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Degradable film mulching recruited
beneficial microbiota and increased
rhizosphere bacterial diversity in
sunflower

Tiantian Meng®?, Hengtong Bu?, Xianggian Zhang?>™, Xuanyi Chen?, Weini Wang*,
Min Zhao?, Junmei Liu*, Jianwei Zhang?, Dejian Zhang®"*?, Zhanyuan Lu%%35> &
Xiaoyu Zhao?

The degradable film can solve the problem that the traditional plastic film is difficult to recycle and
heavy pollution for a long time. The effects of degraded film mulching on microbial diversity are
significant. However, the responses of relevant microbial communities to degraded film mulching
in different ecological niches (e.g., bulk soil, rhizosphere and endosphere) of sunflower roots are
poorly understood. This study analyzed the effects of plastics film mulching on bacterial and fungal
a-diversities (Shannon index), community assembly process, key dominant species of sunflower
different ecological niches in roots. The results showed that degradable film mulching significantly
increased the a-diversity (Shannon index) of bulk soil and rhizosphere soil bacteria and decreased
the a-diversity of fungi (Shannon index), and the mulching treatment promoted the gradual shift
of the rhizosphere microbial community assembly process to a deterministic process. Degradation
film mulching increased the connectivity and complexity of bacterial networks and decreased the
complexity of fungal networks. Plastic film mulching improves soil nutrients, temperature and
moisture, enhances the positive correlation among microorganisms. At the same time, core species
such as Amycolatopsis, Rhizobiaceae, and Sphingomonas that recruit beneficial microorganisms
and accelerate the degradation of plastic film are significantly enriched. Degradable film covering
promoted soil nutrient cycling, increased urease, alkaline phosphatase, sucrase, and thus increased
sunflower yield. A comprehensive analysis of random forest and structural equations showed that
the main driving microbial factors of yield were bulk soil bacterial diversity and endosphere fungal
diversity. This study provides new ideas for the analysis of soil microbial mutual feedback mechanisms
between degraded film mulch and rhizosphere ecosystems.
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Sunflower (Helianthus annuus L.) is the fourth largest oil crop worldwide and one of China’s most important
oil crops. Globally, the sunflower planting area is primarily concentrated in Europe, followed by Asial. In 2023,
China’s sunflower sown area was 597,000 hm?. The Inner Mongolia Autonomous Region is China’s largest
sunflower sown area, accounting for >68% of the country’s total sown area’. Because of the arid climate in the
main sunflower-growing area of Inner Mongolia, seed yields are relatively low. thus, it is necessary to improve
these yields to develop China’s sunflower industry. Long-term field studies have found that mulching increases
yield and income and is an indispensable technology for dryland crop production®*. Long-term use of ordinary
mulch improves crop yield, but the long-term accumulation of residues in soil, coupled with a long degradation
process, further leads to the serious pollution of farmland from residual film®. Degradable film mulching has
similar thermal insulation and moisture retention effects to traditional film mulching and effectively reduces the
pollution of mulching film residue in the soil environment and the risk of crop yield reduction®. Compared with
bare soil, mulching reduces water evaporation, increases soil temperature, improves the soil microenvironment’,
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and promotes an increase in crop yield®’. Soil enzyme activity can reflect the activity of soil microorganisms
and biochemical reactions, as well as the status of nutrient circulation, and it is crucial in material circulation
and energy transformation of the soil ecosystem!?. Biodegradable mulching film is a type of degradable material
that utilizes biodegradable polymers as its primary raw material. Microorganisms produce enzymes that break
down the polymer into smaller molecular components, ultimately yielding water, carbon dioxide, and other
harmless byproducts. These degradation products are environmentally benign and do not adversely affect
natural ecosystems!!. Degraded plastic film can be directly used as a carbon source for soil microorganisms,
affect the microbial community, and alter enzyme activity by changing the microclimate!>!3.

Microbial community composition directly affects soil nutrient cycling, crop growth status, and overall soil
quality and indirectly determines the adaptability and stability of agroecosystems under environmental stress'*15.
The assembly of microbial communities plays a critical role in shaping the formation and succession of their
structures. Both deterministic and stochastic processes jointly regulate this assembly, ultimately influencing
whether microbiome-mediated soil nutrient cycling is enhanced or suppressed!®. Film mulching can affect the
soil microbial community by changing the soil’s physical structure, microclimate, and nutrient status, regulating
the quantity and activity of soil microorganisms and promoting the healthy development of the soil ecosystem!”.
Films mulching can significantly increase microbial diversity and richness'®!°. The relative abundance of specific
microorganisms (Acidobacteria) significantly increases?® and affects the assembly of microbial communities,
transforming it into a determinate process*!. Soil microbial composition is affected by abiotic and biological
factors. Numerous studies on mulching have focused on soil physicochemical properties, microbial diversity,
and crop yield. However, there are few reports on the effects of degradable films on the assembly process and
co-occurrence network of microbial communities in different ecological niches in sunflower roots.

In this study, degradable and common films were selected to analyze the effects of degradable film mulching
on microbial diversity, community assembly process, and sunflower yield in different ecological niches in
sunflower roots. The primary objectives of this study were to assess (1) the effects of plastics film mulching on
bacterial and fungal diversities in different ecological niches of root space, (2) the effects of plastics film mulching
on the microbial co-occurrence network and community assembly process of different ecological niches in root
space, and (3) the microbial regulation mechanism of sunflower yield increase under plastics film mulching.

Materials and methods

Testing condition

This experiment was conducted in 2023 in Shulinzhao Town (40°29'6.09"N, 109°52'24.9"E), Dalat Banner,
Ordos City, Inner Mongolia Autonomous Region, China. The climate of this region is dry with low rainfall,
typical of a temperate continental monsoon climate. The average annual sunshine is ~ 3000 h, the average annual
temperature is 6.1-7.1 °C, the frost-free period is 135-150 days, and the average annual precipitation is 240-
360 mm, mainly from July to September. The altitude is 1042 m, and the main soil type is tidal soil with moderate
fertility (Table S1). In 2023, the precipitation was 215.9 mm, and the average annual temperature was 7.71 °C
(Fig. 1).

Experimental design

The variety tested was Sanrui No. 10 (Sanrui Agricultural Technology Co., Ltd.). Three following treatments
were set up: degraded film treatment (DF) (From Shanghai Hongrui Biotechnology Co., Ltd.), ordinary film
treatment (CF) (From Qinfeng Agricultural Trade Limited Liability Company in Baotou City.), and no film
treatment (CK). The plastic films in each treatment were 700 mm wide and 0.08 mm thick. Both conventional
mulch film and degraded film are black in color, each treatment was repeated four repetitions. The previous
crop was corn. The area of each plot was 465 m?. The seeding density was 22,500 plants-ha’!, the irrigation
was carried out during mid-May, the irrigation volume was 150 m?, and the seeding date was June 2, 2023. A
mechanized wide-narrow row planting method was adopted for fertilization, mulching, seeding, soil covering,
and suppression, with a narrow row of 40 cm and a wide row of 90 cm. At the same time, 375 kg-ha™! mixed Hefei
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Fig. 1. Rainfall and average temperature during the sunflower-growing period in 2023.
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(N-P,0,-K,0 26-10-12) and 225 kg-ha! urea were applied. The obtained sequences were submitted to the NCBI
Sequence Read Archive (SRA) with BioProject number PRINA1141434.

Microbial diversity assessment

All sampling tools were sterilized before sample collection, and sampling was performed in an area of uniform
growth between two sunflower rows. It is to remove impurities such as stones and straw from 0 to 5 cm topsoil,
and further mix with the underlying soil as soil samples. Impurities were removed and passed through a 1 mm
sieve as a bulk soil sample. The loose soil attached to the sunflower roots was removed, the soil within 1 mm of
the root surface was collected using a sterile brush, and the collected soil sample was filtered through a 1 mm
sieve to obtain rhizosphere soil. The sunflower roots were washed with sterile water to remove all impurities,
and the roots were cut evenly. The roots were treated with an ultrasonic cleaning apparatus and phosphate-
buffered saline solution for 3 min. The root samples were stored in a sterile centrifuge tube. After liquid nitrogen
was rapidly frozen, the samples were stored in the ultra-low temperature refrigerator at —80 °C. The samples
were used for subsequent 16 S rRNA and internal transcribed spacer (ITS) sequencing analysis. The primer
information and polymerase chain reaction amplification methods are shown in Table S2.

Determination of soil properties and yield

Soil samples were collected during flowering. Each treatment plot was sampled using a five-point sampling
method and repeated thrice, and the samples were fully mixed and divided into four replicates. Soil water
content (SWC) was measured by volumetric weighing, soil temperature was measured using a curvature
geothermometer, soil pH was measured using a pH meter, soil organic matter (SOM) was measured by
potassium dichromate titration, and soil total nitrogen (TN) was measured by the semi-micro-Kjeldahl method.
The activities of soil catalase (CAT), sucrase (SC), urease (UE), and alkaline phosphatase (AKP) were measured
by the microplate method. The kit was obtained from Suzhou Michy Biomedical Technology Co., Ltd., and iD5
(Molecular Devices) was used for the enzyme-labeling apparatus. After the sunflowers reached maturity, 20
consecutive representative sunflowers with the same growth were selected from each plot, and the grain weight
was measured by removing the flower heads.

Microbial co-occurrence network analysis

The amplicon sequence variant (ASV) relative abundance table was divided into three groups (bulk soil,
rhizosphere, and endosphere), and ASVs with an average relative abundance>0.01% were retained in each
group, which was used to construct co-occurrence networks of bulk soil, rhizosphere, and endosphere bacterial
and fungal communities under different degradation films. The co-occurrence network was constructed by
calculating the Spearman correlation matrix using “hmisc,” “psych,” and “igraph” packages in R software. The
P values of the correlation matrix were adjusted using the Benjamini-Hochberg method. The network was
constructed using significant correlations (P <0.05, R>0.5) for pairs of ASV's and visualized using Gephi version
0.10.2. The intramodule connectivity (Zi) and intermodule connectivity (Pi) indexes were obtained using the
“microeco” package in R to evaluate the key nodes in the network and obtain the core species. The Zi and Pi
values of network nodes were calculated using the R “igraph” package, and nodes were divided into the following
four types according to the topological characteristics of nodes: (1) module hubs, centers of modules, points with
high connectivity within modules, Zi > 2.5 and Pi < 0.62; connectors, intermodule connection points, points with
high connectivity between two modules, Zi<2.5 and Pi>0.62; (3) network hubs, points with high connectivity
in the whole network, Zi> 2.5 and Pi>0.62; and (4) peripherals, points that do not have high connectivity within
or between modules, Zi<2.5 and Pi<0.62 [19]. Module hubs, connectors, and network hubs are generally
considered key nodes, i.e., core species that are crucial for maintaining the stability of the network structure?.

Microbial community assembly process analysis

The B-mean nearest classification distance (B-NTI) value indicating the ecological assembly process of a bacterial
community was calculated using the zero-modeling method using the “picante” package in R software?®. |BNTI|
> 2 indicated that the difference in community composition resulted from deterministic processes (PNTI < -2:
homogeneous selection; BNTI> 2: variable selection), and |PNTI| < 2 indicated a random process. The samples
were divided into three groups: bulk soil, rhizosphere, and root plane. The bacterial communities were
characterized by five assembly processes: homogeneous selection, variable selection, homogeneous dispersion,
dispersion limitation, and drift?*. The BNTI index, as described above, was calculated using the “iICAMP”
package in R. A neutral community model (NCM) was established using the “Hmisc” package in R software.
The Chi-square test is used to compare the observed species abundance or distribution with the predicted results
of the zero model to check whether the difference between the two is significant.

Data analysis

Data were processed using Excel 2021 (Microsoft, USA) and presented as mean and standard deviation.
Univariate analysis of variance (ANOVA) and Pearson correlation analysis were performed using SPSS version
22.0 (IBM, USA). Bioinformatic analysis of the soil microbiota was carried out using the Majorbio Cloud
platform (https://cloud.majorbio.com). Cutadapt software was used to remove barcodes and primers from each
sample sequence. Dada2 software on the QIIME2 (version 2024.10) platform was used to cluster sequences
with 99% similarity to ASVs. The classification information of ASVs was annotated using the 16 S rRNA and
ITS databases (silva/v138.1). Using the “vegan” package(version 2024.10) in R software (version 4.4.0) the ASV
table was obtained and simplified to analyze the a-diversity of bacterial and fungal communities. Based on the
ASVs information, rarefaction curves and alpha diversity indices including observed ASVs, Chaol richness,
Shannon index and Good’s coverage were calculated with Mothur (v1.30.1)*. Principal coordinate analysis
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(PCoA) B-diversity based on bray_curtis, permutational multivariate ANOVA (PERMANOVA) was used to
analyze the effects of ecological niche (bulk soil, rhizosphere, and endosphere) and degradation membrane
coverage on microbial community diversity and composition. The “vegan” package in R (version 2.6-8) was used
to conduct ANOVA (Adonis). The key driving factors of yield were analyzed using the “random Forest” (RF)
package(version 4.7-1.2) in R software (version 4.4.0), and a structural equation model partial least-squares path
model (PLM-PM) was adopted. PLS-PM analyzed the effect of microbial diversity on yield in root ecosystems
covered with different degradation membranes. The path coefficient represents the direction and strength of the
linear relationship between potential variables, and R? represents the percentage of variables explained by other
variables. PLS-PM was constructed using the “plspm” package (version 0.5.1) in R?® (version 4.4.0).

Results

Effect of degradable films on soil properties and yield

UE, CAT, AKP, SC, SWC, ST, pH, and yield were significantly influenced by degradable film mulch (P<0.01),
whereas TN and organic matter content showed no significant differences among the different treatments
(Table 1). The sunflower yield under film mulch was higher than that under CK treatment, and the yield
magnitude was DF > CF > CK. Specifically, DF increased the yield by 19.02% and 33.49%, respectively, compared
with those of CF and CK, and the difference was significant compared with ordinary mulching (P <0.05). The DF
increased the yield by 12.15%, compared with CE. Compared with CK, film mulching significantly increased soil
temperature and water content, resulting in heat preservation and moisture retention. Meanwhile, film mulching
increased UE, CAT, AKP, SC, SWC, ST, TN, and SOM and decreased soil pH. The Degradable film mulching
treatment resulted in respective increases of 39.34%, 44.82%, 65.62%, 27.34%, 9.42%, 3.01%, 6.93%, 2.96%,
and 12.30% for UE, CAT, AKP, SC, SWC, pH, ST, SOM, and TN compared to CK. Degradable film mulching
regulated the underground soil microenvironment, provided a sufficient carbon source for microorganisms, and
enhanced enzyme activity in the soil, promoting the increase in sunflower yield.

Microbial diversity responses to degraded film mulch at different root ecological niches
Analysis of a-diversity of bacterial (Fig. S1) and fungal communities (Fig. S2) in bulk soil and rhizosphere-related
ecological niche (e.g., thizosphere and endosphere) showed that the Shannon and Chao indices of bacterial and
fungal communities in bulk and rhizosphere soil were significantly higher than those in the endosphere (Fig.
S1 and S2). The degradation of film coverage significantly enhanced the diversity of bacterial microorganisms
compared to CK (P<0.05). In contrast, common film mulching reduced bacterial microbial diversity in both
bulk soil and rhizosphere soil, while increasing it specifically in the rhizosphere. Plastic film mulching decreased
the diversity of fungal microorganisms, and there was no significant difference among the different treatments,
indicating that the effect of film covering on bacteria was higher than that of fungi. Linear regression also found
that bacterial and fungal diversities were significantly correlated with the degradation of film mulching treatment
in rhizosphere and endosphere, whereas the correlation of fungi was higher than that of bacteria (Fig. 2).

Microbial community responses to degradable film mulch at different root ecological niche
The dominant bacterial phyla in different ecological niches are Proteobacteria, Actinomyces, and Firmicutes (Fig.
S3a-c), and the dominant fungal phyla are Ascomycota, Olpidiomycota, Basidiomycota, and Mortierellomycota
(Fig. S3d-f). The main factors affecting the dominant phyla of bacteria and fungi were SWC, SC, UE, AKP, and
CAT (Fig. S2), indicating that degradation membrane treatment was beneficial for water retention and microbial
reproduction. PERMANOVA confirmed that ecological niche variation (bulk soil, rhizosphere, and rhizosphere)
was the main factor influencing the diversity of bacterial and fungal communities (interpretive variation > 60%,
P<0.001), and the effect on bacteria was higher than that on fungi, whereas degradation film mulch had no
significant effect on bacteria but had a significant effect on fungi. However, PERMANOVA of different ecological
niches showed that degradable film mulch significantly affected bacterial and fungal endosphere community
diversity (P<0.001) (Table 2).

Soil property

and yield DF CF CK F-value
UE (ug-(d~-g™")) 524.58+9.53 a 488.47+6.55b 376.49+16.22c | 180.24*%*
CAT(umoL-(h~'g"1)) | 494.11+£13.88a | 468.91+841b 341.17£6.94 ¢ 58.842*%*
AKP (mg-(d-'g"")) | 1183.85+11.39a |[909.02+22.59b | 714.79+1499¢c | 770.62***
SC (mg-(d~1-g™1) 33.28+0.57 a 32.93+0.28 a 26.14+0.76 b 194.64***
SWC(%) 0.20+£00.01 a 0.19+0.01 a 0.18+0.02a 3.42%
pH 8.37+0.07b 8.21+0.09 b 8.63+0.07 a 27.22%%*
ST(C) 30.87+0.252 30.25+0.64 a 28.87+1.03b 8.15%*
SOM(g-kg™!) 14.32+0.63a 14.14£0.59 a 13.91+0.38 a 0.56
TN(gkg™") 0.7+0.020 0.67+0.020 a 0.63+0.020 a 7.58*
Yield(kg-ha™!) 4452.13+125.78 a | 3969.68+183.18 b | 3335.17+140.00c | 54.57%*

Table 1. Effect of degradable film treatments on soil properties and yield. Note: DF: degradable film; CF:
commonly film; CK: no plastic film; UE: Urease; CAT: catalase; AKP: Alkaline phosphatase; SC: sucrase; SWC:
Soil water content; ST: Soil temperature. Different lowercase letters represent significant difference (P <0.05).
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Fig. 2. Linear regression analysis of the shannon index for microorganisms encompassed by degradation films
across diverse ecological niches.

PCoA was used to analyze the effects of plastic film mulch on bacterial (Fig. 3a-d) and fungal (Fig. 3e-h) -
diversities in different ecological niches. There were significant differences in p-diversity between bulk soil and
rhizosphere communities, whereas there were no significant differences between rhizosphere and endosphere
(P<0.05; Fig. 3). Significant differences in bacterial and fungal communities under different degradation
membrane treatments indicated that degradable film mulch would significantly affect the changes in soil
microbial community structure.
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Bacterial Fungal

community Community
Factors R? p-value | R? p-value
Bulk soil 0.674 | 0.001 0.702 | 0.001
Rhizosphere 0.923 | 0.001 0.868 | 0.001
Endosphere 0.265 | 0.133 0.957 | 0.001
Degradable mulching film | 0.025 | 0.664 0.214 | 0.013
Ecological niche 0.914 | 0.001 0.608 | 0.001

Table 2. PERMANOVA of the effects of degradable film mulch on fungal communities in bulk soil,
rhizosphere, and endosphere.

The random forest was used to identify bacterial and fungal biomarkers and environmental drivers covered
by degradable film mulch (Fig. 4). The top 20 ASVs of bacteria (Fig. 4a, Table S3) and fungi (Fig. 4d, Table S3)
were analyzed. ASV2121 (Amycolatopsis) and ASV2102 (unclassified_Bacteria) had significant differences in
bacterial communities and were significantly enriched under degradable film mulch. ASV2121 (Amycolatopsis)
was positively correlated with soil characteristics. In particular, there was a significant positive correlation with
UE, CAT, and AKP (Fig. 4c). ASV6 (Schizothecium) exhibited significant differences in fungal communities and
is significantly concentrated under CE Through random forest analysis, the contribution of the top 20 ASVs
of bacteria was >50% (Fig. 4b) and that of the top 20 ASVs of fungi was >60% (Fig. 4e). ASV556 (Fusarium)
showed a significant negative correlation with UE, CAT, AKP, SC, SWC, ST, SOM, and TN (Fig. 4f), and pH was
the key driving factor affecting the abundance of the top 20 ASVs in bacteria and fungi.

The assembly process of root microbial communities with different ecological niches

The whole community zero model analysis showed that the ecological assembly of bacterial and fungal
communities under plastic film mulch was composed of selection and neutral processes, whereas neutral
processes such as diffusion restriction and drift dominated bacterial and fungal community structures under
each treatment (Fig. 5a and d). Compared to CK, the assembly process of bacterial communities in the
laminating treatment increased the heterogeneous selection process and reduced the homogeneous diffusion
process, whereas CK significantly increased the diffusion restriction process of fungi (Fig. 5b). By calculating
the BNTI value based on the ASV abundance matrix to evaluate the ecological assembly process of the microbial
community, the proportion of |PNTI| > 2 of the bacterial community under DF was also higher than that
under the no film mulch, indicating that the composite film treatment would promote the transformation of
the microbial community assembly process to a deterministic process (Fig. 5b and e). For different ecological
niches, the proportion of rhizosphere |BNTI| > 2 was higher than that of bulk soil and endosphere (Fig. 5¢ and
f), indicating that rhizosphere ecological assembly gradually changed from a random process to a deterministic
process.

The NCM was used to predict the relationship between occurrence frequency and relative abundance of
ASV in subcommunities of three different ecological niches in bulk soil, rhizosphere, and endosphere and in
all root datasets (Fig. 5g-n). Results showed that the NCM successfully estimated most relationships between
the occurrence frequency of ASV and its relative abundance change, with high interpretation rates (R?) in bulk
soil, rhizosphere, endosphere, and sum, indicating that random processes are important for the formation of
microbial community assembly in different ecological niches. Moreover, the Nm values of bacteria and fungi in
bulk soil (Nm=1074.81 and 371.14) were higher than those in the rhizosphere (Nm=1022.74 and 491.49) than
in endosphere (Nm =678.13 and 224.26), indicating that the species diffusion of microorganisms in bulk soil was
significantly higher than that in rhizosphere and endosphere.

Microbial co-occurrence network changes at different root Spatial locations
Symbiotic networks of bacterial and fungal communities in bulk soil, rhizosphere, and endosphere were
constructed under the degradable film mulch (Fig. 6). There were more nodes and edges of the bacterial
community network, rhizosphere (nodes 197 and edges 4157) and endosphere (nodes 200 and edges 4181) than
bulk soil (nodes 200 and edges 2908), and more nodes and edges of the fungal community network, rhizosphere
(nodes 199 and edges 2984) than bulk soil (nodes 200 and edges 1727) and endosphere (nodes 118 and edges
788). It was shown that the complexity of the rhizosphere soil bacterial and fungal network was higher than
that of bulk soil and endosphere (Table S4). The modular degree of bacterial and fungal community networks
was the largest in the endosphere, and the positive correlation edges of fungi were significantly more than those
of bacteria, indicating that fungi had a more obvious positive influence on the microbial network. Bacillus,
Anaeromyxobacter, and Sphingomonas belong to the dominant genus of bulk soil bacteria. Pseudoxanthomonas,
Rhodonellum, and Amycolatopsis belong to the rhizosphere dominant bacteria, and Aquiflexum, Aminobacter,
and Aromatoleum belong to the endosphere core bacteria. Olpidium, Spizellomyces, Lecythophora, and
Dichotomopilus belong to the dominant genus of bulk soil fungi. Wardomyces, Olpidium, and Schizothecium
belong to the dominant rhizosphere fungi, whereas Sarocladium, Madurella, and Striaticonidium belong to the
core endosphere fungi (Table S5).

The subordinate level analysis reveals the changes in the bacterial network graph (Fig. 4) after the degradable
film cover was applied. The degradable film mulching significantly increased the number of edges in the bacterial
network, decreased the modularity index, increased the average degree, and increased the network connectivity.
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Fig. 3. Bacterial and fungal beta diversities based on PCoA were grouped into three ecological niches (e.g.,

bulk soil, rhizosphere, and endosphere) (a-f), and bacteria (g) and fungi (h) were grouped according to
different degradable film mulch in the three ecological niches.

The changing trend of a fungal network diagram differed from that of bacteria. Degradation film treatment
can reduce the number of fungal network diagram edges, increase the proportion of degradable film mulching
positive correlation edges, and positively regulate the change of microbial network. Moreover, degradation film
treatment can significantly increase the average network diameter and reduce the modularity index and average
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Fig. 4. Bubble charts of the top 20 key microorganisms (ASV level) in bacteria (a) and fungi (d), and analysis
of the importance of key microorganisms and their correlation with environmental factors in random forest
analysis of bacteria (b) and fungi (e). Heat map of correlation between related physicochemical factors and
ASV (candf).
degree of the network. It was suggested that degradation membrane covering reduced the network complexity
of fungi (Fig. S4; Table S6).
According to ZiPi most ASVs in these co-occurring networks are classified as peripheral nodes. Module hubs,
connectors, and networks were defined. The total number of key bacterial dominant species in hubs was 273
(e.g., Helianthus, Marmoricola, Chryseolinea, Massilia, Rhizobiaceae, Microbulbifer, Rhizobiaceae, Amycolatopsis,
Sphingomonas, and Bacillus) (Table S6), The total number of fungal dominant species was 141 (e.g., Coprinopsis,
Gibberella, Pseudeurotium, Golovinomyces, Kernia, Septoglomus, Olpidium, and Pyxidiophora) (Table S7).
Effects of different ecological niches in roots on increasing yield driven by microorganisms
Structural equation and random forest synthesis (Fig. 7) were used to analyze the effects of degradable film
mulching on soil physicochemical properties, enzyme activity, and microbial diversity of different ecological
niches of bacteria and fungi on yield. The results demonstrated that soil water content exerted a significant
influence on soil temperature fluctuations. Soil temperature, in turn, modulated the diversity of rhizosphere
microorganisms, including bacteria and fungi, by coordinating changes in soil chemical properties and enzyme
activities, ultimately contributing to increased crop yield. The random forest further verified that the main
microbial driving factors affecting yield were bacterial bulk soil diversity and fungal endosphere diversity, and
the main soil driving factors were UE, AKP, CAT, SC, pH, and ST. Analysis of the direct, indirect, and total
effects of yield contribution also verified that the main influencing factors of yield were soil water content and
Soil temperature and soil enzyme activity.
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Fig. 5. Ecological assembly process of microbial communities and neutral community model fitting of ASV
in different niche subcommunities. Zero-model analysis of bacterial and fungal (a) communities under
degradation membrane (d), PNTI indexes of bacterial and fungal communities in bulk soil, rhizosphere, and
root surface and under degradation membrane (b, ¢, e, and f). Neutral model fitting of bacterial (g-j) and
fungal communities (k-n) in different ecological niches and root ecosystems. NRS represents bulk soil; RS
represents rhizosphere; RI represents endosphere.
Discussion
Effects of degradation membranes on microbial diversity in different ecological niches
Microbial community composition in bulk soil plays a crucial role in shaping the rhizosphere microbial
community. Compared with bulk soil, the rhizosphere microdomain exhibits higher microbial cell density,
more complex interactions among microorganisms, and predominantly mutually reinforcing relationships.
These characteristics suggest that rhizosphere microorganisms possess greater potential for mutually beneficial
symbiosis, thereby enhancing the connectivity between soil and microorganisms?’. In this study, compared to
nonmulch and common film mulch treatments, degradable film mulch increased bacterial diversity in bulk
soil rhizosphere and endosphere. As film mulch improved soil structure, compared to CK and ordinary mulch
treatment, DF significantly increased soil temperature and SWC and optimized the growth environment of
plant roots. Under appropriate water and temperature conditions, plant root exudates increase?®, providing
more nutrient sources for root microorganisms, thus increasing the bacterial Shannon index. The decrease
Scientific Reports|  202515:18522 | https://doi.org/10.1038/s41598-025-03213-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Bulk soil Rhizosphere

@)

@

Fungi
B Modulel ™ Module2 ™ Module3 = Module4 ™ Module5
B Module 6 Others
(h) ()
w3 A Module hubs,Network hubs 3 R Module hubs ;Network hubs
2 , | 2 i
B = v el T I = T SN S e
% ; 'd% 2 AA A A A !
131 Al ' 131 42 2 2 !
2 A | 2 AA  Ap 4 A Al
A
g Rt §1 NVSUCE-SIF TSN
S ahd A <@ o'y t, 2a A
2 any 2 i A * SN
1 A Al
'g h Ané . 'g 0. & AAA: A A AA i A
A fan h A~ LA
E A 1 E A A A A,
l fiAg 4. T4 4y 4 Al
£ N TS 3 Y S A
;ﬁ: A fa, a g !
! !
B ! g :
Peripherals! Connectors K Peripherals! Connectors

0.0 0.2 0.4 06 08 0.0 0.2 0.4 06 08
Among—module connectivities Among—module connectivities

Fig. 6. Network analysis of bacterial (a—c) and fungal (d-f) communities in different ecological niches.
Bacterial (h) and fungal (g) network information, including connectivity within modules of bulk soil,
rhizosphere, and endosphere bacterial communities.

in microbial diversity in the bulk and rhizospheres of fungi may be due to residual film and microplastics
produced after partial fragmentation of plastic films, providing a unique habitat for microbial communities in
soil. only specific microbial communities are enriched on plastic residual film, reducing microbial community
diversity*>*°. Changes in root-related niche microbial communities are mainly caused by plant host selectivity>!.
Compared to nonmulching treatment, film mulching impacts the soil microbial community by changing the
soil’s physical structure, microclimate, and nutrient status®. The relative abundance of Proteobacteria in the
rhizosphere was increased by the degradable film mulching. This may be because increased microplastic content
can provide adsorption sites for microorganisms and alter the bacterial community structure’*3%. At the same
time, degradation film mulching significantly changed the composition of fungal communities in different root
niches compared with the nonmulching treatment (Fig. S3).

Microbial assembly under degradation film treatment was mainly a random process

Neutral processes play a key role in constructing the microbial biogeography of entire biomes*. These processes
are mainly generated by random ecological drift or diffusion®. The assembly process of bacterial and fungal
communities under degradation film treatment was dominated by random processes, and the assembly process
of microbial communities gradually shifted to deterministic processes due to the influence of rhizosphere
effects (Fig. 5). In agroecosystems, environmental change is slower and the impact of environmental filtration

Scientific Reports |

202515:18522 | https://doi.org/10.1038/s41598-025-03213-2

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a) (b) ]

0.787% g pH
:
content o

SC+
0.588*

UE -
\\ R=0.998 CAT +
SWC
BRI
BNRS
SOM -+
FRI
FNRS
BRS A
TN
FNRS
BRS
0.358% TN

2 4 6 8 10 12

& Wﬂﬂﬂﬂm

2
H 0,
(c) Increase in MSE (%)

1.5

0.5

OHHDD OB Bel ..m Hu - = AN
I

of yeild

-1

Standardized effects

@ Direct Effects O Indirect Effects @ Total Effects

-1.5

Soil water Soil Soil Soil enzyme Bulk soil Rhizosphere Endosphere Bulk soil Rhizosphere Endosphere
content temperature chemical activity fungi fungi fungi bacteria bacteria bacteria
properties

Fig. 7. Structural equation model showing the potential direct and indirect effects of soil variables and
bacterial and fungal diversities on sunflower yield. Correlation between yield and each indicator (a): red
represents positive correlation, blue represents negative correlation, and the width of the arrow is proportional
to the strength of the path coeflicient; random forest increment represents the main driver of yield increase (b),
blue represents the correlation reaching a significant level, and gray represents the difference not reaching a
significant level; direct, indirect, and total effects of yield contribution (c). *P <0.05.

is lower?’, explaining that random processes are the main factors affecting the microbial community assembly.
The percentage of random processes in bacterial and fungal community assembly in degradable film mulching
soils was lower than that in nonmulching soils (Fig. 5). Other studies have also found that degradable film
covering soil increases the random process of bacterial community assembly®. It may be due to the physical
barrier layer of degradation film covering treatment, which creates a stable microenvironment and increases
the available microbial resources®. Similar changes have also been observed in fungal communities due to the
unique regional characteristics and limited dispersal ability of fungi*’. In soil treated with biodegradable films,
the bacterial and fungal community structure is also affected by soil characteristics. Therefore, degraded film
mulching affects the aggregation process of microbial communities by changing soil nutrient availability and
microenvironment.

Effect of degradation membrane on core microorganisms of the co-occurrence network of
microbial community

Microorganisms in soil do not exist in isolation but are interrelated through a series of direct and indirect
ecological processes, such as collaboration, competition, and antagonism, forming a complex microbial symbiosis
network*!*2, Different ecological niches also affect the network complexity of bacterial and fungal communities.
In the bacterial network diagram, the complexity and modularity of rhizosphere networks are lower than those
of bulk soil and rhizosphere, indicating that in most cases the network complexity gradually decreases along the
bulk soil, and endosphere*®. The rhizosphere network of fungi has higher complexity and connectivity, but the
modularity coeflicient of fungi is the lowest, and the modularity coeflicient of fungi is the highest. Degradable film
mulching increased fungal network connectivity and decreased modularity levels, possibly due to the increased
availability of soil nutrients and plant growth promotion**. Therefore, the microbiome of different root-related
niches can construct different complex correlation networks in response to environmental stress. Endosphere
fungi increased the positive associations in fungal association networks. The positive association indicated that
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the biodegradable film covering reduced the competition of the fungal community, with most fungi being in a
cooperative relationship, consistent with the findings of a previous study?’. The increase in negative association
indicates that the degradation film coverage enhances intraboundary competition, whereas increase in positive
association proves that community competition has reduced®. In this study, degradation film treatment reduces
the negative association of bacteria and increases the positive association of the fungal network, indicating that
it will reduce the competition between bacteria and bacteria and that between fungi and fungi.

According to the joint analysis of ZiPi and network key species, Nocardiopsis, the core bacterium in the
nonrhizotrophic bacterial network, has a strong salt tolerance®, and Anaeromyxobacter plays an important
role in the process of nitrate dissimilation to ammonium®’. Sphingomonas plays a positive role in repairing
environmental pollution and promoting the degradation of compounds and plastics and biotransformation*s.
Pseudoxanthomonas and Amycolatopsis in the rhizosphere can promote the degradation of pollutants and
positively affect mulching film degradation, facilitating the decomposition of microplastic debris*>°.
Aminobacter also degrades pollutants in endosphere®!. Olpidium, as a core species in the rhizosphere and bulk
soil, plays a key role in the reconstruction of fungal flagellar loss®?, whereas Schizothecium® mainly promotes
nutrient cycling and litter decomposition in the soil in the rhizosphere. These dominant bacterial genera play an
important role in the collinear network of bacteria or fungi and are significantly enriched, which can strengthen
the interrelationship between microorganisms, promote nutrient cycling, accelerate plastic film degradation,
enhance soil resilience, provide a core hub for the microbiome and the plant worlds, it further improve sunflower
yield, and also provide a new direction for further analysis of the degradation mechanism of microplastics.

Conclusion

This study showed that degradable film mulching increased soil temperature and water content, promoted
the enrichment of beneficial bacteria (Amycolatopsis, Anaeromyxobacter, and Sphingomonas) in soil, secreted
metabolites (enzyme activity) to promote nutrient circulation, and enhanced soil resilience. At the same time,
bacterial and fungal diversities and community changes in large soil and sunflower root-related ecological
niches were significantly affected. Bacterial and fungal communities under the degradable film mulching
were driven by random processes, but the rhizosphere was more sensitive to external factors and gradually
changed to a deterministic process, which promoted the association among beneficial microorganisms, reduced
the competition among bacteria, and improved the complexity of bacterial networks in different ecological
niches in sunflower roots while reducing the complexity of fungal networks. The positive correlation between
microorganisms increased, and the coordinated interaction between microorganisms, soil, and sunflowers
increased the yield. These findings provide new insights into degradable film mulching for soil microbiome
assembly and sunflower yield stabilization.

Data availability
Sequence data that support the findings of this study have been deposited in the NCBI Sequence Read Archive
(SRA) with the primary accession code PRINA1141434.
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