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Abstract

The spread of biodegradable plastic films (BDFs) not only increases grain yield but also reduces environmental pollution
from plastic film to a large extent. Soil microbes are considered to be involved in biodegradation processes. However, the
study of microbe diversity in soil mulched with biodegradable plastic film remains limited. Here, we compared the diversity
of microbes between soils with biodegradable film and nonbiodegradable film (NBDF) mulch. The results showed that
BDFs affected total C, P and NH,-N, especially organism C content, as well as microbe species richness (ACE; Chaol)
and diversity (Simpson index; Shannon index). In terms of dominant phyla and genera, BDFs and NBDF can influence
the abundance of disparate species. Furthermore, BDFs could also contribute to improving the richness of the important
functional bacterial groups in soil, e.g., Pedomicrobium and Comamonas, both of which are involved in the degradation of
plastic residues in soil. Finally, we found that BDFs improved the transformation of nitrogen by significantly increasing the
abundances of Nitrobacter and Nitrospira. Our results highlight the impact of BDF mulch on the abundance of functional

bacteria in the soil.
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Introduction

With the increasing human population, the yield and quality
of grain have become the most serious problems. The emer-
gence of plastic film mulching (PFM) has solved a problem,
as precipitation and other water resources are used more
efficiently to attain the required food production. PFM is
primarily used to protect shoots and seedlings and maintain
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or increase soil humidity and temperature through insulation
and evaporation prevention (Steinmetz et al. 2016). Further-
more, PFM may increase yields; extend the growing season;
conserve soil moisture and water-use efficiency; increase fer-
tilizer use efficiency; prevent soil erosion with weed growth;
and reduce weed pressure, as well as consequently reduce
herbicide and fertilizer use. In recent years, the usage of
PFM has been increasing worldwide (Cuello et al. 2015). For
example, in China, approximately 14.7 x 10° tons PFM has
been used on crops (Gao et al. 2018), most of which is dis-
tributed in 19.8 million hectares of agricultural land, while
in Europe, areas of PMF cover approximately 162,000 ha
(Briassoulis et al. 2010), and in the United States, more than
130,000 metric tons of plastics are used only in vegetable
production (Li et al. 2014). PFM has significantly improved
crop yield and greatly solved the food crisis but also results
in a series of issues. For example, plastic residues in the
soil have become one of the major environmental pollu-
tion sources. The residues include microplastics, phthalates
and agrochemicals, all of which have been found to lead to
substantial amounts of plastic waste residue accumulation
and may possibly liberate toxic additives into the soil and
promote soil water repellency and soil degradation (Stein-
metz et al. 2016). At present, countries all over the world
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are developing and studying technologies to reduce plastic
film residues, such as alternative technologies of agricultural
film, production and promotion of biodegradable film (BDF)
and encouraging the recovery of agricultural film residues
after harvest. Among them, the use of biodegradable plastic
films has attracted increasing attention.

Biodegradable film (BDF), first synthesized in the mid-
1970s (Briassoulis et al. 2010; Li et al. 2014), consists of
either BDF plastics (i.e., plastics produced from fossil mate-
rials) or biobased plastics (i.e., plastics synthesized from
biomass or renewable resources) (Tokiwa et al. 2009; Li
et al. 2014). BDF primarily consists of biobased plastics
that will eventually biodegrade into the soil in the form of
CO, and H,O (Ashley et al. 2012; Sintim et al. 2017; Ban-
dopadhyay et al. 2020) after the end of their effective pro-
cess without leaving toxic and polluting remains in the soil
(Briassoulis et al. 2010; Li et al. 2014). The advantages of
BDFs are as follows: improved tensile strength, flexibility
and controllability of rupture and degradation; pollution
free; enhanced ability to increase the soil temperature and
preserve the soil moisture and satisfy the demand of crop
production with plastic film mulching (Yan et al. 2016).
However, some shortcomings of BDFs are also exposed as
the service time increases. For instance, there is perceived
uncertainty about the weak market transparency, product
properties, a lack of uniformity in the product and a dis-
couraging cost of biodegradable plastic mulch compared to
conventional mulch in certain applications (Briassoulis et al.
2010). In addition, for some reason, bewilderment still exists
regarding the capability of these materials under real soil
conditions. Studies show that the incomplete breakdown of
BDFs could lead to an accumulation of plastic fragments and
particulates in soils (Sintim et al. 2017; Zhao et al. 2021).
Therefore, whether BDFs may become a desirable alterna-
tive to traditional PFM in solving agricultural plastic resi-
dues, in addition to the above advantages, more evaluation
parameters should be provided.

Microbes are an important part of the soil ecosystem and
play a key role in carbon, phosphorus, nitrogen and potas-
sium cycling in the soil (Kennedy et al. 1995; Qian et al.
2018). In soil, the diversity and function of microbes could
be affected by agricultural management practices such as
fertilization, film mulch, pesticides and crop rotation (Has-
san et al. 2021). Thus, their abundance and activity, as well
as the community structure, may act as a prime indicator
of soil fertility and quality (Puglisi et al. 2012). Obviously,
the maintenance of soil microbial communities is impor-
tant for the sustainability of soil agroecosystems (Hill et al.
2005; Sreejata et al. 2018; Qi et al. 2020). Recent reports
have found that PFM, including BDF and NBDF, and micro-
plastics can also influence the activities and composition
of soil microbes (Subrahmaniyan K et al. 2006; Brodhagen
et al. 2015; Sreejata et al. 2018; Bandopadhyay et al. 2020).
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Furthermore, as expected, the BDF residue fragments in soil
could be degraded by soil microorganisms; for example,
some bacterial strains, especially some microorganism com-
munities in the soil, have been identified to be involved in
microplastic degradation (Bandopadhyay et al. 2020), sug-
gesting that the abundance and activity of soil microbes may
change with the disposal of BDFs. The study of abundance
and diversity could contribute to screening microbes that
could be involved in plastic residues and provide a method
to evaluate the feasibility of biodegradable plastic films.

In this study, we evaluated the effects on microbe diver-
sity and abundance in soils mulched by three potentially
biodegradable films (BDFs: BDF1, BDF2, BDF3) and one
nonbiodegradable film (NBDF, also named polyethylene
film). We also quantified the abundance of some functional
microbes that can improve soil fertility as well as soil prop-
erties or accelerate the degradation of BDFs. Our results
highlight the effect of BDF mulch on soil microbe diversity,
which might be involved in the degradation of BDFs.

Materials and methods
Sampling location and collection

The sampling site is located in the potato planting area of
Shandan County (38° 47" 1.90” N, 101° 05’ 11.33 E, Arid
area of Yellow River, Gansu Province, China), where pota-
toes (Solanum tuberosum L. Daxiyang) are cultivated in
double ridge furrows with different mulches(The time span
of mulching is 6 months). The laying method of plastic film
adopts machine tiling, artificial seeding cultivation technol-
ogy. Five soil samples (CK, NBDF and BDFs, including
BDF1, BDF2, BDF3) were collected using a soil columnar
sampler 15 cm above the ridge. CK refers to soil without
plastic mulches, NBDF samples were covered with nonbio-
degradable mulches (polyethylene), and three BDF samples
present the three types of biodegradable mulches, which
are different in thickness, color and manufacturer. Further-
more, among the five sampling locations, there was no sig-
nificant difference in field management measures such as
watering and fertilization. In this study, the PE film was
white and 0.008 mm thick. Three biodegradable plastic
films used in this study are BDF1 (black, 0.008 mm thick-
ness), BDF2 (white, 0.008 mm thickness) and BDF3 (black,
0.008 mm thickness, manufactured by Xinjiang, and Lan-
zhou of China). Starch is the main synthetic raw material of
these degradable membranes, which have the characteris-
tics of large tensile strength, can be degraded into H,O and
CO, by microbes in soil, and is absolutely friendly to the
environment.
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Before potato harvesting, the soil samples were evenly
collected from 10 to 15 cm above the planting ridge, where
the BDFs cracked and began to degrade, while the NBDF
was intact. Each sample was collected from at least five
points (the distance between two points was not less than
30 m), and three biological replicates (samples from the
same site were collected three times, and the samples were
mixed in equal proportion) were used for statistical analy-
sis. All collected samples were packed and transported
back to the laboratory at 4 °C, and all of the samples were
stored at — 20 °C. Soil DNA was extracted and sequenced
from three biological replicates of each sample.

Soil available nutrient measurements

The soil samples used for soil property determination
were dried in air. Conspicuous plants, stones and other
substances were removed from the soil samples and trans-
ported back to a clean and ventilated indoor environment
with dehumidified air after the soil samples were collected.
For the soil property analyses, the soil samples were sieved
(to 5 mm and 2 mm) and stored at 4 °C until analyses were
performed within the next 2—-3 weeks (Acosta-Martinez
et al. 2011). Two copies of 5 mm screened soil samples,
each 200 g, were finely ground, and 1 part was thoroughly
processed at 2 mm for soil pH determination (DELTA320
pH). The rapid determination of total N in the soil was per-
formed by an automatic Kjeldahl apparatus (DDY9820).
NH,*-N (indophenol blue colorimetry), NO;™-N (color-
imetry of phenoldisulfonic acid) and total P (digestion
colorimetry) were determined from air-dried soil by spec-
trophotometry. The organic C was determined by TOC-V
(series SSM-5000A) solid sample measurement. The con-
ductivity was determined by a conductometer.

DNA extraction from the soil samples
and polymerase chain reaction (PCR) amplification

DNA was isolated from at least 2 g of mixed soil using
a MoBio High-throughput PowerSoil DNA Isolation Kit
(Young et al. 2015) and purified on agarose gels. The 16S
rRNA gene fragment (V3-V4) (Sui et al. 2013) of the
appropriate size and sequence was amplified using univer-
sal primers 1492R (5'-GGTTACCTTGTTACGACTT-3")
and 27F (5'-AGAGTTTGATCCTGGCTCAG-3') (Krumins
et al. 2009). The PCR conditions were as follows: 94 °C
for 5 min; then 25 cycles of 45 s of denaturation at 94 °C,
60 s of annealing at 55 °C, and 60 s of extension at 72 °C,
followed by 10 min at 72 °C (Sharma et al. 2009; Sabine
and Ralf 1997).

16S rRNA gene fragment analysis

The purified PCR products were sequenced by the Illumina
HiSeq2500 platform at Novogene Technologies Corporation
(Beijing, China). The high-quality reads with 97% similar-
ity were clustered into operational taxonomic units (OTUs)
using UCLUST (Edgar 2010) in QIIME (version 1.8.0)
(Caporaso et al. 2010). The bioinformatics analysis, includ-
ing the creation of Venn diagrams (Chen and Boutros 2011)
and calculation of alpha diversity indexes (Grice et al. 2009),
was performed on the biocloud platform (www.biocloud.
org). Species richness was projected by utilizing the Chao
1 and ACE methods, while quantitative species richness
or evenness was projected via nonparametric Simpson and
Shannon’s indexes in Mothur (Version v.1.30). We created
UPGMA dendrogram (an unweighted pair group method
with arithmetic mean) using Fast UniFrac analysis (Amin
et al. 2017). UPGMA was used to analyze the correlations
between the five samples.

Functional analysis by KEGG

Picrust software was used to compare species composition
information obtained from 16S sequencing data to predict
the functional genetic composition of the samples and to
analyze functional differences between different samples
or groups (Ma et al. 2020). First, the generated OTU table
needs to be standardized (different species contain differ-
ent copies of 16S). Then, through the Greengene ID corre-
sponding to each OTU, the KEGG family information cor-
responding to OTUs can be obtained (Schfer et al. 2009).
Thus, the KEGG abundance was calculated, and pathway,
EC information and OTU abundance were obtained from
KEGG database information to calculate the abundance of
each functional category.

Determining the abundance of soil Nitrobacter
and Nitrospira

Total DNA was extracted from the soil samples using a
DNeasy Power Soil kit (Qiagen GmbH, Germany). The
nitrifier communities from all the soil samples were exam-
ined by qRT-PCR-related analyses using specific primers
(Table S1). The number of nitrifying bacteria in the samples
was analyzed based on the data from the different fragments
obtained from specific amplifications (Li et al. 2018).

Data statistics
A two-sided p value < 0.05 was considered statistically sig-
nificant; the confidence intervals were set at 95%. Statis-

tical analyses were performed using SPSS 19.0 software.
Normally distributed continuous variables are expressed as
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the means + standard errors of the mean (SEM), and nonnor-
mally distributed continuous variables are expressed as the
median (interquartile range). One-way analysis of variance
was used to compare multiple groups.

Results
Soil available nutrient contents

To evaluate the effects of BDFs and NBDF on soil envi-
ronmental factors, the relevant parameters were deter-
mined. The organic C value was significantly different
(P=0.005<0.05) between BDFs and NBDF. The total P
value was significantly different (P =0.045 < 0.05) between
BDFs with NBDF (Table 1, Fig S1a). Additionally, pH, total
N, NH,*-N, NO;-N and conductivity were not significantly
different among CK, BDFs and NBDF (P =0.294 > 0.05,
P=0.344>0.05, P=0.294>0.05, P=0.339>0.05, and
P=0.119>0.05, respectively) (Table 1). The results sug-
gested that the presence or absence of mulch does not affect
these factors in the soil. Nevertheless, some variation in soil
factors was obvious between BDFs and NBDF, e.g., conduc-
tivity was significantly different between BDF3 and NBDF
(Duncan’s test). The pH of all samples was slightly alkaline;
the quantity of total N was higher in NBDF (1.94 +0.81)
than BDFs. However, the maximum values of NH4+—N and
NO;™-N were found in BDFs (BDF2 83.87 +51.69; BDF3,
4.06+1.28) (Table 1). The BDF samples showed significant
differences in NO;™-N and conductivity. In addition, differ-
ent changes exist in BDFs for soil physical and chemical
factors. Total P and organic C were higher in BDFs than
CK, and the NBDF had the maximum value of total P and
conductivity and the minimum value of organic C. In other
words, PFM (NBDF and BDFs) can change the value (rise
or fall) of physical and chemical factors in the soil. There
is no obvious rule in the two types of mulch, so it is impos-
sible to distinguish which type of mulch is more suitable for
soil planting.

Table 1 Selected soil properties under different the PFM and CK

Diversity of bacteria

A total of 782,586 clean reads were obtained for all samples
after removing the low-quality and chimeric reads. Approx-
imately 50% of the effective reads were paired-end reads
(Table S2). At the 97% OTU level, the quality reads could
be distributed into 1655 OTUs, consisting of 437 micro-
organism genera in 28 phyla (Table S3) (Schneider et al.
2015). CK lacks one phylum compared with those in other
samples, with the least number of genera. There were 1555
OTUs shared as a core group of all samples, and NBDF had
no unique OTUs (Fig. 1a). The results of the rarefaction
curve showed that the data size of all samples was sufficient
to support the response of species diversity and richness
(Fig S1b). For the five sample bacterial communities, the
CK had the lowest ACE (1609) and Chaol (1617) indexes
(Table S4), and BDFs (BDF3) had the highest species rich-
ness (ACE 1637 and Chaol 1644). BDFs (except BDF2)
had higher ACE and Chao 1 indexes than NBDF. BDF3
showed the richest species diversity (Simpson index: 0.0034
and Shannon index: 6.44), and CK had the lowest species
diversity (Simpson index: 0.0045 and Shannon index: 6.23).
Each index of the NBDF sample was slightly different than
that of the BDFs, with no significant differences. In addition,
a ternary phase diagram can visually show the proportion
and relationship of different species in CK, NBDF and BDFs
(Fig. 1b).

Correlations of the bacterial taxa

The UPGMA dendrogram created based on the UniFrac
distance matrix exhibited three major clades (Fig. 2). The
CK sample formed one clade relatively independent from
the other samples, and it also had the farthest genetic dis-
tance from the other four samples. The BDF clade was
basically identical to the NBDF clade, and there was little
genetic distance between BDF2 and NBDF. NBDF and
BDFs samples were different with CK. In three clades,
BDFs (BDF1 and BDF3) formed a single closed, inde-
pendent cluster; among all samples, the highest similarity

Samples Soil pH Total N (g/ NH,*-N (mg/ NO;™-N (mg/ Total P (g/kg+SD) Organic C (g/ Conductivity

kg+SD) kg+SD) kg+SD) kg+SD) (us/cm + SD)
CK 8.34+0.32 1.05+0.39 3.23+0.60 59.09+5.30 2.02+0.35% 8.98+0.57 37.87+5.46
NBDF  8.15+0.10 1.94+0.81 3.41+0.41 70.93+11.60 2.60+0.43 8.28+0.68 49.93+3.33
BDF1 8.27+0.07 0.80+0.57 3.47+0.22 47.68+10.01 2.09+0.23* 9.77+0.63* 34.50+12.41
BDF2 8.32+0.02 0.55+0.24 4.06+1.28 46.61+2.93 2.27+0.24 8.77+0.41 31.63+3.92%
BDF3 8.19+0.10 1.22+0.74 2.73+0.44 83.87+51.69 2.15+0.37* 9.33+0.86* 45.00+12.10

The means (+ 1 standard deviation) of the different soil properties (including soil pH, total N, NH4+-N, NO;™N, total P, organic C and conduc-
tivity) in the soil of the PFM treatments and the CK. Statistical analysis was performed with Student’s ¢ test (*P <0.05, **P<0.01); data are

provided as means + SDs
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(a) BDF1

Fig.1 Venn diagram and ternary phase diagram of all samples. At
the 97% similarity level, the number of OTUs in each sample was
obtained. A Venn diagram was used to display the number of com-
mon and unique OTUs in the samples. Among the five groups of
samples, except NBDF, the other four groups of samples all have
non-overlapping parts that is the number of unique OUTs contained

AAAAAAAAA C K
NBDF
’7 BDF2
L ----- BDF1
..... BDF3
—_—
0.004

Fig.2 UPGMA dendrogram based on the UniFrac data distance
matrix for the comparison of all the samples. The phylogenetic tree
generated by the UPGMA (unweighted pair group method with arith-
metic mean) is a simple embodiment of the species tree. After each
divergence, the length of the branches from the common ancestor
node to the two OTUs is the same. The closer the samples were, the
shorter the branches, indicating that the species composition of the
two samples was more similar

was found between BDF1 and BDF3. In addition, we drew
a graph NMDS to support the result, which showed that in
CK as the control group, the distance between BDF1 and
BDF3 was closer in the coordinate axis, and the distance
between BDF2 and NBDF was closer, which was consist-
ent with the results of UPGMA dendrogram, and further
confirmed that there were different correlations among the
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Other

(b)

Phylum K
4 Gemmatimonadetes
@ Proteobacteria
B Bacteroidetes

0.0

% . >
’,2’ 00 01 02 03 04 05 06 07 08 09 1.0 &
A N

in each group of samples (a). Three corners of the triangle represent
three samples, three samples are represented by three colors, three
edges are used to measure the species abundance of the correspond-
ing color of the sample, and the circles in the triangle represent all
species at the level of a phylum (b)

NMDSI vs NMDS2
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Fig.3 NMDS of all samples. Non-metric Multi-Dimensional Scaling
(NMDS) is a ranking method suitable for ecological research. Points
in the figure represent each sample, different colors represent different
groups (CK, NBDF, BDFs), and the distance between points repre-
sents the degree of difference. The closer the sample is in the coordi-
nate map, the similarity is higher

soils with four kinds of mulching films (Fig. 3, Fig S2).
Overall, the reciprocal similarity of the three BDF samples
was the highest, while that of the CK sample was the low-
est. There were obvious effects of mulching on soil micro-
bial species composition, and the similarity distances of
the CK, NBDF and BDFs ranged from far to near.
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Bacterial community composition
Abundance of phyla

Amplicon sequencing of bacterial 16S rRNA genes (V3-V4
region) was used to assess the influence of applying four dif-
ferent films on the soil bacterial community (Dawson et al.
2017). The five soil samples were dominated by bacteria
belonging to the phyla Proteobacteria (Batzke et al. 2007),

Fig.4 Soil bacterial community
composition of all the samples
at the a phylum level and b
genus level. Each color repre-
sents a species, and the length
of the color block (histogram)
indicates the relative abundance
of the species. We show only
the top 10 species at the phylum
level; the remaining species
were combined and displayed as
others (a). The top 20 different
taxonomic genera were selected
from the five samples (b). As
shown in the figure, unclassi-
fied represents the species that
have not been taxonomically
annotated

(a) 100% -

Relative abundance (%)

(b) sq0 -

Relative abundance (%)

BDF1

B Others

B Fusobacteria
80% @ Armatimonadetes
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60% - I Verrucomicrobia

B Actinobacteria
40% A M Chloroflexi

B Gemmatimonadetes
20% B Bacteroidetes

W Acidobacteria
0% B Proteobacteria

BDF1 BDF2 BDF3
Sample

Acidobacteria, Bacteroidetes, Gemmatimonadetes, Chloro-
flexi, Verrucomicrobia, Nitrospirae, Armatimonadetes and
Fusobacteria, with each of these phyla constituting more
than 0.1% of the relative abundance of the detected 16S
rRNA genes (Fig. 4a, Table S5).

The dominant phylum Proteobacteria was the most abun-
dant in BDFs (BDF1: 37.01%, BDF2: 36.28%), followed by
the NBDF sample (32.23%) and CK (31.12%). The abun-
dance of Acidobacteria in the four film mulches (NBDF:

CK  NBDF

B uncultured bacterium f Pedosphaeraceae
B uncultured bacterium c_Subgroup 17
B uncultured bacterium f Longimicrobiaceae
I Bryobacter
40% A B Arenimonas
H [l Pontibacter
M uncultured bacterium_f Blastocatellaceae
30% - 71 uncultured bacterium ¢ S0134 _terrestrial _group
B Lysobacter
B Subgroup 10
B uncultured bacterium_f Microscillaceae
20% [ uncultured bacterium_f Chitinophagaceae
B uncultured bacterium_o_S085
[ Haliangium
B RB41
10% 4 B Sphingomonas
B uncultured bacterium o _Subgroup 7
B uncultured bacterium_{ Saprospiraccac
M uncultured_bacterium_f Gemmatimonadaceae
0% - B uncultured bacterium_c_Subgroup 6

BDF2 BDF3

CK  NBDF

Sample
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20.79%, BDF1: 17.39%, BDF2: 20.55%, and BDF3: 22.27%)
was lower than that in the CK (24.07%). The species abun-
dances of the most dominant bacterial phyla Verrucomicro-
bia and Armatimonadetes were slightly higher in BDFs than
in CK. There was no significant difference in species abun-
dance between the NBDF and BDFs, for example, Gemma-
timonadetes (NBDF: 11.63%, BDF1: 9.05%, BDF2: 9.61%,
and BDF3: 10.87%) and Chloroflexi (NBDF: 6.46%, BDF1:
5.70%, BDF2: 6.13%, and BDF3: 6.56%).

However, there was a slight difference in species abun-
dance among the three BDF treatments, the highest species
abundance of Proteobacteria (37.01%) and Bacteroidetes
(20.34%) in BDF1, and Chloroflexi (6.56%) in BDF3. The
abundances of species in the following phyla increased
in NBDF relative to the CK: Gemmatimonadetes (from
10.04% in CK to 11.63% in NBDF), Chloroflexi (from 6.08
to 6.46%), Actinobacteria (from 3.83 to 3.94%), Verrucomi-
crobia (from 1.22 to 1.62%), and Nitrospirae (from 0.55 to
0.91%). The exception was Bacteroidetes, which decreased
from 20.11% in the CK sample to 18.72% in the NBDF sam-
ple. Mulching (with BDFs or NBDF) changed the abundance
of the different species in the CK soil, especially the domi-
nant phyla.

In addition, Proteobacteria, Acidobacteria and Bacteroi-
detes were the most common dominant bacterial phyla in
all samples. It is interesting to note that these three kinds
of bacteria showed different states in CK compared with
the samples from the four mulching treatments. The lowest
difference abundances of different species between the sam-
ples were found in Proteobacteria, the highest difference was
found in the Acidobacteria, and almost no difference was
found in Bacteroidetes. In NBDF, the species abundances of
the three phyla showed an increasing trend compared with
BDF1 and BDF2. The species abundances of Proteobacteria
and Bacteroidetes were higher in the BDF3 treatment than in
the other two BDF treatments. There was no significant dif-
ference in species abundances of the three dominant bacteria
in all samples, and the species abundance value was between
the lowest and the highest values. Gemmatimonadetes and
Nitrospirae are two phyla that can play an important role in
soils. The species abundances of Gemmatimonadetes and
Nitrospirae were higher in the NBDF than in the other sam-
ples, and their abundances in the CK were between those in
the NBDF and BDFs. In addition, the abundances of species
from these two important phyla in BDF2 and BDF3 were
lower than those in BDFI.

Abundance of genera

In this study, the top 20 different taxonomic genera were
examined from the 5 samples. The five dominant genera were
uncultured_bacterium_c_Subgroup_6 (from 5.53 to 7.93%),
uncultured_bacterium_f_Gemmatimonadaceae (from 4.42

to 6.0%), uncultured_bacterium_f_Saprospiraceae (from
3.89 to 4.83%), uncultured_bacterium_o_Subgroup_7 (from
2.31 to 4.18%) and Sphingomonas (from 2.24 to 3.06%),
which were common in all the samples (Fig. 4b, Table S6).

Dominant bacterial genera were generally more abundant
in CK than in NBDF and BDFs, while the functional gen-
era (Sphingomonas, Haliangium, Lysobacter, Arenimonas)
were generally lower in CK than in NBDF and BDFs.
There was no significant difference in species abundances
between the NBDF and BDFs. The abundances of uncul-
tured_bacterium_f_Gemmatimonadaceae, Haliangium
and Lysobacter were the highest in BDF1, and BDF2 and
BDF3 had the highest species abundances of Sphingo-
monas and Arenimonas, respectively. It is worth noting that
in NBDF, there were two functional genera, Uncultured_
bacterium_f_Gemmatimonadaceae and Arenimonas, with
maximum values, and one group that reached the lowest
value (Sphingomonas).

In addition, the species abundances of the other four
important functional bacterial genera in CK were lower
than those in all plastic film treatments (except for Lyso-
bacter). Interestingly, the increases or decreases in relative
abundance were driven not only by the normalized sequence
counts of abundant OTUs (>3% of the relative abundance
per OTU) (Qian et al. 2018) but also by the normalized
sequence counts of the low-abundance OTUs (< 3% rela-
tive abundance per OTU). For example, this pattern is seen
in the relative abundances of the low-abundance OTUs in
the genera uncultured_bacterium_c_S0134_terrestrial_
group (1.40-2.11%), uncultured_bacterium_f_Blastocatel-
laceae (1.21-2.53%), Arenimonas (1.25-2.51%), Bryobacter
(1.10~1.83%) and so on. The low-abundance genera account
for approximately 45.28% of all the OTU sequences in the
five samples. The results indicate that the abundance of spe-
cies does not completely determine the importance of spe-
cies in the population and, in most cases, it plays a role in
regulating population function (Ren W et al. 2015; Brackin
R et al. 2013).

Functional genera

The metabolic pathways of the five groups of samples were
analyzed by KEGG, among which two metabolic pathways,
xenobiotic biodegradation and metabolism, and biosynthesis
of other secondary metabolites, should be given more atten-
tion (Fig. 5, Fig S3a, b). The presence of these two metabo-
lism pathways in BDFs suggests that microbial communities
are involved in both biodegradation and biosynthesis metab-
olism pathways. However, in the CK and NBDF groups, the
biosynthesis of other secondary metabolites was not found.
The results suggest that biodegradable membrane mulch-
ing could increase the relative abundance of the functional
microbial communities that extensively participate in the
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Fig.5 Differential analysis of KEGG metabolism pathway. Through
the difference analysis of KEGG metabolic pathway, we can observe
the differences and changes of functional genes in metabolic pathway
of microbial community between BDF2 and BDF3. The figure shows
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functional metabolism pathways, especially the biodegrad-
able and biosynthetic metabolism pathways.

Previous study shows that the bacterial genera Pedomi-
crobium and Comamonas have participated in the degrada-
tion of soil plastics (Shah et al. 2008). In this study, com-
pared to CK, the abundance of Pedomicrobium species in
the BDFs and NBDF samples have increased significantly,
and which are higher in the BDFs than that in NBDF (except
BDF1 sample) (Fig. 6a). Furthermore, there was no signifi-
cant difference in the abundance of Comamonas species
between the CK and NBDF samples; the abundance levels
were almost uniform, although there were significant dif-
ferences among BDFs, CK and NBDF. The abundances of
Comamonas species were higher in all BDF treatments than
in the CK and NBDF treatments.

The abundance of Nitrobacter and Nitrospira in soils

To investigate whether mulching with BDFs or NBDFs
affected the functional microbial population in soils, we
detected the number of nitrifying bacteria in the soil sam-
ples using qRT-PCR methods. The number of nitrifying
bacteria was determined by the number of two important
functional genes, which were amplified by three pairs of
specific primers. The results showed that the number of

()5
Hm Pedomicrobium

0.4+ B Comamonas
0.3+
0.2+

0.1+

0.0-

CK NBDF BDF1 BDF2 BDF3

Em Nitrobacter nxrA
Nitrobacter nxrB

*

*

CK NBDF BDF1 BDF2 BDF3

Bl Nitrospirum nxrB

Number of nitrifier

Fig.6 Functional microorganisms in all samples. The two functional
genera have been shown to be involved in the degradation of plastics
in the soil. The two colors bars represent the two genera, Pedomi-
crobium and Comamonas, and the height of the bars represents the
abundance of species in both genera in the five samples (a). The num-
ber of nitrifying microorganisms in the different samples is shown in
the figure, and the three different colors represent Nitrobacter nxrA,
Nitrobacter nxrB, and Nitrospira nxrB (b). Statistical analysis was
performed with Student’s ¢ test (*P <0.05, **P <0.01)

nxrA in the PFM (NBDF and BDFs) was significantly
higher than that in the CK sample, and there were sig-
nificant differences between BDF1 and CK. The number
of nxrB in the NBDF and BDF samples (except BDF1)
was higher than that in the CK sample, and both BDF2
and BDF3 were significantly different from that in the CK
sample. Therefore, compared with the CK sample, the
number of Nitrobacter communities (Nitrobacter nxrA
and Nitrobacter nxrB) (Li et al. 2018) was increased in
the BDF and NBDF samples. The content of Nitrobacter
in the BDFs was higher than that in the NBDF sample
(Fig. 6b). It can be found from the data that the number
of Nitrobacter communities in the three treatment groups
gradually increased in the order of CK, NBDF and BDFs,
indicating that soil mulch could contribute to increasing
the abundance of Nitrobacter while reducing the abun-
dance of Nitrospira.

Discussion

BDF mulch could improve the soil available nutrient
contents

Soil quality indicators can reflect changes in soil intui-
tively and effectively (Li et al. 2008). Soil pH affects the
availability of nutrients, plant growth and microbial activ-
ity (Domagata-Swiatkiewicz and Siwek 2013). Here, in
the soils mulched with different films, the pH was sta-
ble at 8.20+0.14 (no significant difference), and similar
results were also found in terms of the total P, NH4+-N,
or NO;™ -N. However, the contents of total N, NO;™ -N
and total P in NBDF and BDF2 were higher than those
in CK. It is suggested that film mulch could improve soil
quality (Arutchelvi et al. 2008). PFM increases soil nutri-
ents; for example, PFM maximizes soil moisture savings
and protects soil nutrients from loss (Kader et al. 2017).
The difference in organic C in each sample may be due to
the activities of soil organisms, which influence C reten-
tion and, consequently, aggregation and soil structure
(Domagala-gwiatkiewicz and Siwek 2013) or improve the
ability of organic matter degradation by soil microorgan-
isms (Liu et al. 2012). Meanwhile, BDFs have a higher
retention effect on soil organic C than NBDF, which had
the maximum conductivity value. A possible explanation
is that the NBDF leaches toxic substances into the soil for
a long time, leading to an increase in soil conductivity
(Carteau et al. 2014). In addition, the differences among
BDFs in thickness, color and composition could affect soil
structure, quality and activity (Alkayssi and Alkaraghouli
1991; Sun et al. 2015; Zhao et al. 2021).
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BDFs could increase the diversity and richness
of functional microbe species in the soil

Plastic film mulch can lead to changes in soil properties,
such as solar radiant intensity, temperature, humidity and
microbes (Fan and Liu 2003; Yadav et al. 2013). In terms
of microbes, the species diversity and richness in the NBDF
and BDF soil samples were all higher than those in the CK.
A more reasonable explanation is that the NBDF residue
period increases phthalate concentrations, which leads to
significant decreases in soil microbial carbon and nitrogen,
enzyme activities and microbial diversity (Wang et al. 2016),
while the biodegradable film can degrade in 1 year and its
residue does not remain in the soil for a long time (Barragan
et al. 2016).

Furthermore, the dominant bacterial phyla, such as Pro-
teobacteria, Acidobacteria, Bacteroidetes and Gemmati-
monadetes, and common bacterial phyla, including Act-
inobacteria, Chloroflexi, Verrucomicrobia and Nitrospirae
(Farmer et al. 2016), were all found in our study. Among
them, the abundance of Proteobacteria was not significantly
different among CK, BDFs and NBDF. Gemmatimonas has
the beneficial effect of fixing atmospheric nitrogen under
low oxygen pressure conditions (DeBruyn et al. 2013).
With the exception of BDF3, the PFM systems showed a
higher abundance of uncultured_bacterium_f_Gemmati-
monadaceae species, suggesting that PFM can enhance
Gemmatimonas activity and promote nitrogen fixation.
PFM could also enhance the abundance of Actinobacteria,
Nitrospirae and Alphaproteobacteria, in which Actinobac-
teria can secrete antibiotics over long periods to inhibit dis-
ease (Landwehr et al. 2016), while Nitrospirae (Zhang et al.
2015) and Alphaproteobacteria (Trujillo et al. 2015) play
an important role in nitrogen fixation and soil nitrification.
Collectively, mulch with film could contribute to resistance
to disease and soil nitrification.

BDF mulch could increase the abundance
of microbes involved in plastic degradation

Microbes, such as bacteria and fungi in the soil, are involved
in the degradation of BDFs and plastic film residue (Shah
et al. 2008). For example, plastic film phthalate esters take
up 20-60% of the NBDF, which contaminates the environ-
ment and affects the soil microbial communities and enzy-
matic activities (Qian et al. 2018). However, soil microbes
prefer polymers, especially plastics, as substrates. For exam-
ple, the genus Sphingomonas can degrade the toxic sub-
stance bromine acid and participate in the nitrogen cycle in
soil (Vasilyeva and Strijakova 2007). Samples CK and BDF2
have higher Sphingomonas abundance than NBDF and BDF
1 and BDF 3). Due to possible competition between Gemma-
timonas and Sphingomonas, PFM increased Gemmatimonas
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abundance and inhibited Sphingomonas development. Hal-
iangium is a common saprophyte in soil, and it plays an
important role in the nutrient cycle of soil (Tayyab et al.
2018). The Haliangium abundance in the BDF and NBDF
samples was higher than that in the CK samples in this study.
It is obvious that NBDF and BDFs could improve soil micro-
bial activities by enhancing the abilities of saprophytic bac-
teria and soil nutrient recycling. Moreover, Pedomicrobium
and Comamonas are bacteria that have been reported to have
the ability to degrade plastic residues (Shah et al. 2008). In
this study, the numbers of Pedomicrobium and Comamonas
were significantly higher in BDFs than in CK and NBDF,
suggesting that both microbes might be involved in the deg-
radation of BDFs.

The BDFs and NBDF form a bottleneck on the soil sur-
face that impacts soil temperature, moisture and soil-air gas
exchange, indirectly altering the microorganism communi-
ties (Bandopadhyay et al. 2018). Nitrobacteria are involved
in regulating the balance of inorganic nitrogen (N forms) in
soils (Attard et al. 2010) by facilitating nitrification, which
is a vital step of the nitrogen cycle (Poly et al. 2008). In this
study, the abundance of three functional nitrobacteria was
determined by quantitative real-time PCR. Both oxidizing
bacteria (NOB), Nitrobacteria and Nitrospira, are involved
in soil nitrification from ammonia to nitrate and play a cru-
cial role in nitrogen biogeochemical cycling and plant nutri-
tion (Li et al. 2018). The results showed that the number of
nitrobacteria in BDFs was higher than that in CK and NBDF.
BDFs changed the species abundance of the nitrobacterial
community in soil and selectively increased two of the spe-
cies (Nitrobacter nxrA and nxrB). The decrease in Nitrospira
quantity in BDFs and NBDF may have less of an effect than
CK on the degradation process of plastics. The increase in
the number of these two nitrobacteria also shows that the
cover of biodegradable film used in this study has an effect
on the nitrobacteria community in the soil.

Conclusions and perspectives

PFM (plastic film mulch) could significantly increase the
diversity and richness of the soil microbial species. The
results suggested that PFM is beneficial for increasing the
richness of the soil microbial community and improving
the diversity and richness of soil microbial species with-
out changing the dominant community. In particular, BDFs
could improve the soil quality and the species abundance of
functional genera (e.g., Pedomicrobium, Comamonas and
nitrifying microbes), which would be involved in the degra-
dation of BDFs or nitrification in soil.

The degradation of BDFs requires a soil microbial
community that could be influenced by various environ-
mental factors, including sunlight, rainfall, soil moisture
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and temperature, and film mulch. To date, there are still
some problems that need to be solved in the use of biode-
gradable films, e.g., long degradation times, incomplete
degradation and the possibility of residual particles in the
soil. Therefore, in the future, biodegradable films should
be particularly improved in many ways, such as material
innovation, degradation process optimization and agro-
nomic technology in sustainable agriculture.
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