contents and urease/FDAse activities. This study
may provide new basic information for understanding the ecological risk of PAHs-MPs combined
pollution in soils.
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1. Introduction

Plastics and their products are widely applied in production and peoples’ lives be-
cause of their durability and low cost. Improper disposal of plastic waste causes severe
environmental contamination. The fragmentation of plastics might occur in the environ-
ment by a physical, chemical and biological process to smaller sizes (<5 mm), defined
as microplastics (MPs) [1]. Moreover, microparticles and microbeads used in industrial
products, such as raw materials, drug delivery particles in medicines and personal care
products, are the primary sources of MPs [2,3]. The terrestrial environment is an important
reservoir of MPs [4]. Lv et al. found that the MPs abundance was 16.1 + 3.5 items kg’1 in
rice soils in Shanghai [5]. In the farmed soil of southwestern China, 95% of the sampled
plastic particles were in the microplastic size (0.05~1 mm), with an average abundance of
18,760 items kg ! [6]. In addition, the contents of polycyclic aromatic hydrocarbons (PAHs)
increase dramatically in the environment as the demand and consumption of fossil fuels in-
crease with the development of industry [7]. According to the survey, agricultural soils have
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been contaminated by high concentrations of PAHs [8,9]. Chen et al. investigated the pollu-
tion levels of 16 priority PAHSs in 32 farmland soil samples, and results showed that the total
concentrations ranged from 0.602 to 1.271 mg kg~!, with an average of 0.877 mg kg~! [10].
Thus, MPs and PAHs pollutions in agricultural soils are of great concern.

PAHS can persist in the environment and have teratogenic, carcinogenic and muta-
genic effects [11]. MPs are stable in properties with a large specific surface area and strong
hydrophobicity [12], which may interact with the PAHs and then change their migration
and distribution processes, resulting in combined toxic effect on the organisms [13]. Soil mi-
croorganisms are sensitive to the environmental changes induced by contaminants, playing
an important role in soil nutrient cycling, fertility maintenance and soil function mainte-
nance [14]. Soil microbial community composition, microbial activity, enzymatic activities
and degradation genes were changed after PAHs contamination [15,16]. Picariello et al. [17]
found that acute PAH contamination significantly affected the enzyme activities and mi-
crobial community structure. The three soil enzyme activities (hydrolase, laccase and
peroxidase) showed different dynamics along the time (360 days) after spiking with PAHs,
and each of them showed significant differences in relation to the time [18]. The addition
of phenanthrene (PHE) and pyrene increased peroxidase/laccase activities a long time in
forest soil, and the PAH concentrations were positively correlated with selected microbial
groups (Gram+, Gram-, actinomycetes) [19]. Microorganisms have adaptive genetic mecha-
nisms and will gradually form the dominant microflora that can degrade PAHs [20]. On
the other hand, MPs may influence soil properties, consequently leading to changes in
community structure, diversity and enzymatic activity [21,22]. The positive effects of MPs
addition on pH, dissolved organic carbon, ammonia nitrogen and carbon nitrogen ratio in
soil were proposed by the research [23,24]. The addition of polypropylene (PP, <180 pum)
increased soil fluorescein diacetate hydrolase (FDAse) activity in Chinese Loess soils [21].
Gao et al. found that low density polyethylene (LDPE) decreased the microbial community
diversity [23], while Ren et al. reported that polyethylene (PE) had a positive effect on the
microbial community in fertilized soil [25].

Previous studies have indicated that PAHs or MPs could induce different effects on soil
ecosystems. However, the impacts of PAHs-MPs combined pollution on soil properties and
microbial communities have not been reported. Thus, a microcosm soil incubation experi-
ment was conducted to systematically investigate the changes of soil chemical properties,
enzymatic activities, bacterial community diversity /composition and potential functions
(i.e., phenotypes, elemental cycles, metabolic pathways) with the addition of PHE, PE and
PHE-PE. Results from this study will provide a novel theoretical basis for the ecological
risk assessment of PAHs-MPs combined pollution in agricultural soils.

2. Materials and Methods
2.1. Chemicals

PHE (purity > 98%) from Aldrich Chemical Company (Shanghai, China) was selected
as the representative PAH. PE MPs (<13 um) was purchased from Guangzhou Baohui
Biological Technology Co., LTD (Guangzhou, China). Other reagents were of analytical
grade and purchased from Guangzhou Chemical Reagent Factory (Guangzhou, China).
Deionized water was used throughout the study.

2.2. Soil Incubation Experiment

Tested soil was collected from the surface (0-20 cm) of agricultural land in Zhaoging
(112°30"23" E, 23°9/33.40" N). The soil had been used for vegetable cultivation. Soil samples
were randomly selected by “S” pattern form, and they were thoroughly mixed to form
one composite sample. These soils were air-dried and sieved through a mesh (2 mm) to
remove stones and gravel and then evenly mixed and stored in the dark at 4 °C before
incubation. The microcosm experiments were performed in a climate-controlled chamber
at Zhaoqing University, China. Soil, PHE-soil, PE-soil or PHE-PE-soil were mixed and
then homogenized thoroughly to incubate in a glass container. The specific treatments are
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as follows: (1) control soil (CK), no PE and PHE were added to the soils; (2) PHE, PHE
was added into the soil with a content of 20 mg kg~!; (3) PE, polyethylene was added
into the soil at 5% dose (w/w); (4) PHE-PE, PHE (20 mg kg~ !) + PE (5%). Each treatment
was performed in triplicate. The incubations were maintained at a consistent humidity
(70%) and temperature (30 °C). After exposure for 1 year, soils were sampled for chemical
properties, enzymatic activities and DNA extraction.

2.3. Soil Chemical Properties and Enzymatic Activities Analysis

Soil chemical properties were analyzed based on the method as described by Lu [26].
Briefly, soil pH was measured in water—soil (2.5:1) based on the potentiometric method.
Available nitrogen (AN) was determined by the alkaline hydrolysis diffusion method. The
available phosphorus (AP) was analyzed by sodium bicarbonate extraction molybdenum
antimony resistance colorimetry. The content of soil organic matter (SOM) was determined
by the hydrothermal potassium dichromate oxidation colorimetric method.

Soil enzymatic activities included urease, neutral phosphatase, fluorescein diacetate
hydrolase (FDAse) and dehydrogenase, which were determined with the method described
by Yi et al. [27] and Wallenstein et al. [28]. Urease activity was determined by the sodium
phenol-sodium hypochlorite colorimetric method and expressed as the mass (mg) of
NH3-N in 1 g soil after 24 h. Benzene disodium phosphate colorimetric method was used
for studying the neutral phosphatase activity and expressed as the mass (mg) of phenol
released in 1 g soil after 24 h. The absorbance of the released fluorescein was used to
determine FDAse activity and expressed as fluorescein (ug) measured in 1 g soil after
20 min. Dehydrogenase activity was determined by 2,3,5-triphenyltetrazolium chloride
(TTC) reduction colorimetry and expressed as the production of 1,3,5-triphenylformazan
(TPF) in 1 g of soil.

2.4. Soil DNA Extraction and 16S Amplicon Sequencing

DNA was extracted from 0.5 g of soil using the E.Z.N.A™ Mag-Bind Soil DNA Kit
(Omega, Norcross, GA, USA) according to the manufacturer’s instructions. The qual-
ity and concentration of the isolated DNA were evaluated. A Qubit3.0 DNA detection
kit was used to accurately quantify genomic DNA, determining the amount of DNA to
be added in the polymerase chain reaction (PCR) reaction. The primer pair 341F (5'-
CCTACGGGNGGCWGCAG-3') and 805R(5'-GACTACHVGGGTATCTAATCC-3') were
designed to amplify the V3-V4 hypervariable regions of bacterial 16S rDNA gene by poly-
merase chain reaction (PCR). The first round PCR reaction conditions were as follow: 94 °C
for 3 min, 5 cycles at 94 °C for 30 s, 45 °C for 20 s and 65 °C for 30 s, followed by 20 cycles
at94 °C for 20 s, 55 °C for 20 s, 72 °C for 30 s and a final extension at 72 °C for 5 min. A
second round of PCR amplification was performed following 3 min at 95 °C, 5 cycles of
20sat94 °C,20s at55°C, 30 s at 72 °C and a final extension at 72 °C for 5 min.

The PCR products were purified and quantified and then sequenced using the Illumina
Miseq platform by Sangong Bioengineering Co., LTD (Shanghai, China), and the raw reads
were generated. After removing the primer connector sequence, the pairs of reads were
merged into a sequence according to the overlap relationship between reads. Sequence
quality control and filtering were carried out. The operational taxonomic units (OTUs) were
selected at similar levels of 97% to perform statistical analysis by biological information.

2.5. Analysis of Microbial Community Diversity, Composition and Function

The diversity of the microbial communities in all treatments was presented as Shannon,
Chao, Ace and Simpson. Chao and Ace are the indexes commonly used to estimate the total
number of species. Shannon and Simpson are the indexes for estimating microbial diversity
in samples. Statistical analysis was used to observe the community structure of the samples
at the genus level. According to the full sequence of the 165 rDNA gene of the tested
microbial genome, the gene function spectrum was deduced. The sequence data of 165
rDNA obtained by sequencing were compared with the Greengenes database to search for
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reference sequences and classify them as reference OTU. The OTUs abundance matrix was
normalized in accordance with the rDNA gene copy numbers. Function predictions were
categorized into “Kyoto Encyclopedia of Genes and Genomes (KEGG)” and “Functional
Annotation of Prokaryotic Taxa (FAPROTAX)” to determine the metabolic pathways and
functions of soil microorganism, respectively, using Phylogenetic Investigation of Commu-
nities by Reconstruction of Unobserved States (PICRUSt). The phenotypic traits of bacterial
communities were predicted with BugBase.

3. Results
3.1. Soil Chemical Properties

Compared to the CK, soil pH was significantly decreased with the addition of PE
and PHE-PE (p < 0.05). Moreover, PE addition significantly decreased the pH in the soil
with PHE supplementation. The addition of PE significantly lowered the SOM content
(p < 0.05), while PHE and PHE-PE exerted a slightly positive effect on SOM. Both PHE and
PE decreased AN content singly or jointly, with a more pronounced effect by PE (p < 0.05),
compared to CK. No significant changes in soil AP content were observed in all treatments
(PE, PHE, PE-PHE) (Table 1).

Table 1. The soil chemical properties of all samples.

Soil Chemical Properties CK PHE PE PHE- PE
pH 7.427 + 0.012 7.440 + 0.017 7.270 £ 0.010 * 7.320 £ 0.036 *
SOM (g kg_l) 9.189 + 0.439 9.358 £+ 0.818 8.085 £ 0.147 * 9.869 £ 0.365
AN (mg kg™1) 37.157 £ 0.001 34.906 £ 3.906 30.402 £ 0.002 * 32.652 + 3.894
AP (mg kg_l) 2.118 £ 0.066 2.018 £ 0.152 1.986 + 0.095 2.024 £0.178

Significant differences (p < 0.05) between the treatments and CK are indicated with asterisk (*).

3.2. Soil Enzymatic Activities

Soil enzymes are mainly secreted by microorganisms and play crucial roles in cat-
alyzing various biochemical reactions in the soil. Four soil enzymes, including urease,
FDAse, dehydrogenase and neutral phosphatase, were measured in this study, as shown
in Table 2. Compared to CK, a slight reduction or increase of the urease or FDAse activity
was observed for PHE and PHE-PE treatments, PE amendment significantly increased the
urease and FDAse activities in the soil. The presence of PHE/PE and PHE-PE slightly and
considerably increased dehydrogenase activity, respectively. PHE, PE and PHE-PE had
insignificant effect on the neutral phosphatase activity (Table 2).

Table 2. The soil enzymatic activities of all samples.

Soil Enzymatic Activities CK PHE PE PHE- PE
Urease (mg NH;-N g~ ! soil) 1.949 +0.179 1.712 4+ 0.098 2.700 £ 0.302 * 1.918 4+ 0.289
FDAse (ug FDA g~ ! soil) 7.119 £ 1.351 7.224 + 0.685 9.630 £ 0.293 * 8.555 + 3.871
Dehydrogenase (1L H* 20 g~ ! soil) 3.413 £ 0.451 3.613 +0.230 3.463 = 0.087 5.618 +1.206 *
Phosphatase (mg phenol g~ ! soil) 0.103 + 0.006 0.089 + 0.011 0.085 £ 0.016 0.089 + 0.011

Significant differences (p < 0.05) between the treatments and CK are indicated with an asterisk (*).

3.3. Microbial Community Diversity and Composition

The effects of PHE, PE and PHE on bacteria diversity were assessed, as shown in
Table 3. Compared with the CK, no significant difference in Shannon, Chao, Ace and
Simpson indexes was observed in all treatments (p > 0.05).
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Table 3. Effects of PHE and PE on the diversity of bacterial community in agricultural soils.
Treatments Shannon Chao Ace Simpson
CK 5.968 £+ 0.076 2391.022 + 116.673 2377.793 £88.873  0.008 £ 0.002
PHE 5.944 £ 0.071 2401.953 + 120.764 2386.161 £91.593  0.010 = 0.001
PE 6.017 £+ 0.111 2378.052 + 13.755 2363.966 £ 19.253  0.008 + 0.001
PHE-PE 5.894 £+ 0.206 2413.304 + 44.935 2395.093 +35.803  0.011 £ 0.004

At the genus level, taxonomic profiling showed that the bacterial communities were
dominated by Sphingomonas, Gemmatimonas, Acidobacteria (Gp4, Gp7 and Gp6), Ohtaekwangia,
Betaproteobacteria and Burkholderiales in all treatments, as shown in Figure 1. The Venn
diagram generated from genus is shown in Figure S1. CK shared a majority of the genus
with PHE, PE and PHE-PE-treated soils. In terms of the bacterial community composition,
no specific clustering pattern was observed between all samples based on non-metric
multidimensional scaling (NMDS) (Figure 2). ANOSIM analysis confirmed that addition of
PHE and PE had no significant effect on the overall bacterial community composition (CK
vs. PHE, p = 0.3; CK vs. PE, p = 0.2; CK vs. PHE-PE, p = 0.5) (Table S3). Only minor changes
of the Sphingomonas, Gemmatimonas and Acidobacteria (Gp3, Gp4, Gp6, Gp7 and Gp16)
were observed (Figure 1). Statistical analysis of metagenomic profiles (STAMP) method
was performed to determine whether the bacterial taxa significantly changed in specific
treatment (Figure 3). In this study, we found some bacterial genera (i.e., Azohydromonas,
Sorangiineae, Sphingobium, Cupriavidus, Rhodospirillales, Devosia, Nannocystineae and Coma-
monadaceae) were significantly influenced with the addition of PHE and PE solely or jointly.
However, the changes in these genera were not sufficient to alter the bacterial community
composition, as described below (Section 4.3.).
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Figure 1. Relative abundance of the microbial communities in the different treatments at genus level.
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Figure 3. STAMP plots of difference analysis between CK and soils treated with: (a) PHE; (b) PE;
(c) PHE-PE. Only the 25 genera with the lowest p value are listed; p < 0.05 indicates significant
difference, marked in red.



Processes 2022, 10, 2128

8 of 18

3.4. Functional Prediction of Soil Microbial Communities
3.4.1. BugBase

Based on 165 rDNA gene sequences, the phenotypic change of bacterial communities
was investigated using BugBase (Figure 4). The bacterial phenotypes of all samples were
mainly oxygen utilizing (i.e., aerobic, anaerobic) and Gram-negative. BugBase predictions
indicated that PHE and PE exposure hardly altered the aforementioned phenotypes.
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Figure 4. The prediction of bacterial community phenotypes based on BugBase.

3.4.2. FAPROTAX

FAPROTAX can annotate the functions of prokaryotes in elemental cycles (i.e., car-
bon, nitrogen, sulfur), nutritional types and degradation (Figure 5). Modifications in the
relative abundance of the bacterial community associated with elemental cycles were ob-
served for the treatment groups (PHE, PE, PHE-PE). Chemoheterotrophya and aerobic
chemoheterotrophy were enhanced with the addition of PHE, PE and PHE-PE. The nitrate
reduction, nitrification, nitrogen/nitrate /nitrite respiration, nitrite oxidation, denitrification
and nitrogen fixation functions were mostly connected to the nitrogen cycle. PE showed a
significantly influence on nitrogen cycle. Bacterial functions for sulfur cycles were domi-
nantly composed of dark oxidation of sulfur compounds and sulfate/sulfur compounds
respiration. Although the microbial functions according to FAPROTAX were stimulated
by PHE-PE to some degree, the CK-, PHE- and PHE-PE-treated samples have a close
relationship, as indicated by principal component analysis (PCA) (Figure S2). Whereas the
treatment with PE clustered together at the right side of the PC1 axis and separated from
the CK, PHE and PHE-PE.

3.4.3. KEGG

The distribution of the microbial functions assessed by KEGG pathway composition
is shown in Table 4. The KEGG pathways at Level 2 annotations were mainly related to
metabolism (e.g., amino acid, carbohydrate, lipid, nucleotide, xenobiotics), biosynthesis of
secondary metabolites, membrane transport, replication and repair, translation, cell motil-
ity, nucleotide metabolism, genetic information processing, folding / sorting / degradation,
transcription, signal transduction, enzyme families, cell growth and death, transport and
catabolism, environmental adaptation and excretory system. The abundance of the aforemen-
tioned pathways in all treated soils (especially PE, p < 0.05) were higher than those in CK.
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Figure 5. FAPROTAX function prediction of bacterial community in all samples: (a) nutritional types;
(b) elemental cycles and degradation.

Table 4. Metabolic pathway abundance based on KEGG database at level 2.

Pathways CK PHE PE PHE-PE
Amino acid metabolism 5,687,523 + 1,106,040 6,008,889 + 939,065 9,677,218 + 1,179,844 % 6,773,054 = 862,218
Carbohydrate metabolism 5,327,248 + 1,022,491 5,593,268 + 830,559 8987628 + 1,112,622* 6,320,786 + 715,952
Membrane transport 4,823,873 + 1,014,658 5,134,273 + 814,056 8,333,681 £ 945512% 5,651,892 + 713,316
Replication and repair 3,808,074 £ 734,029 3998707 + 625335 6377432 +797,193% 4,478,773 + 484,227
Energy metabolism 3,138,171 + 627,139 3,325,013 £ 500,374 5276552 + 642,955% 3,686,084 + 370,698
Lipid metabolism 2,099,475 + 402,180 2,219,049 + 354,419 3,577,720 +445975* 2,518,405 & 332,718
Translation 2,377,536 + 473274 2,512,310 +: 383,629 3,992,523 + 495,321 % 2,783,287 + 282,147
Metabolism of cofactors 2,267,936 + 443,783 2,392,752 + 370,863 3,831,557 £ 473485% 2,673,111 + 314,202
and vitamins
Ceuulasri gzﬁfges and 1,950,477 + 363,800 2,031,076 4+ 326,293 3,248,166 + 388,559 * 2,296,525 + 278,658
Xenobiotics biodegradation ; g5 157 | 337 933 1,938/425 + 331,984 3,105,698 + 359,437 % 2,240,873 - 469,536
and metabolism
Cell motility 1,835,961 + 312,990 1,957,392 + 340,056 2,997,769 + 368,876 % 2,227,334 + 296,725
Nucleotide metabolism 1,727,368 4+ 342220 1,816,148 £279,130 2,905,554 + 355,955 % 2,022,893 + 209,472
Genetic information 1,282,806 + 249,837 1,347,077 £ 206965 2175475 + 269,490 % 1,504,842 + 161,464
processing
Folding, sorting and 1270334 +247,722 1,339,382 £206,626 2,123,214 +265497* 1,486,413 + 155,618
degradation
Transcription 1,270,122 £ 236,126 1,327,185 £ 212216 2,139,723 £ 277,642% 1,504,305 + 158,066
Glycaﬁ;ﬁ;ﬁi‘fs and 214,360 + 240,003 1,247,544 193,799 1,997,518 + 283,128 * 1,393,183 + 62,631
Signal transduction 1,208,537 +:220,584 1,280,745 +£221,183 1,998,523 + 242,461* 1,435,260 + 178,339
Metabolism of terpenoids 119509 4 217012 1,192,808 £ 189,649 1909573 £ 235,880 1,340,870 + 186,128
and polyketides
Enzyme families 1,082,715 208,021 1,134,254+ 192,093 1,813,880 +243,363* 1,283,329 + 109,820
Cell growth and death 311,845 + 62,262 332,013 + 51,409 541,832 =+ 58,802 * 373,824 + 53,605

Transport and catabolism
Signaling molecules and
interaction
Environmental adaptation
Immune system
Excretory system
Biosynthesis of secondary
metabolites

189,182 + 34,903
103,635 + 18,364

85,022 £ 16,316
21,286 + 5060
20,762 £ 4345

589,242 4+ 109,571

195,612 + 28,236
103,044 £ 16,871

89,595 £ 13,882
22,507 + 4475
21,552 £ 3309

611,122 94,164

319,386 + 42,214 *
168,531 £ 25,056 *

140,888 + 16,832 *
36,422 £+ 4323 *
35,427 = 4640 *

991,848 4 133,240 *

224,248 + 28,276
1,22,624 + 11,234

99,957 £ 9358
23,761 + 1891
23,473 1343

697,493 £ 54,578

Significant differences (p < 0.05) between the treatments and CK are indicated with asterisk (*).
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4. Discussion
4.1. Effects of PHE and PE on Soil Chemical Properties

Soil pH is an important index of soil chemical variables, which plays a crucial role in
the availability of nutrients [29]. We found that PE and PHE-PE significantly decreased
soil pH, which is in accordance with previous findings that the agricultural soil exposed
to HDPE is 0.62 units lower than the controls [30]. However, a different result has also
been reported in which the MPs (i.e., HDPE, PLA) alone and jointly with multiwall carbon
nanotubes (MWCNTs) could increase soil pH [31]. This may be attributed to the differences
in MPs (type, dosage and size) and soil properties among these studies. Due to the
strong adsorption capacity, MPs could change soil adsorption to regulate the acid-base
balance. Various additives released from MPs during soil incubation might modify soil pH.
Additionally, previous studies found that soil pH correlated negatively with the relative
abundance of Acidobacteria [32]. Although PE and PHE-PE hardly affected the relative
abundance of Acidobacteria (Figure S3, p > 0.05), the soil pH was markedly reduced. This
suggested that soil microbes are not responsible for the changes in soil pH in our research. In
sum, PE may singly or jointly with PHE decrease soil pH, while the underlying mechanisms
need further investigation.

Due to its high organic carbon content, PHE can contribute to organic carbon accu-
mulation in soil. Moreover, PHE can serve as carbon source for the growth of bacteria,
such as Sphingomonas and Sphingobium, which suggested that PHE might be preferentially
metabolized, thus reducing the soil original SOM decomposition in PHE and PHE-PE
amended soil. PHE may consume soil oxygen (O;) during its degradation process and
further inhibit the mineralization of SOM. All of these probably resulted in a slight in-
crease of SOM with the addition of PHE and PHE-PE. Previous studies have demonstrated
that soil without additional carbon sources could decompose SOM for energy and carbon
substrates [33]. Here, the energy required for microbial metabolism may be a key driver
of native SOM decomposition in the PE-treated system, which showed significantly de-
creased SOM content compared with the PHE-PE (p < 0.05) (Table 1). SOM decomposition
can be regulated by competition among bacterial populations [34]. The effects of MPs
on SOM decomposition may be controlled by the balance between microbial anabolism
and catabolism [32]. The “plastisphere” formed in the MPs surface could be a microbial
activity hotspot that accelerated the decomposition of SOM [35]. These suggested that
MPs induced the higher microbial activity and metabolic capability of probably availed
SOM. As shown in Sections 3.4.3. and 4.4.3., the addition of PE significantly enhanced the
metabolic processes of the bacterial community, which can explain the significant decrease
in SOM content when exposed to PE. Consistent results were reported by Xiao et al., who
found that low doses of PE (0.01%, w/w) strongly promote SOM decomposition in paddy
soil [35]. The SOM decomposition was positively consistent with the carbon dioxide (CO5)
efflux rate in soils [33]. This indicated that the addition of PE would significantly induce
the CO; efflux, while PHE and PHE-PE showed less influence.

Zhou et al. concluded that carbon source supply from biodegradable material could
stimulate microbial biomass and intensify nitrogen immobilization [36]. This suggested
that PHE as the carbon source of some bacteria in the soil could lead to the increase of
biological nitrogen-fixation, resulting in the reduction of AN content in PHE and PHE-PE
groups. Previous researcher pointed out that the decomposition of SOM could facilitate
microbial growth [35]. We can speculate that increased nitrogen is required to support
bacterial growth and thus accelerate AN demand from the soil, which can partly contribute
to the significantly lowered AN with the addition of PE (p < 0.05). In another aspect, the
accumulation of AN (including N-NH4* and N-NOj3) are dependent on their balance
between production and depletion, such as ammoniation, nitrification, denitrification
and immobilization. The Acidobacteria and Pseudomonas have been reported to perform
nitrate reduction, nitrification and denitrification [37,38]. Here, soil with PHE, PE and
PHE-PE changed the abundance of this bacterial taxon, which might also lead to a decrease
in AN. As shown in Sections 3.4.2. and 4.4.2., PE significantly influences the functions
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related to nitrification, aerobic nitrite oxidation, denitrification, nitrite respiration and
nitrite denitrification of the microbial communities, and this may be another reason why
AN markedly decreased with the presence of PE.

A previous study demonstrated that the change of soil AP induced by MPs (i.e.,
PS, polytetrafluorethylene) was consistent with the change of phosphatase activity [39].
Similarly, we observed consistent (negligible) changes in AP content and neutral phos-
phatase activity in the present study (Table 2). The research of Satyaprakash et al. [40]
and Qu et al. [41] found that the change of AP was related to the dissolution of inorganic
phosphorus and organic phosphate mineralization mediated by microorganisms. Bergkem-
per et al. pointed out that Acidobacteria contributed significantly to phosphorus turnover
and phosphorus availability in soils [42]. Here, PHE, PE and PHE-PE did not significantly
change the relative abundance of Acidobacteria (Figure S3), which may partly explain the
insignificant variation in AP content. However, Wang et al. discovered that 10% polylactic
acid (PLA) significantly decreased the soil AP content, which might arise from its enhance-
ment in soil pH [31]. Findings from Yan et al. confirmed that polyvinyl chloride (PVC) (0.1%
and 1%) had no distinct effect on overall bacterial community diversity and composition
while causing a significant change in soil AP content [43]. These controversial results may
be attributed to the differences in MPs types and soil properties. The mechanisms of AP
transformation in PE- and PHE-amended soils should be explored in the future.

4.2. Effects of PHE and PE on Enzymatic Activities

As the enzymes that catalyze the hydrolysis of nitrogen-containing organic matter
(e.g., urea), urease plays an important role in regulating the nitrogen cycle. Previous studies
confirmed that the urease activities were increased with the addition of PE [12,44], which
was also observed in our current study. Compared to CK, a slight reduction of the urease ac-
tivity was observed for PHE and PHE-PE treatments, whereas PE amendment significantly
increased the urease activity in the soil, which was consistent with the results of FAPROTAX
analysis (Section 3.4.2.) that the functions of ureolysis were stimulated or inhibited by
PE or PHE/PHE-PE. Additionally, as a hydrolase, urease is important for transforming
organic matter. Negative correlation between the urease activity and SOM content was
found by Kompata-Bab et al. [45], which was consistent with our findings in the present
study. Wang et al. indicated that urease activity was correlated significantly with some
bacterial genera (e.g., Aeodermatophilus, Blastococcus, Bacillus, Marmoricola, Nitrospira) [31],
while these bacteria have not been found in our present study. Therefore, it is speculated
that the microbial communities did not play an important role in regulating urease activity
in this research.

FDAse activity can represent the overall metabolic activity of bacteria, and it is a good
indicator of microbial activity [46]. FDAse activity was significantly promoted with the
addition of HDPE and PP [21,31]. Here, we further observed higher FDAse activity in the
presence of PHE, PE and PHE-PE (Table 2). PE addition dramatically increased FDAse
activity relative to CK in the present study, indicating that PE could significantly enhance
microbial metabolic activity, which was further verified in KEGG metabolic pathways
determined by PICRUSt analysis (as shown in Sections 3.4.3. and 4.4.3.). This probably
resulted in increased mineralization of SOM and assimilation of AN by bacteria with the
PE treatment. The positive effect of PHE and PHE-PE on FDAse activity was weaker than
that of PE addition. Previous studies showed that MPs might reduce soil bulk density
and increase air circulation, resulting in the accumulation of aerobic microorganisms and
then increased microbial activity [32,47]. Inversely, the decomposition of PHE by the soil
bacteria (e.g., Sphingomonas, Sphingobium) would consume O,, leading to the enrichment of
anaerobic microorganisms with lower activity in PHE and PHE-PE systems than PE.

Dehydrogenase is directly involved in the degradation of PAHs (PHE, pyrene, naphtha-
lene). Previous studies found that the removal percentage of PAHs is positively correlated
with dehydrogenase activity in the soil [48,49]. The presence of PHE-PE considerably
boosted dehydrogenase activity compared to the CK or PHE (Table 2), indicating that
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increased natural biodegradation of PHE by indigenous bacteria in soil (i.e., Sphingomonas,
Sphingobium) and PE could facilitate the degradation of PHE. A similar result was reported
by Yi et al. [27] in which membranous PE improved the dehydrogenase activity in soil to
the extent of 21%. On the other hand, PHE and PE had no discernible effect on the activity
of neutral phosphatase singly or jointly (Table 2). Wang et al. pointed out that phosphatase
activity was significantly associated with some bacterial genera, including Phenylobacterium,
Pseudonocardia, Ramlibacter, Marmoricola and Saccharimonadales [31]. However, these afore-
mentioned bacteria have not been found in our present study, leading to no discernible
alterations in phosphatase activity. Previous research revealed that the inorganic phos-
phorus availability for microorganisms was related to the activity of phosphatase [50,51].
This indicated that the addition of PHE, PE and PHE-PE did not influence the demand for
phosphorus by bacteria in the soil.

4.3. Effects of PHE and PE on Microbial Diversity and Community Composition

The high Chao and Ace values denote superior richness of the soil bacterial community.
The greater Shannon or smaller Simpson values indicate a higher community diversity.
The results of Section 3.3. indicated that PE, PHE and PHE-PE showed negligible effect on
microbial community richness and diversity under our experimental conditions. Similarly,
Sun et al. revealed that 1%PE (w/w) did not show a significant influence on soil bacterial
diversity [52]. They conducted a thorough literature search and found that 11 of the
14 previous studies indicated that MPs amendment hardly influences the bacterial diversity
in soil. The indices obtained for bacteria showed no significant differences between the
CK and PHE (50 mg kg~ ') groups [53]. However, Fei et al. reported that the addition
of PE (1% and 5%) declined the richness and diversity of the bacterial communities in
an acid farmed soil [12]. A significant increase of microbial richness and diversity was
observed with the addition of PHE [54]. Judy et al. reported that MPs-mixed waste organic
output (MWOO) showed minimal effect on bacterial diversity [55], while polystyrene (PS)
markedly alleviated sulfamethazine’s adverse effects on bacterial diversity [56].

Sphingomonas was characterized by its ability to biodegrade organic compounds, such
as PHE, petroleum, allethrin, phenols and dioxins [57,58]. Acidobacteria have appeared to
tolerate or even degrade various pollutants (e.g., heavy metals, polychlorinated biphenyls,
petroleum compounds, PAHs) [37]. Compared with PHE, PHE-PE increased the abundance
of Sphingomonas and Acidobacteria, suggesting that the biodegradation of PHE might be
enhanced with the addition of PE in our study. This deserves to be assayed in the future.
In contrast, a significant reduction of Sphingomonas and Acidobacteria abundance with the
addition of MPs (PE, PVC) was found by Fei et al. [12], which may be attributed to diverse
soil properties and MPs types. Moreover, Acidobacteria plays significant ecological roles in
soil, as evidenced by their active participation in carbon, nitrogen, phosphorus and sulfur
cycling [59]. The abundance of Gemmatimonas was related to the organic carbon, nitrogen
and phosphorus levels in soil [60]. Owing to insignificant changes in Acidobacteria and
Gemmatimonas, they probably did not contribute to the variation in soil nutrients.

Compared to the CK, Azohydromonas and Sorangiineae showed a significantly positive
response to PHE. The negative response group in PE comprised members affiliated to
Sphingobium, Cupriavidus and Comamonadaceae, the positive response group was mostly
from Rhodospirillales, Devosia and Sorangiineae. The relative abundances of Nannocystineae
and Opitutus were significantly lower in the PHE-PE-treated sample than those in CK.
Azohydromonas, Rhodospirillales and Devosia have the function of nitrogen fixation, which
can transform atmospheric nitrogen into ammonium [61-63]. Sorangiineae are known to
produce a number of protein clusters, including amino acid/ lipid/carbohydrate trans-
port [64]. Nannocystineae is recognized for the production of long-chained polyunsaturated
fatty acids and unusual steroids [65]. Opitutus might play a role in fermenting complex
organics to simple ones [66]. The results potentially suggested that the addition of single
or conjoint PE and PHE probably influenced elemental cycles and the metabolic process
by affecting the abundance of some bacteria. However, these effects may not be pivotal in
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regulating soil chemical properties and microbial community function, which is confirmed
in Sections 3.1. and 3.4.

In summary, the PHE and PE addition influenced the microbial community to some
extent. However, no crucial effects of single or co-contaminated PHE and PE were observed
in altering bacterial community diversity and composition. This is not supported by the
variational soil pH, AN, AP, SOM and enzymatic activities. Presumably, the variations of
soil chemical properties incurred by PHE and PE were not enough to change soil bacterial
diversity and composition. In addition, soils generally harbor a vast diversity of bacteria
with an intrinsic capacity to cope with varied disturbances [20]. In addition to that, soil
texture/structure/permeability are the important physical properties [67,68], and MPs
could induce alterations of soil structure or permeability [69,70]. Such impacts may be
associated with changes in bacterial communities [69]. Thus, the effects of PHE/PE on soil
physical properties need to be determined to test these hypotheses in the future.

4.4. Effects of PHE and PE on Soil Microbial Community Function
4.4.1. Microbial Phenotype Prediction Based on BugBase

The bacterial cell membrane damage could induce the efflux of cytoplasmic substances
and then facilitate biofilm formation, which was tolerant to the adverse environmental
stresses. However, the relative abundance of biofilm-forming and stress tolerance were
slightly changed in the presence of PHE, PE and PHE-PE, compared to the CK (p > 0.05)
(Figure 4). In this regard, the relative abundance of Gram-negative phenotype (i.e., Aci-
dobacteria, Bacteroidetes, Chloroflexi, Gemmatimonadete, Planctomycetes, Proteobacteria) was
significantly higher than Gram-positive (i.e., Actinobacteria, Armatimonadetes, Chloroflexi).
Previous research pointed out that Gram-negative bacteria with an outer membrane were
more resistant to membrane damage than the Gram-positive strains [71]. This demonstrated
that PHE, PE and PHE-PE probably did not cause damage to the bacterial communities in
our study.

4.4.2. Functional Prediction of Bacterial Community by FAPROTAX

Chemoheterotrophy, aerobic chemoheterotrophy and hydrocarbon degradation are
important ecological function groups related to the carbon cycle [72]. Abundant chemo-
heterotrophy and aerobic chemoheterotrophy in soil suggest the bacteria mainly obtain
carbon and energy by oxidizing organic compounds for their growth, thus increasing
the emission of greenhouse gases [52]. The rise of these functions indicate that PHE and
PE probably induced CO, emission singly and jointly in our study. Similarly, Gao et al.
reported that PE addition (18%) significantly promoted soil CO, emissions [23]. It is
noteworthy that PE exhibited a significant influence on the nitrogen cycle, which might
lead to a significant decrease in AN content (Sections 3.1. and 4.1.) and an increase in
carbohydrate/amino acid/lipid metabolism (Sections 3.4.3. and 4.4.3.). Sulfur cycles play
an important role in maintaining the stability and health of the soil.

4.4.3. Predictive Metabolic Pathways Using KEGG

Amino acid metabolism and carbohydrate metabolism were the most abundant in all
samples, followed by lipid metabolism, which was closely related to energy metabolism.
Nucleotide metabolism is directly related to cell homeostasis, contributing to the produc-
tion of energy suppliers (i.e., ATP and GTP) [73]. Biosynthesis of secondary metabolites
could convert toxic substances that accumulate in the later growth phase, subsequently
prolonging the survival of bacteria. In addition, secondary metabolites have been proven
to act as antioxidants to protect organisms from oxidative stress [74]. PE showed a sig-
nificantly impact on these metabolic pathways (p < 0.05), potentially suggesting that the
bacterial community promotes their metabolic processes to generate energy for microbial
life activities. Analogously, Sun et al. found that the carbohydrate/amino acid/lipid
metabolism show significantly positive correlations with the microplastic concentrations
(PP, PE, PS) in agricultural soil [52]. This may be due to the fact that MPs addition can
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change the soil nutrient cycling [12]. As shown in Section 3.4.2., the observably enhanced
nitrogen cycle after PE addition can confirm this point.

Membrane transport could mediate the uptake of basic substrates and assist in im-
porting/exporting ions, small molecules and macromolecules, facilitating the growth and
life activity of bacteria in soil [75,76]. Moreover, the excess metabolites can be excreted in a
timely manner through membrane transport and thus prevent them from accumulating to
toxic levels in bacterial cells [77]. PHE, PE and PHE-PE induced the functional response
in membrane transport, and this may facilitate the bacterial communities to counteract
the changing survival environment and then maintain homeostasis in soil. Replication
and repair belonging to genetic information processing had higher abundances in treated
samples compared to the CK. Replication is essential for the survival of species. However,
the physical and chemical agents may attack DNA and lead to mutations. Bacteria possess
the capability to repair damages and hold genetic stability. The increased replication and
repair function may result in the stabilized bacterial community, which further verified that
there was no significant effect on microbial diversity and composition in the presence of
PHE, PE and PHE-PE.

In bacteria, the transcription and translation processes are concurrent for gene expres-
sion to accommodate the changing conditions [78,79]. Signal transduction is the biological
response of microbial cells to the ever-changing environment, altering the bacterial tran-
scriptome to mitigate the influence of contaminant stress [80]. Cell motility might provide
a competitive advantage for the bacterial community to fit the changing environment and
move towards nutrients or avoid toxic substances as well [81]. The abundance of these
pathways was enhanced with the addition of PHE, PE and PHE-PE. This may be conducive
to soil bacteria coping with PHE and PE pollution stress. A similar result that PE increased
the cell motility of soil bacterial communities was observed by Fei et al. [12].

Previous studies indicated that the xenobiotics biodegradation and metabolism might
include the decomposition of plastic polymers and pollutants (e.g., bisphenol, toluene,
benzoate, heavy metals and PAHSs) [52,53,82,83]. The increase in this metabolic path-
way indicated that bacteria in treated soils could use PE or PHE as a carbon source to
grow /reproduce and degrade them. Enzyme families are an extremely important class
with catalytic activity [84]. Bacteria may contain enzyme families of functionally diverse
members that are employed in various metabolic pathways [85], which would drive the cel-
lular processes and result in cell growth and death. These exhibited increased abundances
under PHE, PE and PHE-PE treatments. All of this may result in the higher resistance to
PHE and PE, consistent with the enhanced function of environmental adaptation

5. Conclusions

The addition of PHE, PE and PHE-PE did not distinctly affect the soil AP content
and neutral phosphatase activity. Soil pH was significantly decreased by PE and PHE-PE.
PHE-PE considerably strengthened dehydrogenase activity in contrast to CK or PHE, which
might arise from the degradation of PHE by indigenous bacteria. PHE and PHE-PE showed
a slightly positive effect on SOM and FDAse activity but decreased AN and urease activity.
PE exerted an observably negative effect on the functions of the nitrogen cycle as indicated
by increasing the abundance of nitrate denitrification/ureolysis/nitrite respiration. PE also
led to a significant increase of amino acid/carbohydrate/lipid/ nucleotide/xenobiotics
metabolism. These may cause the decrease of SOM/AN contents and the enhancement of
urease/ FDAse activities. Although PHE and PE solely or jointly exhibited insignificant
influences on overall community diversity and composition, some bacterial genera were
significantly reduced or enhanced in treated samples. However, the changes in soil chemical
properties and enzymatic activities explained by bacterial community diversity and compo-
sition under all treatments were relatively small. Summarily, (1) there were some changes
in soil chemical properties, enzymatic activities and bacterial communities (i.e., diversity,
composition and function) with the addition of single or combined pollutants of PE and
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PHE; (2) PE induced significant enhancements in nitrogen cycle and metabolic function,
which contributed to obvious alterations of SOM /AN contents and urease/FDAse activities.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr10102128/s1, Figure S1: Venn diagrams showing the number
of bacterial OTUs shared within and between groups of samples; Figure S2: PCA plots visualizing
the distribution pattern among different treatments (CK, PHE, PE and PHE-PE); Figure S3: Relative
abundance of the microbial communities in the different treatments at phylum level; Table S1: The
chemical properties of the tested soil; Table S2: Enzymatic activities of the tested soil; Table S3:
Similarity analysis of the Anosim group.
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