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Abstract: Although mulching is a widely used agronomic practice, its effects on the rhizosphere re-
main poorly understood. Here, we employed amplicon and transcriptomic sequencing to investigate
variations in a grapevine rhizosphere system under mulch treatment (rice straw + felt + plastic film).
Analyzing 16S and intergenic spacer (ITS) rRNA sequences indicated that the Shannon and Simpson
indices of the bacterial and fungal communities increased markedly under mulch treatment. The
bacterial and fungal compositions varied significantly between the control and mulch treatments.
Mulching enriched for potentially beneficial microbes that confer disease resistance to plants or par-
ticipate in nitrogen metabolism (Kaistobacter, Ammoniphilus, Lysobacter, Ammoniphilus, Alicyclobacillus,
Aquicella, Nitrospira, Chaetomium, and Microascus), whereas more potentially pathogenic microbes
(Fusarium and Gibberella) were detected in the control. Moreover, certain bacteria and fungi exhibited
different correlations with the root transcriptome functions of the MEBlue module. The complexity of
the bacterial and fungal co-occurrence networks increased with higher node numbers, positive and
negative links after mulching. Following mulching, the rhizosphere showed elevated pH, organic
matter, and catalase activities, and decreased sucrase and cellulase and 3-glucosidase activities. Our
results provide comprehensive data showing how a grapevine rhizosphere system responded to
mulching treatment and shed important insight into mulching practices for fruit trees.

Keywords: Vitis vinifera L.; rice straw; felt; plastic film; root zone; 16 S TRNA; ITS rRNA

1. Introduction

Mulching is a conventional management technique that is widely used in agricultural
production. Mulch forms a barrier that covers soil with organic or inorganic materials
and plays positive roles in suppressing weed growth, maintaining the soil-water content,
controlling the soil temperature, improving soil function, promoting plant growth, and
producing high-quality products [1-3]. Li et al., 2021 found that straw mulching affected
the root growth of faba beans by changing the soil-nutrient supply and soil moisture [4].
Shirzadi et al., 2020 showed that the use of plastic mulch increased the onion yield by
29% [5]. Li et al., 2022 reported that plastic-film mulch changed the root-related micro-
biomes of maize plants and increased root growth [6]. However, little is known regarding
the relationship between soil conditions and plant growth under a combination of organic
and inorganic mulch treatment.

The rhizosphere functions as the key zone for interactions between plants and soils;
a dynamic zone that integrates energy exchange and nutrient cycling among plants, soil,
and microbial communities [7,8]. Rhizosphere microorganisms play pivotal roles in plant
growth, plant resistance to abiotic and biotic stresses, and plant yields and qualities [9-11].
Rhizosphere microbes influence many aspects of plant growth, including the circadian
clock and nutrient levels [12,13]. The results of various studies have shown that the relative
abundances of rhizosphere microbes change under mulch treatment. Juhos et al., 2023
found that straw mulch could improve microbiological parameters when compared to wool
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mulch [14]. Recent findings have shown that organic mulch helps regulate soil-microbial
communities in tea and litchi [15,16]. In addition, plastic mulch films (biodegradable mulch
and polyethylene mulch) can increase microbial abundances in the rhizosphere [17].

Previous reports have also shown that root growth and development can be influenced
by mulch treatment. Film mulching confined maize root growth under dry conditions
and inhibited excessive root growth under wet conditions [18]. Film mulching can also
significantly increase the length, diameter, and weight of root radishes [19]. Similar to film
mulching, wheat-straw mulching promotes plant root growth [20].

Grapevines are economically important fruit trees that are cultivated worldwide.
Grapevines are also important commercial fruit trees in China. The grapevine cultivation
area of China is 582,728 ha and the total fruit yield was 19.3 t in 2021 (https://www.
fao.org/faostat/zh/#data/QCL, accessed on 12 June 2023). Mulching is widely used in
vineyards [21,22]. Currently, mulching is considered a useful tool for adapting to climate
change in the grapevine industry [23]. However, few studies have focused on the responses
of different grapevine rhizosphere systems to mulch treatments. In this study, we aimed
to (1) clarify the variations in soil microbial compositions and functions that occur under
mulch treatment and (2) analyze the relationship between the root system and soil microbes
under mulching conditions.

2. Materials and Methods
2.1. Study Site and Experimental Design

A field study was conducted in a vineyard in a plastic-covered greenhouse at the
Jiangsu Academy of Agricultural Sciences, Nanjing, Jiangsu Province, China (32°02' N,
118°52" E). In this study, conventional tillage with no mulching was used as the control
group, and rice straw (5 cm thick) + felt (200 g-m?) + plastic film (0.08 mm) was used as the
mulch treatment (mulch group). Eight-year-old "Zijinhongxia” (Vitis vinifera L.) grapevines
were used as materials. Three replicates were performed for each treatment group. For
each replicate, we included three grapevines. The grapevines were separated by 1.8 m
when they were planted. The grapevines were spur-pruned in December 2021. This study
was conducted in February 2022. An intelligent temperature recorder L92-1 (Hangzhou
Loggertech Co., Ltd., Hangzhou, China) was used to monitor the soil temperature every
10 min at a depth of 10 cm, near the root of each grapevine. Soil properties were: available
N =0.36 g/kg, available P = 0.63 g/kg, available K = 0.55 g/kg, total N = 2.33 g/kg, total
P =258 g/kg, total K=17.42 g /kg, pH = 4.76, and organic matter = 34.39 g/kg. The soil
was irrigated 3 days before treatment. No irrigation was performed during treatment.

2.2. Plant and Soil Sampling

Root tissue and rhizosphere soil samples were obtained when the grapevines grew to
4-5 leaves. The surface soil was removed, and only the soil adhering to the roots (04 mm) at
a depth of 0-10 cm was collected by gentle brushing and used as the grapevine rhizosphere
soil [24]. The rhizosphere soil was then pooled and sieved through a 40-mesh sieve, after which
the fine roots were removed and homogeneously mixed. The root tissues were cleaned with
double-distilled H,O, wiped with sterile filter paper, and quickly frozen in liquid nitrogen. The
soil (approximate 100 g) and plant samples (approximate 5 g) were immediately transported
to our laboratory. Root tissues were stored at —80 °C for subsequent RNA extraction. A
portion of each soil sample was stored in an airtight cooler to determine soil-pH values,
organic matter contents, and soil-enzyme activities (i.e., catalase (CAT), sucrase, and cellulase
activities). Another portion of each soil sample (approximate 20 g) was stored at —80 °C (for
determining [3-glucosidase activities and extracting total DNA).

2.3. 165 rRNA and Intergenic Spacer (ITS) rRNA Amplicon Sequencing and Data Processing

Total soil DNA was extracted from rhizosphere soil sample using the E.Z.N.A.® Soil
DNA Kit (Omega Bio-tek, Norcross, GA, USA). The DNA quality was assessed using a
Fragment Analyzer 5400 (Agilent Technologies, Selangor, Malaysia), and the DNA quantity
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was measured using a Nanodrop ND-2000 instrument (Nanodrop Technologies, Wilm-
ington, DE, USA). The V3-V4 region of 165 rRNA was amplified using the primers, 341F
(5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5-GGACTACHVGGG TWTCTAAT-
3’). The ITS rRNA region of ITS1-1F was amplified using the primers, ITS1-1F-F (5'-
CTTGGTCATTTAGAGGAAGTAA-3') and ITS1-1F-R (5-GCTGCGTTCTTCATCGATGC-
3'). Polymerase chain reaction (PCR) analysis was performed as described by Wang
et al. [24]. PCR products were extracted from 2% agarose gels and further purified using
an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and
quantified using QuantiFluor™-ST (Promega, Madison, WI, USA). The purified amplicons
were pooled in equimolar concentrations and paired-end sequenced (2 x 300 base pairs
[bp]) on an Illumina NovaSeq6000 instrument (Illumina, San Diego, CA, USA), according
to standard protocols. The resulting raw sequences were filtered, trimmed, denoised, and
merged, and chimeric sequences were identified and removed using the DADA?2 plugin
of QIIME2? to identify amplicon sequence variants (ASVs) [25]. A taxonomy table was
generated by aligning the ASV sequences with Greengenes [26].

2.4. Root RNA Extraction and High-Through Sequencing

Total RNA was extracted from the root tissue using an RNAprep Pure Plant Kit (TTAN-
GEN, Beijing, China). RNA concentrations and purities were measured using a Nanodrop
ND-2000 instrument (Nanodrop Technologies, Wilmington, DE, USA). We used 1 ug RNA
per sample as input material for the RNA sample preparations. Sequencing libraries were
constructed using the NEBNext®UltraTM RNA Library Prep Kit from Illumina® (New
England Biolabs, Ipswich, MA, USA). PCR products were purified (AMPure XP system),
and the libraries were quantified using an Agilent Bioanalyzer 2100 system. The library
preparations were sequenced on the Illumina platform with 150 bp paired-ends.

2.5. Root Transcriptomic Data Analysis

The original data were filtered and reads with adapters were removed using Fastp
software (v.0.19.3). The clean reads were mapped to a reference genome (Vitis vinifera, wine
grape, BioProject: PRJEA18785). Gene-expression levels were estimated by calculating
fragments per kilobase of transcript per million fragments mapped reads values using
Feature Counts software (v1.6.2) and StringTie software (v1.3.4d). Differentially expressed
genes (DEGs) between the two treatments were analyzed using DESeq2 software (v1.22.1)
and edgeR software (v3.24.3). P values were corrected using the Benjamini-Hochberg
method. Corrected p values and |log2 fold-change [FC] | values were used as thresholds
for significantly different expressions. Enrichment analysis was performed using a hyperge-
ometric test. Hypergeometric-distribution testing was performed for Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway-enrichment analysis. Gene Ontology (GO) terms
were used for gene-set-enrichment analysis.

2.6. Statistical Analysis

Variance analysis of soil-physicochemical properties and enzymes was performed using
a t test. Alpha diversity indices (including the Chaol, observed features, Shannon, and
Simpson indices) were calculated to estimate microbial diversity. Alpha-diversity variance
analysis was performed using the Kruskal-Wallis test. Beta-diversity distance measurements
were performed based on Bray—Curtis analysis to analyze structural variations in microbial
communities across samples through principal-coordinate analysis (PCoA). Co-occurrence
analyses were conducted to determine the network characteristics of the rhizosphere microbial
communities, using the following criteria: Spearman correlation > 0.5 and p < 0.05.

A correlation heatmap was constructed to determine the relationships between the root
transcriptome and microbial communities at the genus level (Spearman correlation > 0.6 and
p <0.05).
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3. Results
3.1. Rhizosphere Soil Physicochemical Properties and Enzyme

The pH values (4.78 and 5.61 in the control and mulch groups, respectively; ¢ test,
p <0.0001) and organic-matter contents (35.24 g/kg and 38.66 g/kg in the control and
mulch groups, respectively; t test, p < 0.001) were significantly higher after treatment with
mulch than in the control group (Figure 1). The catalase activity (1.04 mg/g and 1.27 mg/g
20 min in the control and mulch groups, respectively; ¢ test, p < 0.01) also significantly
increased. However, the activities of cellulase (3.10 U/g and 1.55 U/g in the control and
mulch groups, respectively; f test, p < 0.01), sucrase (20.24 U/g and 16.10 U/g in the
control and mulch groups, respectively; t test, p < 0.01), and 3-glucosidase (191.92 U/g and
151.00 U/g in and the control and mulch groups, respectively; ¢ test, p < 0.01) decreased
significantly. In addition, the soil temperature difference was lower in the mulch group
than in the control group (Table S1).
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Figure 1. Study design (A) for investigating the effects of mulching treatment on the physicochemical
properties (B-G) of rhizosphere soil.

3.2. Amplicon-Sequencing Results

In total, we obtained 437,790 sequences from six libraries of 16S rRNA amplicons,
ranging from 6244 to 94,279 sequences per sample (Table S2). In addition, 516,154 sequences
from six libraries of ITS rRNA amplicons were obtained, ranging from 78,791 to 92,839
sequences per sample (Table S3).



50f19

Agronomy 2023, 13, 1656
A
Mulch
C

3.3. Composition and Function of Rhizosphere Soil Bacteria after Mulch Treatment

In this study, we performed 165 rRNA-amplicon sequencing to detect the responses
of rhizosphere bacteria to mulching. We identified 2519 and 3511 ASVs in the control
and mulch groups, respectively (Figure S1). The taxonomic affiliations showed that the
rhizosphere contained two kingdoms, 34 phyla, 103 classes, 146 orders, 186 families, 235
genera, and 107 species (Figure S1).

We detected 880 enriched ASVs (34.93% in the control group, 25.06% in the mulch
group) that overlapped between the two treatments (Figure 2A). As shown in Figure 2B, the
most abundant phyla were Proteobacteria (average: 70.17%, control group; 59.47%, mulch
group), Actinobacteria (average: 12.43%, control group; 12.37%, mulch group), Gemmati-
monadetes (average: 4.99%, control group; 7.91%, mulch group), Acidobacteria (average:
4.22%, control group; 5.34%, mulch group), Bacteroidetes (average: 1.79%, control group;
4.16%, mulch group), Firmicutes (average: 1.37%, control group; 3.02%, mulch group),
TM7 (average: 1.28%, control group; 2.76%, mulch group), Chloroflexi (average: 1.67%,
control group; 1.83%, mulch group), Crenarchaeota (average: 0.31%, control group; 0.95%,
mulch group), and Verrucomicrobia (average: 0.41%, control group; 0.70%, mulch group).
At the genus level, significant differences were observed in the relative abundances of 19
genera (Figure 2E). Among these, Kaistobacter was the most abundant in the mulch group
and Rhodoplanes was the most abundant in the control group. The relative abundances of
Rathayibacter, Nocardioides, B-42, Uliginosibacterium, Alkanibacter, Luteimonas, Dermacoccus,
and Peredibacter were significantly higher in the control group than in the mulch group,
whereas the relative abundances of Oceanobacillus, Wandonia, Alicyclobacillus, Ammoniphilus,
Reyranella, Nitrospira, Oryzihumus, Aquicella, and Lysobacter were lower in the control group
than in the mulch group (Figure 2E).

100 = =—
—
B —_ ==
B =
S
bRl .
€ W Other
@« unclassified
< Verrucomicrobia
2 Crenarchaeota
= I Chloroflexi
o
€ 50 B Firmicutes
5 Bacteroidetes
c M Acidobacteria
® Gemmatimonadetes
o B Actinobacteria
% Proteobacteria
s 25
o
o
n
Control
0
D Control Mulch

oChaol mObserved features

2000

1500

1000

Chao1

500

75

Shannon
o
°

0.0714 ns

I : I

0.0736 ns AMuich3

Observed_otus
3
8
S
o
-

g

Control1

Controls ®
(] ® Control

Control

Mulch Control Mulch

o Shannon B Simpson

A Mulch

PCoA2: 17.77 %
o
°

L ]
Control2

0.0389 0.0389
[ L Mulch2
A
= 75
-0.1
5.0
Mulch1
A
25
-0.2 -0.1 0.0 0.1 0.2
o PCoA1: 58.54 %

Simpson

Control

Mulch Control Mulch

Figure 2. Cont.



Agronomy 2023, 13, 1656

6 of 19

Rhodoplanes -
Rathayibacter {
Nocardioides -

B 42
Uliginosibacterium
Alkanibacter {
Luteimonas
Dermacoccus
Peredibacter 1
Oceanobacillus 1
Wandonia
Alicyclobacillus
Ammoniphilus
Reyranella
Nitrospira {
Oryzihumus
Aquicella {
Lysobacter 4
Kaistobacter {

95% confidence intervals

Il Control I Mulch @ Control @ Mulch

[ T I —e— 0.0169
=== i 0.0039
—— 1o 00235

™ ) 0

b ] 0.0283

[ ] 0.0242

b [ ] 0.0357

I [ 8x10™

| ¢ 0024 o
! @ 00238 2
| o 00319 7T
F : gx10+
! 0.0374
= (6] 0.0487

F (o] 0.0334

P q 0.0337

F @ 0.0082
= 1! 0.0249
e —— ! 0.0021

U U U T U U

0.00 0.01 0.02 -0.01 0.00 0.01

Mean proportion Difference in mean proportions

Figure 2. Rhizosphere bacteria in the control and mulch groups. (A) Amplicon sequence variants
(ASVs). (B) Distribution of ASVs at the phylum level. (C) Bacterial alpha-diversities following
different treatments. * p < 0.05, between different treatments. (D) Principal-component analysis
(PCoA) of bacteria based on Bray—Curtis distances. (E) Different frequencies of bacteria at the genus

level under different treatments.

3.4. Composition and Function of RhizosphereSoil Fungi after Mulch Treatment

The responses of the rhizosphere fungi were detected using ITS-amplicon sequencing.
We found 488 and 620 ASVs in the control and mulch-treated groups, respectively (Figure S2).
The taxonomic affiliations showed that the rhizosphere contained 6 kingdoms, 10 phyla, 23
classes, 48 orders, 84 families, 137 genera, and 165 species (Figure S2).

There were 156 enriched ASVs (average: 25.16%, control group; 31.97%, mulch group)
that overlapped between the two treatments (Figure 3A). The relative abundances of the
major phyla are shown in Figure 2B. The most abundant phyla were Ascomycota (average:
82.76%, control group; 71.83%, mulch group), Mortierellomycota (average: 13.97%, control
group; 11.17%, mulch group), Basidiomycota (average: 0.65%, control group; 1.15%, mulch
group), Zoopagomycota (average: 0.44%, control group; 0.63%, mulch group), Chytrid-
iomycota (average: 0.18%, control group; 0.71%, mulch group), Rozellomycota (average:
0.16%, control group; 2.68%, mulch group), Aphelidiomycota (average: 0.12%, control
group; 0.43%, mulch group), Mucoromycota (average: 0.08%, control group; 0.08%, mulch
group), and Cercozoa (average: 0.05%, group; 0.04%, mulch group). At the genus level, a
significant difference was observed in the relative abundances of 13 genera (Figure 3E). The
relative abundances of Trichocladium, Fusarium, Gibberella, Monilia, and Stephanonectria were
higher in the control group than in the mulch group. The relative abundances of Bionectria,
Lophiostoma, Microascus, and Chaetomium were higher in the mulch group than in the control

group (Figure 3E).
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Figure 3. Rhizosphere fungi in the control and mulch groups. (A) Amplicon sequence variants (ASVs).
(B) Distribution of ASVs at the phylum level. (C) Fungi alpha-diversities after different treatments.
* p < 0.05, between different treatments. (D) PCoA of fungi based on Bray—-Curtis distances. (E) Different
frequencies of fungi at the genus level under different treatments.

The fungal alpha diversity was also evaluated. Chaol index analysis (¢ test, p > 0.05)
and observed features index analysis (t test, p > 0.05) revealed no significant differences
between the control and mulch groups, although the Shannon index (f test, p < 0.05) and
Simpson index (¢ test, p < 0.05) were significantly higher in the mulch group than in the
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control group (Figure 3C). However, the beta-diversity results showed that the control and
mulch-treated groups clustered together (Figure 3D).

3.5. Microbial Co-Occurrence Networks in Rhizosphere Soil

Bacterial co-occurrence-network analyses revealed 98 and 1420 nodes and edges in the
control group, respectively, 100 and 1464 nodes and edges in the mulch group, respectively
(Figure 4). The average node degree was 28.98 in the control group and 29.28 in the mulch
group. The density was higher in the control group than in the mulch group (0.299 vs.
0.296). The closeness was higher in the mulching treatments. Fungal co-occurrence-network
analyses that the edge number, density, average node degree, and closeness were 926, 0.199,
19.09, and 0.044 in the control group, respectively, whereas those parameters were 1014,
0.179, 18.95, and 0.086, respectively, in the mulch group (Figure 4). Both the bacterial and
fungal co-occurrence networks had greater positive and negative links in the mulch group
than in the control group.

Bcateria of the control Bcateria of the mulch

e -9

R

Node num: 98 Density: 0.299 Ave Degree:28.98 Closeness 0.044 Node num: 100 Density: 0.296 Ave Degree:29.28 Closeness 0.086
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Edge num: 926 Positive links: 579 Negatitve links: 347 Edge num: 1014 Positive links: 633 Negatitve links: 381

Figure 4. Co-occurrence networks for the bacterial and fungal rhizospheres in the control and
mulch groups.

3.6. Transcriptome Analysis of Root Tissues after Mulch Treatment

We obtained 270,193,408 reads from six transcriptome libraries after quality-control
analysis; the Q20 rates were all over 97%, and the Q30 rates were all over 93% (Table 54).
The root DEGs in 4-5 leaves were screened based on a log, FC value of >1 and an adjusted
p value of <0.05. We identified 1236 DEGs, of which 494 and 742 were downregulated or
upregulated, respectively (Figure 5A,B). The DEGs were further studied by KEGG pathway-
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enrichment analysis, which highlighted several significantly enriched KEGG terms, includ-
ing stilbenoid, diarylheptanoid, and gingerol biosynthesis; phenylpropanoid biosynthesis;
plant-pathogen interaction; biosynthesis of amino acids; phenylalanine metabolism; and
flavonoid biosynthesis (Figure 5C).
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Figure 5. The number and functions of root-tissue differentially expressed genes (DEGs). (A) Volcano-
plot analysis of DEGs in the control and mulch groups. (B) Number of DEGs. (C) Kyoto Encyclopedia
of Genes and Genomes (KEGG)-based pathway enrichment associated with DEGs in the control and
mulch groups.

Weighted correlation network analysis (IWGCNA) was conducted to explore key gene
functions in the control and mulch groups (Figure S3). Eight modules were identified, and
the enriched functions of each module were analyzed. In the MEblack module, the most
enriched pathways included DNA replication, flavonoid biosynthesis, SNARE interactions
in vesicular transport and circadian rhythm plant (Figure 6A); in the MEgreen module, the
most enriched pathways were enriched in ribosome, biosynthesis of amino acids, protein
processing in endoplasmic reticulum, and some metabolisms (Figure 6B); in MEblue,
the top pathways were plant-pathogen interaction, plant hormone signal transduction,
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and phenylpropanoid biosynthesis (Figure 6C); in MEyellow, the top pathways were
oxidative phosphorylation, terpenoid backbone biosynthesis, and peroxisome (Figure 6D);
in MEturquoise, the most enriched pathways were biosynthesis of cofactors, biosynthesis
of amino acids, and endocytosis (Figure 6E); in MEred, the phagosome, DNA replication,
and mismatch repair pathway terms were mainly enriched (Figure 6F); in MEbrown,
spliceosome, mRNA surveillance pathway and nucleocytoplasmic transport were the top
pathway terms (Figure 6G). No pathways were enriched in MEpink.
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3.7. Variations in Root Transcriptome Relationships with Bacterial and Fungal Communities

The Spearman correlation heatmap showed that five phyla (Acidobacteria, Actinobac-
teria, Bacteroidetes, Firmicutes, and Proteobacteria) correlated significantly with the seven
root transcriptome modules (Figure 7), i.e., not including the MEpink module. At the
genus level, Edaphobacter (Acidobacteria) negatively correlated with MEblack. In the Acti-
nobacteria phylum, eight genera showed significant correlations with root transcriptome
modules. Among them, Salinibacterium, Oryzihumus, Sphaerisporangium and Dermacoccus ex-
hibited inverse correlations with the MEturquoise and MEblue modules. Pseudonocardia and
Mycobacterium were significantly correlated only with the MEturquoise, Nocatdioides was
clearly correlated with MEblue, and Geodermatophilus specifically correlated with MEred.
In Bacteroidetes, Wandonia showed inverse correlations with MEturquoise and MEblue,
Pedobacter also showed the opposite trend for MEbrown and MEyellow. In Firmicutes, Alicy-
clobacillus and Paenibacillus significantly positively correlated with MEblue. Faecalibacterium
and Sporosarcina showed the same positive correlation trend in MEyellow and MEbrown,
and Oceanobacillus correlated negatively with MEturquoise and MEbrown. Thirty genera
showed significant correlations with the seven root transcriptome modules (Figure 7). In
the fungal communities, four phyla correlated significantly with the root transcriptome
module (Figure 8). Among these, Rhizophydium (Chytridiomycota) correlated specifically
with MEred, and Thaumatomonas (Cercozoa) correlated significantly with MEbrown and
MEyellow. Saitozyma and Oliveonia (Basidiomycota) correlated with MEturquoise. As-
comyecota, including 26 genera, correlated significantly with the seven root transcriptome
modules (Figure 8).
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Figure 7. Correlation heat map for bacterial genera with different KEGG enrichment modules.
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Figure 8. Correlation heat map for fungal genera with different KEGG enrichment modules.

Redundancy analysis (RDA) plots were conducted to determine the soil microbial enrich-
ment level in relation to root transcriptome. Bacterium enrichment levels MEpink (p = 0.313),
MEblue (p = 0.092), MEblack (p = 0.333), MEyellow (p = 0.324), MEgreen (p = 0.510), MEred
(p = 0.194), MEbrown (p = 0.219) and MEturquoise (p = 0.432) had no significant effect on the
bacterial genera (Figure 9A). Relating to fungi, only MEblack (p = 0.003) had a strong effect on
fungal genera. Compared with other fungi, Scedosporium, Agaricus, Candida, and Lasiobolus
were influenced by MEblack to a greater extent (Figure 9B).

3.8. Grapevine Growth Status and Phenological Date

As shown in Figure 10A, at the same date, the growth and development of grapevine
was more advanced in the mulch group than that in the control. Figure 10B shows that the
start dates of bud burst, flowering, and berry ripening were all earlier (5-7 d) in the mulch

group than that in the control group.
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Figure 9. Redundancy analysis (RDA) plots of root transcriptome KEGG enrichment module related
to soil bacterial genera (A) and fungal genera (B). Top 30 genera were presented.



Agronomy 2023, 13, 1656

14 of 19

A Control

Beginning date of bud  Beginning date of

Treatment burst flowering

Date of berry ripe

Control group 3.10 4.22 7.21

Mulch group 34 4.17 7.14

Figure 10. Grapevine growth status at the same date in the control and mulch group (A), and
phenological date (B).

4. Discussion

Soil temperature is a key factor in plant growth [27,28]. Mulching reduces the maxi-
mum soil temperature in potato “Kufri Jyoti” [29]. Bio-based films and biodegradable paper
can also decrease soil temperature in tomato “Fentailang” [30]. As previously reported, the
maximum soil temperature decreases after straw mulching, whereas the minimum tem-
perature increases [31]. In this study, both the maximum and minimum soil temperatures
decreased after mulch treatment, but the temperature difference was 1.7 °C lower in the
mulch group than in the control group (Table S1). The results showed that mulch treatment
had a better heat-preservation effect than control treatment. The organic matter content
and pH were found to be key factors affecting the soil quality. Previous data showed that
mulching increased the soil-organic matter content and Ph in maize “Sygenta-8611”, in
wheat, and Gold Milenium apples on M.9 rootstock [32-34], in agreement with our current
findings (Figure 1). The results showed that the soil quality improved to some degree.

In addition, soil-enzyme activity responded to mulching treatments, and CAT, sucrose,
and cellulase were more sensitive to mulching treatments than to other soil properties [35].
Beta-glucosidase activity is one of the most sensitive and reliable indices for assessing soil
quality [36]. This study determined the activities of four soil enzymes. Zhang et al., 2021
found that soil CAT activity increased under continuous straw mulch [37]. Shi et al., 2022
showed that plastic films promoted CAT activity in potato fields [38]. CAT activities showed
a similar trend after mulch treatment in this study. Some findings showed that mulching
increased (3-glucosidase and sucrase activities [32,38]; however, we observed a different
trend. Soil-enzymatic activity has been correlated with plant growth and development.
For instance, Wang et al. (2014) indicated that soil urease, phosphatase, and-glucosidase
activities were associated with different trends in vegetative and reproductive growth after
mulch treatment [39]. In general, the grapevine soil-enzyme activities responded differently
to mulching treatments.
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Soil microbiomes play key roles in driving soil functions. For bacteria, the dominant
phyla detected in this study were most prevalent in the plant rhizosphere. The results of
previous studies showed that Proteobacteria, Actinobacteria, Crenarchaeota, Verrucomicrobia,
Gemmatimonadetes, Acidobacteria, Firmicutes, and Chloroflexi were the major bacterial
phyla in grapevines [10,40]. TM7 has also been detected in maize rhizosphere soils [41].
Compared to the control group, Kaistobacter, Lysobacter, Aquicella, Nitrospira, and Ammoniphilus
genera were significantly enriched during the mulching treatment (Figure 2). Kaistobacter was
previously reported to be a beneficial microbe [42]. Lysobacter and Ammoniphilus have been
associated with plant disease resistance. Lin et al., 2021 showed that Lysobacter secreted small
molecular toxins and considered Lysobacter an antifungal biocontrol agent [43]. Yang et al., 2023
found that Ammoniphilus was regulated by signaling pathways that confer disease resistance to
plants [44]. Aquicella and Nitrospira correlated positively with the nitrification potential [23,45].
Alicyclobacillus showed significant differences between healthy and diseased konjac rhizo-
spheres, where the difference decreased with increasing continuous cropping years [42]. The
dominant phyla detected in this study were consistent with those detected previously [46].
The significantly enriched genera, Chaetomium and Microascus, can inhibit plant diseases. For
example, Chaetomium promoted plant growth and inhibited replant diseases [47]. Previous
data showed that Microascus can be used as a plant biocontrol strain [48,49]. However, the
significantly enriched genera Trichocladium, Fusarium, and Gibberella in the control group
have been correlated with plant disease. Gibberella and Trichocladium were more abundant in
samples obtained after continuous cropping for years than in those obtained after 1 year [50].
Previous results showed that Fusarium and Gibberella act as plant pathogens [51,52].

The microbial co-occurrence pattern is a key indicator of soil health and has been
strongly associated with microbial functions [53-55]. Plastic-film mulching decreases
the complexity of co-occurring networks [56], which might be related to a favorable soil
environment [57]. However, the results of this study showed that the complexity of both
the bacterial and fungal co-occurrence networks increased after mulch treatment. These
outcomes may have been related to the mulch materials; both organic and inorganic
materials were used in this study. Otherwise, the bacterial and fungal co-occurrence
networks became more stable during mulching. Despite the differences observed in the
bacterial and fungal co-occurrence networks, the bacterial co-occurrence network showed
greater clustering when the fungal co-occurrence network became looser. Recent findings
showed that bacteria and fungi respond differently to the environment [58,59]. Generally,
the practice of organic and inorganic mulching can improve soil health.

Few studies have focused on transcriptome variations in root systems after mulch
treatment. In this study, we determined the transcriptome of grapevine roots. Our results re-
vealed DEG enrichment for nitrogen-metabolism pathways (Figure 5C). Wang et al., 2022 also
showed that plastic films promoted the expression of genes related to nitrogen metabolism
in grapevine roots. We also identified differences in the microbes involved in the nitrogen
cycle [60]. In addition, KEGG pathway analysis revealed enrichment for plant-pathogen
interactions (Figure 5C). Significant variations in microbes between the control and mulching
treatments were considered in terms of their functions as biocontrol microbes and pathogens.
Additionally, phenylpropanoid metabolism-related pathways (phenylpropanoid biosynthesis
and phenylalanine metabolism) differed significantly between the control and mulch treat-
ments (Figure 5C). Previous findings showed that phenylpropanoid metabolism participates in
plant-environment interactions [61] and that phenylpropanoids can act as signaling molecules
in plant-microbe interactions [62]. An increase in phenylpropanoid biosynthesis can increase
the resistance to fungal pathogens [63].

Further analysis of the correlations between microbes that were significantly enriched
after the control and mulch treatments revealed an opposite correlation trend with the
MEblue module. Transcriptomics analysis revealed that beneficial and anti-pathogenic
microbes correlated positively with the root MEblue module, whereas potential pathogens
correlated negatively with the root MEblue module. The results of several studies have
shown similar findings with root-associated microbes [64,65]. Plant functions can be reg-
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ulated directly or indirectly by microbes [66,67]. Our results showed that rhizosphere
microbes contribute to some functions of grapevine roots under mulching treatment, al-
though the underlying mechanisms remain unknown and should be studied in the future.

Circadian rhythm is an important factor in plant development [68] and is mainly
regulated by light and temperature [69]. In the present study, the circadian rhythm path-
way was detected in MEblack module (Figure 6A) and a soil temperature difference was
observed (Table S1). Furthermore, recent reports found that complex rhizosphere microbial
communities also had effects on plant circadian rhythm [12]. Certain fungi were found
to have a strong effect on MEblack module (Figure 9B). However, their effects on plant
growth and development are still unknown; thus, more research will be needed to clarify
the relationship between microorganisms and plant function.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13061656/s1, Figure S1: Number of taxa according to 165
rRNA amplicon sequencing; Figure S2: Number of taxa according to ITS rRNA amplicon sequencing;
Figure S3: Modular gene-clustering tree based on WGCNA; Table S1: Air and soil temperatures during
the treatment period; Table S2: Number of 16S rRNA-amplicon sequence reads; Table S3: Number of ITS
rRNA-amplicon sequence reads; Table S4. Statistical analysis of all sample qualities after filtering.
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