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Abstract: Decline disease causes severe damage to bayberry. However, the cause of this disease
remains unclear. Interestingly, our previous studies found that the disease severity is related with the
level of soil fertilizer. This study aims to explore the effect and mechanism of compound fertilizer (CF)
and bio-organic fertilizer (OF) in this disease by investigating the vegetative growth, fruit characters,
soil property, rhizosphere microflora and metabolites. Results indicated that compared with the
disease control, CF and OF exhibited differential effect in plant healthy and soil quality, together
with the increase in relative abundance of Burkholderia and Mortierella, and the reduction in that of
Rhizomicrobium and Acidibacter, Trichoderma, and Cladophialophora reduced. The relative abundance
of Geminibasidium were increased by CF (251.79%) but reduced by OF (13.99%). In general, the
composition of bacterial and fungal communities in rhizosphere soil was affected significantly at
genus level by exchangeable calcium, available phosphorus, and exchangeable magnesium, while
the former two variables had a greater influence in bacterial communities than fungal communities.
Analysis of GC-MS metabonomics indicated that compared to the disease control, CF and OF
significantly changed the contents of 31 and 45 metabolites, respectively, while both fertilizers
changed C5-branched dibasic acid, galactose, and pyrimidine metabolic pathway. Furthermore, a
significant correlation was observed at the phylum, order and genus levels between microbial groups
and secondary metabolites of bayberry rhizosphere soil. In summary, the results provide a new way
for rejuvenation of this diseased bayberry trees.

Keywords: bayberry; decline disease; compound fertilizer; bio-organic fertilizer; microbial community;
metabonomics

1. Introduction

Bayberry (Myrica rubra) is an economically important fruit tree and medicinal plant
that is grown in southern China [1-3]. It is cultivated in about 334,000 hectares each
year with an annual output of 950,000 tons. However, in recent years, the bayberry
decline disease occurred seriously which led to sprout inhibition, photosynthetic rate
reduction, soil quality degradation, and trees dying 3—4 years later [4]. The cause of
this disease remains unclear. Interestingly, our previous studies found that the disease
severity is associated with the level of soil fertilizer. Therefore, the development of effective
rejuvenation technology and understanding of its mechanism will provide effective support
for the healthy development of the bayberry industry. Interestingly, our previous studies
found that the disease severity seems to be related with rhizosphere soil fertilization [4].

Fertilization is an effective measure to increase crop yield in agricultural production.
In general, compound fertilizer and bio-organic fertilizer are often used in agriculture.
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Compound fertilizer refers to chemical fertilizer containing two or more nutrient elements
with a high nutritional content that promotes the yield of grain, vegetables and fruits. How-
ever, excessive use of chemical fertilizer will lead to serious soil hardening and acidification,
resulting in poor plant growth [5]. Bio-organic fertilizer is composed of specific functional
microorganisms, decomposed organic fertilizer or animal residues, which can improve soil
physical and chemical properties [6], enrich organic matter and balance nutrient levels [7],
regulate the structure and function of the microbial community [8-10], promote plant
growth, increase crop yield [11] and improve fruit quality [12]. The role of bio-organic
fertilizer in disease prevention and control may be mainly attributed to its effect in the
optimization of the physical and chemical properties and the microbial community of the
rhizosphere soil [13-16].

It is well known that microbes are very important in soil ecosystems, and they can
maintain soil fertility and decompose organic matter. The microbial community is the main
factor affecting plant growth, and microbial communities are easily affected by fertilization.
For example, organic fertilizer combined with chemical fertilizer significantly increases
the utilization rate of carbon sources by soil microorganisms in double cropping paddy
fields [17]. Furthermore, organic fertilizer application increased the organic matter and total
nitrogen content of soil, as well as the relative contents of Rhodospiridae, Alphatrobacteria
and Proteobacteria, and the yield of apple [8]. In addition, bio-organic fertilizer application
not only activated different kinds of soil microbes, but also significantly improved the
cucumber yield [15].

Soil metabolites also play an important role in the rhizosphere soil environment. Soil
metabolites, including sugars, organic acids (such as amino acids and fatty acids) and sec-
ondary metabolites [18], are important substances that mediate the ecological relationship
between plants and other organisms and can participate in plant growth, development,
defense and other physiological processes. These substances play various roles in plant
and microorganism interaction. Indeed, acid compounds show “low concentration pro-
motion and high concentration inhibition” effects on plant seed germination and seedling
growth and can also change the soil bacterial and fungal community structures [19,20].
Furthermore, some soil metabolites have toxic effects on plants, for example, esters can
inhibit the respiration of plants, destroy the cell ultrastructure of plants, and reduce the
richness of the bacterial community in rhizosphere soil [21].

Conversely, some soil metabolites are also beneficial to plants due to that they can
change the chemical and physical properties of soil, control abiotic and biological processes,
and regulate microbial communities [22]. For example, phenolic compounds are impor-
tant secondary metabolites that play an important role in obtaining nutrients, allelopathy,
regulating pH and enzyme activity and other ecological processes [23]. They not only
participate in the scavenging process of plant reactive oxygen species, but also inhibit
weeds and can be used to develop herbicides [24]. Umbelliferone can be used to develop
new fungicides for natural products [25]. Rosmarinic acid can promote the attachment
of beneficial bacteria to diatoms, while azelaic acid can promote the growth of beneficial
bacteria and inhibit the growth of harmful bacteria [26]. The upregulation of polysaccha-
rides, fatty acids and small dicarboxylic acids in rhizosphere soil treated with SiO,-NP
might enrich the soil microbial community [22]. The upregulation of phenol and flavonoid
metabolites can regulate nitrogen fixation and promote the growth of beneficial bacteria in
maize rhizosphere soil [27]. Therefore, more attention should be paid on the role of root
metabolites in plant growth and health enhancement.

We hypothesize that the decline disease can be alleviated by rhizosphere soil fertil-
ization. In order to promote the sustainable development of the bayberry industry, the
aim of this paper was to investigate the effects of compound fertilizer and bio-organic
fertilizer on vegetative growth and fruit quality, as well as rhizosphere soil properties,
microbial community structure and their metabolites. In addition, we examined the corre-
lation of the major metabolites with microorganisms in rhizosphere soil of disease trees in
presence or absence of the two fertilizer. This study provides a scientific basis to develop
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an effective measure for this management of bayberry decline disease by improving the
microenvironment of rhizosphere soil.

2. Materials and Methods
2.1. Experimental Design

This experiment was carried out on fifteen-year-old trees of bayberry (cv. Dongkui)
from the orchard located in Qianjiang Village (30°32’ N; 120°42’ E) of Huangwan Town,
Haining City, Zhejiang Province, which was a typical gentle slope mountain area, approxi-
mately 50 m above sea level. The soil was acidic yellow in the orchard with the row spacing
of 4m x 5m, while 65% of the bayberry plants were infected by decline disease with varied
grades (1-9). The field was managed conventionally. The bayberry trees tested in this
study exhibited similar loads, crown sizes, and disease index of grade 5 [4]. One kilogram
of compound fertilizer (CF) (NPK 15-15-15) (Norwegian Hydro Co., Ltd.) was applied
to each diseased tree at the flower bud differentiation period, and 20 kg of bio-organic
fertilizer (sheep manure, N + P,Os5 + K,O > 5%, organic matter > 45%, humid acid > 7%,
effective viable bacteria > 0.2 billion-g~!) was applied to each tree at both the flower
bud differentiation period and leaf flushing period. Deep ditches of 10-20 cm were dug
continuously at the drip line of the tree crown (approximately 1.5 m from the tree trunk),
and then the fertilizer was covered with fine soil. Three treatments were established in this
study: declined disease alone (D), in combination with either compound fertilizer (CF) or
bio-organic fertilizer (OF). The straight-line distance between each treatment was at least
100 m, and each treatment had 6 replicates, each replicate had 1 tree.

2.2. Measurement of Vegetative Growth Parameters

After about 8 months of fertilizer application, twenty branches of each treatment were
randomly selected during the fruit mature period, the diameter of branches was measured
using a digital Vernier caliper (Shanghai Daoju). The fourth to eighth leaves below the
top of the vegetative branches in the middle part of the tree periphery were measured
and sampled. Thirty leaves were selected for each index. The photosynthetic rates were
measured by a LI-6400 portable photosynthesis instrument (LI-COR Company of America).
The leaf length (from top to base of petiole) and the leaf width (the most) were measured
using a ruler. The thickness was measured by a digital Vernier caliper, and the average
value was calculated by repeating 6 times.

2.3. Measurement of Fruit Economic Characters

Two hundred mature fruits from each treatment were randomly selected during the
fruit mature period. The weight, and soluble solids of a single fruit were determined
immediately, and the samples were stored at —20 °C for the determination of the titratable
acid and vitamin C contents of fruits. Fifteen fruits were weighed from each treatment with
an electronic balance (Shanghai Precision Instrument), and the average value was taken.
The contents of soluble solids (TSS) were determined by an ATAGOPR-101a hand-held
digital glucometer (Japan). Titratable acid was determined by acid-base titration [28], while
vitamin C was determined by 2-6 dichloroindophenol titration [29].

2.4. Soil Sample Collection and Physical and Chemical Property Measurements

The rhizosphere soil samples of 6 trees in each treatment were collected and repeated
6 times within one week after harvest of the fruits with stable vegetative and reproductive
growth. Approximately 2 kg of mixed soil samples (0—20 cm) were collected at the drip
line around the crown of the bayberry plant by using the quartering method and then
passed through a 0.45-mm sieve. One sample was kept in a refrigerator at —80 °C for
DNA extraction, while the other sample was dried at room temperature for soil properties
measurement. After natural air-drying, soil physical and chemical properties were deter-
mined as follows. The pH was examined by using pH meter with a soil/water ratio of
1:2.5; organic matter was analyzed by the K;Cr,O7 oxidation method [30]; available N was
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measured using the alkaline hydrolysis diffusion method; available P was examined by
the method of anti-molybdenum antimony colorimetry [31]; and exchangeable calcium
and exchangeable magnesium were determined by using an ice3500 atomic absorption
spectrophotometer following the extraction by ammonium acetate and iron [32].

2.5. Soil Genome Sequencing

Shanghai Ouyi Biomedical Technology Co., Ltd. was entrusted with the execution of
genome sequencing. Genomic DNA of soil samples was extracted by a DNA extraction
kit. The diluted genomic DNA was used as template. According to the selection of
the sequencing region, specific primers with barcodes and Takara Ex Taq high-fidelity
enzyme from the Takara company were used for PCR to ensure amplification efficiency
and accuracy. Primers 343F-5-TACGGAGGCAGAG-3' and 798R-5'-AGGGTATCTATCT-3'
were used to amplify the 165 rRNA V3-V4 region of bacterial diversity [33]. Primers ITS1F-
5-CTTGGTCATTTAGGAAGTAA-3" and ITS2-5'-GCTGCGTTCTTCATTCGATGC-3" were
used to amplify the corresponding regions ITS1 and ITS2 to determine fungal ITS diversity.
The PCR products were sequenced using the Illumina MiSeqPE300 platform [34].

Paired-end reads were preprocessed as described in our recent publication [3] using
Trimmomatic software [35] to cut off ambiguous bases and low-quality sequences and
then assembled using FLASH software [36]. Further denoising was obtained by removing
the reads with chimera, ambiguous, homologous sequences or less than 200 bp in length.
Following primer sequences removal, clean reads were subjected to hierarchical clustering
so as to generate operational taxonomic units (OTUs) using VSEARCH software with 97%
similarity cutoff [37]. After the selection of the representative read of each OTU using
QIIME package [38], all representative reads of both 165 rDNA and ITS were annotated
and blasted against the Silva database (Version 123) using an RDP classifier (confidence
threshold of 70%) [39] and the Unite database (ITSs rDNA) using BLAST [40], respectively.
The alpha diversity was calculated using the Chaol index [41] and Shannon index [42],
while principal coordinates analysis (PCoA) and phylogenetic tree construction were
carried out using the unweighted unifrac distance matrix obtained by QIIME.

2.6. Gas Chromatography-Mass Spectrometry (GC-MS) Metabolomics Analysis

The soil sample for GC-MS metabolomics analysis was prepared as described in our
recent publication [3]. The reliability of the entire analysis was justified by inserting one
quality control (QC) sample among every 10 samples. The QC sample was prepared by
mixing the extract of all samples in equal volume, and the volume of each QC sample was
the same as that of the tested sample. Furthermore, all soil samples were stored at room
temperature for GC-MS metabolomics analysis, which was carried out and analyzed as
described in our recent publication on a 7890B-5977A GC/MSD GC-MS (Agilent Technolo-
gies Inc., Santa Clara, CA, USA) [3]. The obtained data in this study were analyzed by
comparing them with that of the standard spectrum library of the National Institute of
Standards and Technology, while the obtained metabolite information in this study was
searched against the KEGG database.

2.7. Statistical Analysis

R 3.5.1 was used for the principal coordinates analysis (PCoA), community histograms
and redundancy discriminant analysis (RDA). OPLS-DA was made by R 3.6.2 ropls. The
heat map was generated by using Pheatmap software. Preliminary data processing was
performed by using Excel 2010, while the significance test (p < 0.05) and x-diversity metrics
was calculated using SPSS 17.0 software (IBM, Chicago, IL, USA) and Kruskal-Wallis
test, respectively.
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3. Results and Discussion
3.1. The Effects of Compound/Bio-Organic Fertilizer on Vegetative Growth and Fruit Quality

The result from this study indicated that compared with the disease control, CF and OF
treatments significantly affected all of the vegetative growth parameters except leaf length.
Indeed, application of CF caused a 32.98%, 21.79%, 3.42%, 14.81% and 87.10% increase,
respectively, while OF resulted in a 135.70%, 28.21%, 13.32%, 19.75% and 178.49% increase,
respectively, in the twig length, twig diameter, leaf width, leaf thickness and photosynthetic
rate compared to the disease control. Furthermore, OF exhibited a greater effect in all these
parameters except leaf thickness, in which there was no significant difference between
CF and OF (Table 1). This indicated that OF generally had a greater effect on vegetative
growth compared to CF.

Table 1. Effects of compound /bio-organic fertilizer on vegetative growth of decline disease bayberry.

Parameters Value Parameters Value
Twig length (cm) Twig diameter (mm)
D 13.22 £ 054 ¢ D 2.80 +0.13 ¢
CF 17.58 + 0.55P CF 3.41+0.08P
OF 31.16 20402 OF 359 +0.182
Leaf length (mm) Leaf width (mm)
D 99.50 +3.852 D 2718 +£0.41°¢
CF 99.11 £ 5.982 CF 28.11 +0.34 P
OF 9731 +7.622 OF 30.80 £ 0.632
Leaf thickness (mm) (mI;hg’cCc))zs'}f?(t)fLe;lizr j::)
D 405+ 092b D 1.86 £0.28 ¢
CF 4.65+0.182 CF 348 +£0.21b
OF 4.85+0.302 OF 518 £0.322

D, CF and OF represents decline disease alone, in combination with either compound fertilizer or bio-organic
fertilizer, respectively. Different lowercase letters within the same parameters indicate significant differences
(p <0.05).

All fruit quality parameters of the disease control were significantly affected by both
CF and OF. Indeed, CF resulted in a 28.29%, 12.35% and 38.90% increase in single fruit
weight, soluble solids, and vitamin C, respectively, while OF caused a 57.03%, 38.50% and
44.96% increase in single fruit weight, soluble solids, and vitamin C, respectively, compared
with the diseased control (Table 2). In contrast, the titratable acid contents of fruits from
diseased trees were significantly reduced by CF (28.68%) and OF (44.96%), respectively
(Table 2). In general, the result of this study revealed that OF exhibited a greater effect on
improving fruit quality compared to CF. In agreement with the result of this study, OF is
reported as able to not only promote the growth and yield of sweet potato, tea and tomato,
but also to improve fruit quality [43-45].



Plants 2021, 10, 2386

6 of 24

2500
2000

2 1500

=

C 1000

500

Table 2. Effects of compound fertilizer and bio-organic fertilizer on fruit quality of decline dis-

ease bayberry.

Parameters Value Parameters Value

Single fruit weight (g) Soluble solids (%)

D 11.03 £ 0.51°¢ D 891 +0.29°¢

CF 14.15 + 0.30 P CF 10.01 £ 0.26 P

OF 17.32 +1.06 OF 12.34 +£0.132
Vitamin C (mg/100 g) Titratable acid (%)

D 4734+ 0.17°¢ D 129 +0.1172

CF 6.57 + 0.58 b CF 0.92 +0.07b

OF 8.06 =2.042 OF 0.71 £ 0.07 ¢

D, CF and OF represents decline disease alone, in combination with either compound fertilizer or bio-organic
fertilizer, respectively. Values with different lowercase letters within the same parameters indicates significant
differences (p < 0.05).

3.2. The Effect of Compound/Bio-Organic Fertilizer in Microbial Community Diversity

The two fertilizers caused a significant increase in the number of operational taxonomic
units (OTUs) and Chaol index in the bacterial V3 + V4 region compared with the disease
control. The average bacterial OTUs number of diseased trees alone, in combination with
either CF or OF is 1575.33 (vary from 1203 to 1781), 1833.33 (vary from 1518 to 2078)
and 1765.67 (vary from 1454 to 2114), respectively. In general, CF and OF caused 16.38%
and 12.08%, respectively, increase in the bacterial OTUs number, 18.52% and 18.87%,
respectively, increase in bacterial Chaol index, 10.94% and 5.60%, respectively, increase
in bacterial Shannon index of rhizosphere soil microbial community compared to that of
diseased trees alone (Figure 1).

B
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Figure 1. Effect of compound fertilizer and bio-organic fertilizer on OTU distribution (A) and the Chaol indexes (B) and the
Shannon’s diversity index (C) of bacteria and fungi in bayberry rhizosphere soil. D, CF and OF represents decline disease

alone, in combination with either compound fertilizer or bio-organic fertilizer, respectively. Values with different lowercase

letters within the same treatments indicate significant differences (p < 0.05).

The average fungal OTUs number of diseased trees alone, in combination with ei-
ther CF or OF is 814.17 (varying from 725 to 884), 925.33 (varying from 818 to 1069) and
730.50 (varying from 568 to 933), respectively. In general, CF caused 13.65% and 11.45%,
respectively, in the average fungal OTUs number and Chaol indexes, while OF caused
10.30% and 11.44%, respectively, reduction in the average fungal OTUs number and Shan-
non index compared to that of the diseased control. The fungal Chaol of and Shannon
indexes were unaffected by CF. Furthermore, the average bacterial OTUs number is 1.93-,
1.98- and 2.42-fold greater than that of fungi in diseased control, CF and OF treatments,
respectively. The bacterial Chaol indexes is 2.34-, 2.49-, and 2.84-fold greater than that of
fungi in diseased control, CF and OF treatments, respectively. Similarly, bacterial Shannon
indexes is 1.28-, 1.42-, and 1.53-fold greater than that of fungi in diseased control, CF and
OF treatments, respectively. In addition, compared to CF treatment, OF treatment caused a
greater ratio of bacterial and fungal OTU distribution and diversity indexes. The results
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indicated that diversity of bacterial in rhizosphere soil was significantly increased, and the
diversity of fungi was significantly reduced by OF treatment (Figure 1).

In agreement with the results of this study, the role of fertilizer, in particular bio-
organic fertilizer, in soil microbe and plant growth is reported in many previous stud-
ies [33,45-47]. For example, the long-term application of organic fertilizer increased the
species of bacteria in kiwifruit rhizosphere soil [46]. The total bacterial richness (the num-
ber of species in the community) was increased by 70% after application of bio-organic
fertilizer in combination with 30% chemical fertilizer [45]. Furthermore, it is reported that
the bacterial Chaol index and Shannon index of rhizosphere soil was able to be significantly
improved by bio-organic fertilizer [33]. The rhizosphere microbiome was reshaped by
bio-organic amendment, resulting in the increase in crop yield [47].

3.3. The Effect of Compound/Bio-Organic Fertilizer in Soil Microbial Community Structure

PCoA analysis of bacterial community structure indicated that the six replicates
of the disease control, CF and OF were divided into three different groups, while the
disease control was well separated from the treatments of CF or OF, indicating that the
microbial community structure of rhizosphere soil was significantly changed by both CF
and OF (Figure 2A). Similarly, PCoA analysis of fungal community structure indicated
that six replicates of the disease control, CF and OF were divided into three different
groups, however, there was an overlap among the disease control, CF and OF (Figure 2B).
In general, a greater diversity was also observed in six replicates of the OF treatment
compared to that of the disease control and the CF treatment regardless of the bacterial or
fungal community structure (Figure 2). In agreement with the results of this research, after
three years of continuous application of the OF treatment caused a significant change in
the principal coordinates of bacterial and fungal communities in cotton Verticillium wilt
soil [48].
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Figure 2. PCoA results of soil bacteria (A) and fungi (B) based on OTU abundance. D, CF, and OF represented decline
diseased trees, in combination with either compound fertilizer or bio-organic fertilizer. Effect of compound/bio-organic

fertilizer on soil microbial community composition.

This result indicated that the application of CF and OF resulted in a significant change
in the composition of the bacterial and fungal community at the phylum (Figure S1), order
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(Figure S2) and genus levels compared to the diseased control (Figure 3). Indeed, the top
15 species in the rhizosphere soil of bayberry were selected to generate a relative abundance
histogram, in which Acidothermus, Burkholderia, Rhizomicrobium and Acidibacter were the
main bacterial genera (average relative abundance > 1%). Compared with that of the
diseased control, the CF and OF treatments caused 38.97% and 99.48% increase in the
relative abundance of Burkholderia, 23.48% and 8.03% increase in the relative abundance
of Rhizomicrobium, and a 22.81% and 37.30% reduction in Acidibacter, respectively, in
rhizosphere soil (Figure 3A). In particular, more attentions should be paid on Burkholderia,
which are reported to play a role in plant growth by fixing nitrogen and enhancing the
antioxidant defense system, the activities of soil urease, phosphatase, sucrase and catalase,
as well as the expression of tillering response genes, thus reducing the harmful abiotic
stress effect [49,50].

A 100%, Others B 100% Others
Leptospirillum Auricularia
Mizugakiibacter Luellia .
o 80% | Gemmatimonas © 80% | (Scratoba_SIdmm
g = Mycobacterium g thaet?mlum
s s Pseudomonas = = Trechispora
T 600 e 600 = Clitopilus
g 60% = Variibacter g 60% - HOP!
.g = Mucilaginibacter = -I'usarfum
= g = = Sebacina
2 0%l -Artt_lrobacter E 40% | = Articulospora
s =Sphingomonas = =Solicoccozyma
= - =Bryobacter ) ] = Umbelopsis
= 20% _— =Candidatus &~ 20% | - | - Cladophialophora
T Acidibacter ’ _— Geminibasidium
Rhizomicrobium Trichoderma
0% Burkholderia 0% _-_-_-_ =Mortierella
D CF OF = Acidothermus D CF OF
Treatment Treatment

Figure 3. Relative abundance of bacteria (A) and fungi (B) at the genus level. D, CF, and OF represented decline diseased
trees, in combination with either compound fertilizer or bio-organic fertilizer, respectively.

According to the distribution and relative abundances of fungi in bayberry rhizosphere
soil at the genus level, Mortierella, Trichoderma, Geminibasidium and Cladophialophora were
the main genera (average relative abundance > 1%), and they were also among the top
15 dominant fungal genera in terms of relative abundance, accounting for more than 75%
of the fungal sequences, with high relative abundance (Figure 3B). Compared with the
diseased control, the CF and OF treatments caused a 20.22% and 36.80% increase in the
relative abundance of Mortierella in rhizosphere soil, a 44.34% and 37.49% reduction in
Trichoderma, and a 35.95% and 39.46% reduction in Cladophialophora. Interestingly, the
relative abundance of Geminibasidium were increased by 251.79% in CF treatment, but
reduced by 13.99% in OF treatment. There was no report about the role of Geminibasidium
and Cladophialophora in plant growth. However, Mortierella was reported to be beneficial to
plant growth, for example, Mortierella in the rhizosphere of wheat is significantly associated
with increasing crop growth and yield [51], while Trichoderma can be considered as an
important biocontrol fungus by protecting crop against pathogen infection [52]. The
increase in relative abundance of Mortierella may promote plant growth.

3.4. The Effect of Compound/Bio-Organic Fertilizer on the Soil Nutrient Status

CF and OF treatments exhibited a differential effect on the pH, physical and chemical
properties of bayberry rhizosphere soil. Indeed, compared with the disease control, the
content of organic matter was unaffected by CF, but was significantly increased by OF
(26.40%). The content of alkali-hydrolyzable nitrogen was significantly reduced by CF



Plants 2021, 10, 2386

9 of 24

(12.24%), but unaffected by OF; the available phosphorus was unaffected by CF, but was
significantly reduced by OF (47.87%), the exchangeable calcium was significantly reduced
by CF (9.38%), but was significantly increased by OF (142.31%), and the available Mg
was significantly reduced by CF (9.63%), but was significantly increased by OF (12.73%)
(Table 3). In addition, the pH of soils in the disease control was unchanged by both CF and
OF treatments.

Table 3. Effect of compound fertilizer and bio-organic fertilizer on rhizosphere soil pH, physical and chemical properties of

decline disease bayberry.

Physical and Chemical Properties D CF OF

pH 422+£0.012 4.36 +0.37 2 43440212
Organic matter (%) 250+ 0.86 P 237 4+0.13b 3.16 £0.352
Alkali-hydrolyzable nitrogen (mg/kg) 106.11 £3.302 93.12 + 4.27° 105.15+£3402
Available phosphorus (mg/kg) 2772 +£0.31°% 2531 £0.74% 14.45 + 0.45°
Exchangeable calcium (mg/kg) 315.16 + 3.95° 285.61 £2.37 ¢ 763.66 +18.08 @
Exchangeable magnesium (mg/kg) 31.98 +£0.35° 28.90 £2.80 € 36.05 £2.57%

D, CF and OF represents decline disease alone, in combination with either compound fertilizer, or bio-organic fertilizer, respectively. Values
with different lowercase letters within the same treatments indicates significant differences (p < 0.05).

The results indicated that the pH, organic matter content and available phosphorus
was unaffected by CF, which caused a negative effect in exchangeable magnesium, alkali-
hydrolyzable nitrogen and exchangeable calcium. In contrast, the pH, alkali-hydrolyzable
nitrogen was unaffected by OF, which caused an increase in organic matter content, ex-
changeable magnesium, and exchangeable calcium, but a significant reduction in available
phosphorus. In agreement with the result of this study, previous studies revealed that the
contents of available phosphorus in soil from the diseased trees were significantly increased
compared to the healthy trees. Furthermore, it is well known that the organic matter have
been proposed to exhibit greater effect on microbial communities compared to the other
soil parameters [28-32]. Therefore, the greater effect of OF than CF in rejuvenation of
diseased bayberry trees may be able to be, at least partially, attributed to the increase in
organic matter.

3.5. The Effect of Compound/Bio-Organic Fertilizer on RDA of Soil Properties and
Microbial Communities

Soil properties exhibited an influence in the composition of bacterial and fungal
communities in bayberry rhizosphere soil at the phylum (Figure S3; Table S1) and genus
levels (Figure 4; Table 4). Results from this study showed that there was a total of 54.09%
and 31.04% of the cumulative variance of the rhizosphere microbial community-factor
correction at the bacterial (Figure 4A) and fungal (Figure 4B) genus level, respectively. The
contributions of the two main variables, exchangeable calcium and available phosphorus,
explained 25.8% and 20.6% of the bacterial community at the genus level, respectively
(Figure 4A), while the contributions of the two main variables, exchangeable magnesium
and calcium, explained 12.3% and 11.0% of the fungal community at the genus level,
respectively (Figure 4B).

Furthermore, the result of this study showed that there was a complex relationship
between soil parameters and plant/microbial growth and soil nutrient elements because
there was a differential change between the disease alone and in combination with either
CF or OF in the contents of available soil nutrient elements, such as the content of alkali-
hydrolyzable nitrogen, exchangeable calcium, available phosphorus and exchangeable
magnesium in bayberry rhizosphere soil. In agreement with the result of this study, the
growth of soil microbe is affected by a lot of environmental factors such as soil pH and
organic matter as well as the content of exchangeable magnesium, nitrogen, available
phosphorus and exchangeable calcium [53].
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Figure 4. RDA of the rhizosphere microbial community composition at genus levels with soil physiological and chemical
properties. (A): Baceria. Acd, Acidibacter; Aci, Acidothermusl; Art, Arthrobacter; Bry, Bryobacter; Bur, Burkholderia; Can,
Candidatus_solibacter; Muc, Mucilaginibacter; Myc, Mycobacterium; Pse, Pseudomonas; Rhi, Rhizomicrobium; Sph, Sphingomonas;
Var, Variibacter. (B) Fungi. Gem, Gemmatimonas; Ari, Articulospora; Aur, Auricularia; Cer, Ceratobasidium; Cha, Chaetomium; Cla,
Cladophialophora; Cli, Clitopilus; Fus, Fusarium; Gmi, Geminibasidium; Lep, Leptospirillum; Lue, Luellia, Miz, Mizugakiibacter; Mor,
Mortierella; Seb, Sebacina; Sol, Solicoccozyma; Tre, Trechispora; Tri, Trichoderma; Umb, Umbelopsis. RDA: Redundancy discriminant
analysis. PH: pH; OM: organic matter; AN: alkali-hydrolyzable nitrogen; AP: available phosphorus; EC: exchangeable
calcium; EM: exchangeable magnesium. Red diamond: samples from Decline bayberry; Blue down triangle: sample from
compound fertilizer treated trees (CF); Green up triangle: sample from bio-organic fertilizer treated trees (OF).

Table 4. Contribution of soil properties to bacterial and fungal taxa at the genus level.

Soil Environment Contribution at Bacterial Contribution at Fungal
Genus Level (%) Genus Level (%)
pH 3.9 6.0
Organic matter 7.3 6.6
Alkali-hydrolyzable nitrogen 3.2 8.5
Available phosphorus 20.6 8.6
Exchangeable calcium 25.8 11.0
Exchangeable magnesium 10.2 12.3

3.6. The Effect of Compound/Bio-Organic Fertilizer on Rhizosphere Soil Metabolomics

Following the identification of a total of 223 metabonomics based on GC-MS analysis
of bayberry rhizosphere soils with different treatments, a score map of metabolites was
achieved (Figure 5) by using the orthogonal partial least squares discriminant analysis
(OPLS-DA), which is regarded as a supervised statistical method of discriminant analy-
sis [3]. This result indicates that metabonomics in the disease control could be effectively
separately between the disease control and CF or OF. Indeed, Figure 5A presents the
distribution of the sample points of the disease control and the CF treatment in the neg-
ative and positive area of t[1], respectively, while the model values of D and CF were
R2X(cum) = 0.395, RZY(cum) = 0.9999, Q*(cum) = 0.803, R? values were 0.982, Q? values
were —0.156. similarly, Figure 5B presents the distribution of the sample points of the
disease control and the OF treatment in the negative and positive, respectively, value area
of t[1], while the model values of D and OF were RZX(cum) = 0.461, R%Y (cum) = 0.998,
Q? (cum) = 0.805, R? values were 0.845, and Q? values were —0.185. Furthermore, the
metabonomics in the CF treatment could be effectively separately from that of the OF
treatment. Indeed, Figure 5C presents the distribution of the sample points of CF and
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0.827, Q? values were —0.253. The results showed that the interpretation and prediction
ability of the three groups of models were good due to that the R? values were greater than
0.5. Therefore, it can be inferred from the obvious separation of samples that the types of
metabolites in diseased rhizosphere soil were significantly changed by the application of
the CF and OF treatment, which were also different from each other.
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Figure 5. OPLS-DA score map of bayberry rhizosphere soil of the compound fertilizer treatment and bio-organic fertilizer
treatment. (A) D and CF, (B) D and OF. (C) CF and OF. D, CF and OF represents decline disease alone, in combina-
tion with either compound fertilizer, or bio-organic fertilizer. Effect of compound/bio-organic fertilizer on differential

metabolites analysis.

Result from this study indicated that there was a difference in the relative contents
of metabolites between the disease control and the CF or OF treatments (Figures 6 and 7).
Compared with the control, 31 metabolites was significantly changed by CF, with the
increase of 31.13-250.00% in 16 metabolites and the decrease of 28.72-97.10% in the contents
of 15 metabolites (Figure 6). Compared with the control, 45 different metabolites were
significantly changed by OF with the increase of 23.81-390.77% in 39 metabolites and the
decrease of 52.09-95.87% in the contents of six metabolites (Figure 7).

Compared to the control, both CF and OF significantly increased the relative levels
of 12 metabolites including cysteine-glycine, thymidine, biphenyl, 5-methoxytryptamine,
glucoheptulose, benzoic acid and UDP-glucuronic acid, xylonolactone, 2-monopalmitin,
hexadecylglycerol, myo-inositol and metanephrine (Table 5). In particular, the content of
inositol was increased by CF (72.96%) and OF (47.31%), respectively. Interestingly, inositol
that is a biological mimic of guanosine, can participate in material metabolism and energy
metabolism, exhibit good cell membrane permeability, and improve the activities of various
enzymes [54]. In contrast, CF and OF significantly reduced the relative contents of six
metabolites, diclofenac, cytidine, serine, glutamate, proline and ethanolamine compared
to the disease control (Table 5). In particular, the content of diclofenac was decreased by
CF (95.74%) and OF (95.57%), respectively. Diclofenac seriously affects the growth and
development of plants by inhibiting the activity of the mitochondrial respiratory electron
transport chain and the pathway of respiratory carbon metabolism, and causing abiotic
stress and disorders of material metabolism and energy metabolism in cells, which will
lead to an increase in the activity of glutathione-S-transferase in roots [55].

Obviously, the CF and OF treatments exhibited a differential effect in the change of
substances compared to the disease control (Figures 6 and 7). Indeed, 13 metabolites were
changed by CF but not OF, among them, 2-ketoglucose imethylacetal, 2-deoxytetronic acid,
galactinol and digitoxose were increased, while 9 substances such as 2, 4-diaminobutyric
acid, coniferin, citrulline, N-methylalanine, lysine, tyrosine, montanic acid, aconitic acid
and N-acetyl-5-hydroxytryptamine were reduced (Table 6). In contrast, 27 substances were
increased by OF but not CF, including arabitol, threitol, inosine, glycerol, oleic acid, palmitic
acid, dodecanol, thymine, 2-hydroxyvaleric acid, xylose, glucose-1-phosphate, glutaric acid,
N-acetyl-D-hexosamine, deoxycholic acid, zymosterol, threonic acid, guanidinosuccinate,
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2’ -deoxyguanosine, citraconic acid, vanillic acid, glucosamine, phthalic acid, phytanic acid,
inulotriose, inositol-4-monophosphate, malonic acid, and adipic acid were significantly
increased (Table 7). In agreement with the result of this study, the application of bio-
organic fertilizer caused the increase in the relative content of glucoheptulose, palmitic
acid, phytanic acid, and deoxycholic acid [56,57].

Cysteine-Glycine
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Glucoheptulose
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2-Ketoglucose Dimethylacetal
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Figure 6. Thermogram analysis of different metabolites in bayberry rhizosphere soil of the compound fertilizer treatment.

D and CF represented decline diseased trees alone or in combination with compound fertilizer, respectively.

Among the metabolites, inosine is reported to be essential for the growth of plants,
which is involved in phosphatidylinositol signal transduction, auxin storage and trans-
portation, phytic acid biosynthesis, cell wall biosynthesis and plant response to stress [58],
and it can protect the cell membrane system by reducing the damage of membrane lipid
peroxidation and enhancing the activity of antioxidant enzymes [34,54]. Furthermore,
amino acids are not only a substrate for protein synthesis but can also induce plant growth,
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Figure 7. Thermogram analysis of different metabolites in bayberry rhizosphere soil of the bio-organic fertilizer treatment.

promote the recovery of a normal metabolism and osmotic pressure balance of plants from
stress, and promote plant growth through rhizosphere bacteria [22,59]. In general, the
result revealed that the metabolites in the rhizosphere soil were differentially affected by
OF and CF, while the former exhibited a greater effect than that of the latter. Thus, it can be
inferred that the different effects of CF and OF on plants and rhizosphere microorganisms

may be reflected through the influence of different substances.
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Inosine
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Xylonolactone
Udp-Glucuronic Acid
2-Hydroxyvaleric Acid
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N-Acetyl-D-Hexosamine
Deoxycholic Acid
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Threonic Acid
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2'-Deoxyguanosine
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Citraconic Acid
Vanillic Acid
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Phthalic Acid
Phytanic Acid
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D and OF represented decline diseased trees alone or in combination with bio-organic fertilizer, respectively.
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Table 5. The relative contents of metabolites in rhizosphere soil of diseased bayberry trees was increased by both compound

fertilizer and bio-organic fertilizer.

No. Metabolite Name D CF OF
1 Cysteine-Glycine 1.71 £0.18" 597 +1.112 641 +1.952
2 Thymidine 1.27 +0.13P 350+0.192 321+0322
3 Biphenyl 0.59 +0.04 ¢ 197 +£0.122 1.64 +0.16"
4 5-Methoxytryptamine 38.13 +3.79P 8228 +7.212 83.54 £7.26 2
5 Glucoheptulose 390 £0.51°¢ 7.184 0.61° 8.024+0.44 2
6 Benzoic Acid 245 4+0.20°¢ 4.08 £0.39 2 344 +0.33b
7 Udp-Glucuronic Acid 0.32+0.05°¢ 0.44 +0.03b 0.53 +0.062
8 Xylonolactone 128 +0.14°¢ 1.67 +0.08° 2.08 £0.17 2
9 2-Monopalmitin 1.83 +£0.14¢ 2.71+021b 3.07+0.322
10 Hexadecylglycerol 3.87 +040° 6.66 £0.58 2 6.23 £0.77 2
11 Myo-Inositol 15.64 +1.43°¢ 27.054+ 2252 23.04 +2.22°P
12 Metanephrine 0.79 +£0.05¢ 1.49 +£0.20" 1.65+0.132
13 Cytidine 18.39 +1.392 0.60 £ 0.02 ¢ 0.76 +£0.10b
14 Diclofenac 130.89 + 12.652 5.58 +0.32° 5.80 +0.51°
15 Proline 9.36 + 0.732 2.01+0.15¢ 299 +0.24b
16 Ethanolamine 1557 +1.282 431 4+0.38¢ 7.46 + 0.58 P
17 Glutamate 0.37 +0.04 2 0.14 +0.02° 0.15+0.02°
18 Serine 225 +0.032 0.61 +0.03¢ 1.04 +0.16°

D, CF and OF represented decline diseased trees, compound fertilizer treatment, bio-organic fertilizer treatment. Different lowercase
letters within the same line indicate significant differences (p < 0.05). Boldface and normal type indicate a significant increase or decrease
compared to the control, respectively.

Table 6. The relative contents of metabolites in rhizosphere soil of diseased bayberry trees was changed by compound

fertilizer but not bio-organic fertilizer.

Metabolite Name Relative Content Metabolite Name Relative Content

2-Ketoglucose imethylacetal

N-Methylalanine

D 0.16 = 0.05 D 2.55 + 0.26
CF 0.30 * 0.01 CF 1.47* 40.14
2-Deoxytetronic Acid Lysine

D 252 +0.23 D 0.54 4+ 0.10

CF 455* + 045 CF 0.37 % 4+ 0.03
Galactinol Tyrosine

D 1.18 £0.10 D 191 £0.12

CF 2.88* +0.21 CF 1.04 * +0.09
Digitoxose N-Acetyl-5-Hydroxytryptamine

D 3.30+ 0.29 D 142 +£0.15

CF 476 * +0.34 CF 0.83% 4+ 0.06

2,4-Diaminobutyric Acid Montanic Acid

D 0.93 £+ 0.09 D 3.21 047

CF 0.66 # 4 0.05 CF 1.30* £0.15
Coniferin Aconitic Acid

D 8.53 4+ 0.84 D 2.68 +0.18

CF 0.25% 4 0.03 CF 1.30 % £0.15
Citrulline

D 5.24 + 0.46

CF 297% +£0.25

VZ: 2

s

D and CF represented diseased tree alone or in combination with compound fertilizer, respectively. and

higher or lower than those of the diseased trees (p < 0.05).

represented significantly
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Table 7. The relative contents of metabolites in rhizosphere soil of diseased bayberry trees was changed by bio-organic

fertilizer but not compound fertilizer.

Metabolite Name

Relative Content

Metabolite Name

Relative Content

Arabitol N-Acetyl-D-Hexosamine
D 7.98 4+ 0.66 D 0.33 + 0.01
OF 14.56 * +1.80 OF 0.56 *+ 0.02
Threitol Deoxycholic Acid
D 0.42 + 0.04 D 0.45 4+ 0.04
OF 0.57* £+ 0.05 OF 0.93 * + 0.09
Inosine Zymosterol
D 0.65 =+ 0.05 D 0.46 + 0.03
OF 3.19 * £0.30 OF 0.89 * + 0.05
Glycerol Threonic Acid
D 195.86 + 18.98 D 0.86 + 0.04
OF 264.19 * £+ 21.08 OF 1.34* 4+ 0.14
Oleic Acid Guanidinosuccinate
D 1.97 £+ 0.02 D 0.36 4+ 0.02
OF 3.18* £ 0.02 OF 0.78 * + 0.08
Palmitic Acid 2’-Deoxyguanosine
D 10.39 £ 1.02 D 0.25+ 0.02
OF 18.20 * +£1.48 OF 0.46 * £0.05
Dodecanol Citraconic Acid
D 1.87 £ 0.12 D 5.12 £ 0.41
OF 471* £ 0.36 OF 7.57*+0.72
Thymine Vanillic Acid
D 1.46 £ 0.12 D 3.69 + 0.33
OF 347 * £+ 0.36 OF 578 * £ 0.65
2-Hydroxyvaleric Acid Glucosamine
D 2.79 +£0.26 D 0.70 4+ 0.08
OF 3.54*+0.29 OF 1.04 * £ 0.06
Malonic Acid Phthalic Acid
D 0.21 +0.03 D 1.70 £ 0.20
OF 0.26 * £ 0.02 OF 224*+0.20
Xylose Phytanic Acid
D 0.79 4+ 0.08 D 0.58 + 0.05
OF 1.10* £ 0.13 OF 1.08 * £ 0.13
Glucose-1-Phosphate Inulotriose
D 0.35 + 0.01 D 0.56 + 0.05
OF 0.56 * £+ 0.03 OF 0.80 * + 0.01
Adipic Acid Inositol-4-Monophosphate
D 142 £ 0.15 D 481 +£0.40
OF 2.12* £+ 0.15 OF 6.40 * + 0.49
Glutaric Acid
D 2.56 + 0.16
OF 3.67*+0.29

D and OF represented diseased tree alone or in combination with bio-organic fertilizer, respectively.
than those of the diseased trees (p < 0.05).

represented significantly higher

3.7. The Effect of Compound/Bio-Organic Fertilizer on the Metabolic Pathways

The pathway enrichment analysis of different metabolites were conducted with
the KEGG (Kyoto Encyclopedia of Genes and Genomes) database. Among the ten ob-
tained pathways, CF caused significant change in seven metabolic pathways, including
aminoacyl-tRNA biosynthesis, C5-branched dibasic acid metabolism, galactose metabolism,
cyanoamino acid metabolism, phenylalanine metabolism, bacterial chemotaxis, and pyrim-
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idine metabolism (Figure 8). The aminoacyl-tRNA biosynthesis is one essential for protein
biosynthesis, and has significant impact on growth performance in Macrobrachium rosen-
bergii [60]. In higher plants, the amino acid phenylalanine is a substrate of both primary
and secondary metabolic pathways. The primary pathway that consumes phenylala-
nine, protein biosynthesis, is essential for the viability of all cells [61]. Both primary and
secondary metabolic pathways are considered to be important in ecologically relevant
conditions, where chemotaxis is normally coupled with metabolism and growth, due to the
presence of diverse chemoattractant cues and their active consumption by various types of
bacteria [62].

Among the ten obtained pathways, OF caused significant change in five metabolic
pathways, including pyrimidine metabolism, galactose metabolism, pentose and glu-
curonate interconversions, streptomycin biosynthesis, and Cs-branched dibasic acid
metabolism (Figure 8). Interestingly, the pentose and glucuronate interconversions pathway
was shared by both Botrytis cinerea and Bradysia odoriphaga [63]. Furthermore, Streptomycin
is one kind of antibiotics, which could be acted as both an offensive and defensive weapon
that facilitates invasion into occupied habitats and also protects against invasion by com-
petitors [64]. Therefore, it can be inferred that fertilization may have an influence on plant
pathogen and insects of rhizosphere soil.

The three pathways including aminoacyl-tRNA biosynthesis, cyanoamino acid
metabolism, and phenylalanine metabolism were changed by CF, but not OF (Figure 8A);
while the two pathways including pentose and glucuronate interconversions, and strepto-
mycin biosynthesis were changed by OF, but not in CF (Figure 8B). Notably, three pathways,
including C5-branched dibasic acid metabolism, galactose metabolism, and pyrimidine
metabolism, were significantly changed by both CF and OF compared with the control
(Figure 8). Interestingly, galactose is crucial for human metabolism, with an established
role in energy delivery and galactosylation of complex molecules, and evidence for other
roles is emerging [65]. Pyrimidine pathway is a key metabolic pathway, resulting in the
formation of pyrimidines, then integration into nucleic acids, sugars and lipids [66]. This
indicated that these metabolic pathways may be sensitive to the two fertilizers.

3.8. The Correlation of Soil Microorganisms with Metabolites

This result revealed a correlation between microbial groups at the phylum, order
and genus levels and secondary metabolites of bayberry rhizosphere soil regardless of the
presence or absence of the two fertilizers (Figures 9 and 10, Supplementary Figures 54-57).
In general, the increase in main metabolites (sugars and organic acids) and secondary
metabolites by the application of CF or OF in the rhizosphere soil of decline diseased
trees may enrich the soil microbiota and help coordinate the rhizosphere microbiota. The
decrease in proline, cytidine and diclofenac may be the result of a reduction in the number
of harmful microorganisms in the rhizosphere soil of declined trees. Therefore, the effect of
fertilization on soil microorganism may be, at least partially, attributed to the change of
metabolites in rhizosphere soil of declined disease bayberry.
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Figure 8. Metabolic pathway enrichment map of different metabolites in bayberry rhizosphere soil of the compound
fertilizer treatment and bio-organic fertilizer treatment. (A) D and CF, (B) D and OF. D, CF, and OF represented decline
diseased trees, in combination with either compound fertilizer or bio-organic fertilizer, respectively. The signal pathway is
significant when the top of the bar is higher than the blue (p < 0.05) or red line (p < 0.01).
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Figure 9. Correlation analysis between the microorganism relative abundances at the genus level and the metabolite
relative contents of the compound fertilizer treatment. * and ** represents a significant correlation at p < 0.05 and p < 0.01,
respectively. The magnitude of the correlation coefficient was indicated by the depth of the orange scale, while the darker
color is the greater positive correlation, and the lighter color is the greater negative correlation.

In CF treatment, at the genus level, Acidothermus was significantly positively corre-
lated with galactinol, myo-inositol, 2-deoxytronic acid, hexadecyllycerol and metanephrine,
and negatively correlated with cytidine. Acidibacter was significantly positively correlated
with serine, proline, ethanolamine, coniferin, tyrosine, citrulline and 2,4-diaminobutyric
acid, and significantly negatively correlated with thymidine and biphenyl. There was
a significant positive correlation between Candidatus solibacter and thymidine, galacti-
nol, 5-methoxytryptamine, myo-inositol biphenyl, 2-deoxytronic acid, biphenyl, benzoic
acid, digitoxose and metanephrine, and significant negative correlated with serine, pro-
line, ethanolamine, coniferin, glutamate, cytidine, N-methylalanine, tyrosine, montanic
acid, acidic acid, lysine, citrulline and 2,4-diaminobutyric acid. Arthrobacter was pos-
itively correlated with thymidine, 5-methoxytryptamine, myo-inositol, 2-deoxytronic
acid, biphenyl, glucoheptulose, benzoic acid, hexadecylglycerol, 2-ketoglucose, cystine
glycine, 2-monopalmitin, xylonolactone and UDP gluconic acid, and negatively corre-
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lated with coniferin. Variibacter was positively correlated with galactinol, digitoxose and
metanephrine, and negatively correlated with serine, proline, ethanolamine, cytidine,
N-methylalanine, lysine and citrulline. Mycobacterium was significantly positively corre-
lated with galactinol, myo-inositol, 2-deoxytronic acid, hexadecyllycerol and 2-ketoglucose
dimethylacetal, and negatively correlated with glutamate and diclofenac. Gemmatimonas
was significantly positively correlated with thymidine, galactinol, 5-methoxytryptamine, 2-
deoxytronic acid, biphenyl, glucoheptulose, benzoic acid, hexadecylglycerol, 2-ketoglucose
dimethylacetal, cysteine glycine, 2-monopalmitin, xylonolactone and UDP glucuronic acid,
and significant negatively correlated with coniferin and cytidine. Mizugakiibacter was
significantly positively correlated with serine and cytidine, montanic acid and acidic acid,
and significantly negatively correlated with thymine, galactinol, 5-methoxytryptamine,
myo-inositol, 2-deoxytronic acid, biphenyl, glucoheptulose, benzoic acid, hexadecyl-
glycerol, digitoxose and 2-ketoglucose dimethylacetal. Trichoderma in fungi was signif-
icantly positively correlated with serine, proline, montanic acid, acidic acid, n-acetyl-5-
hydroxytryptamine and 2,4-diaminobutyric acid, and significantly negatively correlated
with 5-methoxytryptamine. Geminibasidium was significantly positively correlated with
myo-inositol, and negatively correlated with serine, glutamate, N-methylalanine and lysine
(Figure 9).

In the OF treatment, at the genus level, Acidibacter was significantly positively corre-
lated with proline, glutamate, ethanolamine and serine, and negatively correlated with
xylnolactone, UDP glucuronic acid, threonic acid, 2-monopalmitin, glucose-1-phosphate,
threitol, guanidinosuccinate, oleic acid, arabitol and glycerol. Gemmatimonas were sig-
nificantly positively correlated with xylolactone, 5-methoxytryptamine, UDP gluconic
acid, thymidine, biphenyl, glucoheptulose, threonic acid, 2-monopalmitin, myo-inositol, n-
acetyl-d-hexosamine, hexadecylglycerol, cysteine glycine, 2'- deoxyguanosine, phytic acid,
glucose-1-phosphate, citric acid, deoxycholic acid, metanephrine vanillic acid, zymosterol,
2-hydroxyvaleric acid, dodecanol, glucosamine, inositol-4-monophosphate, benzoic acid,
phthalic acid, thymine, malonic acid and inulotriose, and were negatively correlated with
cytidine (Figure 10). Mizugakiibacter was significantly positively correlated with cytidine,
and was significantly negatively correlated with xylolactone, 5-methoxytryptamine, UDP
gluconic acid, thymidine, biphenyl, glucoheptulose, threonic acid, 2-monopalmitin, myo-
inositol, hexadecylglycerol, cystine glycine, 2’-deoxyguanosine, phytic acid, xylose, threitol,
2'-hydroxyvaleric acid, glucosamine, inositol-4-monophosphate, benzoic acid and phthalic
acid (Figure 10). Leptospirillum was positively correlated with cytidine, and negatively cor-
related with xylonolactone, 5-methoxytryptamine, UDP gluconic acid, thymidine, biphenyl,
glucoheptulose, 2-monopalmitin, inosine, threitol, 2’-hydroxyvaleric acid, malonic acid
and glycerol (Figure 10). Solidocozyma in fungi was significantly positively correlated with
threonic acid, glucose-1-phosphate, xylose, zymosterol and guanidinosuccinate, and signif-
icantly negatively correlated with proline and ethanolamine (Figure 10). Trechispora was no
significant positive correlation with the 45 listed metabolites, and significantly negatively
correlated with 5-methoxytryptamine, UDP gluconic acid, glucoheptulose, threonic acid,
cystine glycine, dodecanol, and thyminen (Figure 10). This shows that after the application
of OF fertilizer, soil microorganisms are closely related to secondary metabolites at the
phylum, order and genus levels.
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Figure 10. Correlation analysis between soil bacterial and fungal relative abundances at the genus level and the metabolite

relative contents of the bio-organic fertilizer treatment. * and ** represents a significant (p < 0.05 and p < 0.01, respectively)

correlation. The magnitude of the correlation coefficient was indicated by the depth of the orange scale, while the darker

color is the greater positive correlation, and the lighter color is the greater negative correlation.

4. Conclusions

The results of this study showed that OF had a greater effect on the rejuvenation of
the decline disease trees, and had a better effect on improving soil organic matter content
compared with CF. Furthermore, the composition of microbial communities in bayberry
rhizosphere soil was affected significantly by exchangeable calcium, available phosphorus
and exchangeable magnesium at the genus level, and the three main variables had a greater
effect in bacterial communities than fungal communities. Compared with the disease
control, CF and OF caused a significant increase in the relative abundance of Burkholderia
and Mortierella, and a reduction in the relative abundance of Rhizomicrobium and Acidibacter
and Trichoderma and Cladophialophora, while the relative abundance of Geminibasidium was
increased by CF, but reduced by OF. In particular, OF resulted in a greater change in the
kinds and the relative contents of metabolites in the rhizosphere soil compared to CF. In



Plants 2021, 10, 2386 21 of 24

addition, CF and OF caused significant change of seven and five metabolic pathways,
respectively, while both of them contain galactose metabolism and pyrimidine metabolism.
The result revealed a significant correlation at the phylum, order and genus levels between
microbial groups and secondary metabolites of bayberry rhizosphere soil regardless of the
two fertilizers. In summary, the results revealed the influence of the two fertilizers in plant
growth and fruit quality as well as rhizosphere soil properties, microbiota, and secondary
metabolites, which provides a new insight to reduce the damage of this decline disease
to bayberry.

Supplementary Materials: Supplementary data to this article can be found online at https://www.
mdpi.com/article/10.3390/plants10112386/s1, Figure S1: Relative abundance of bacteria (A) and
fungi (B) at the phylum level; Figure S2: Relative abundance of bacteria (A) and fungi (B) at the
order level; Figure S3: Redundancy discriminant analysis (RDA) of the rhizosphere bacterial (A) and
fungal (B) communities composition at phylum levels with soil physicochemical properties; Figure S4:
Heatmap of correlation analysis between the microorganism relative abundances at phylum level
and the metabolite relative contents of the compound fertilizer treatment; Figure S5: Heatmap of
correlation analysis between the microorganism relative abundances at order level and the metabolite
relative contents of the compound fertilizer treatment; Figure S6: Heatmap of correlation analysis
between the microorganism relative abundances at phylum level and the metabolite relative contents
of the bio-organic fertilizer treatment; Figure S7: Heatmap of correlation analysis between the
microorganism relative abundances at order level and the metabolite relative contents of the bio-
organic fertilizer treatment; Table S1: Contribution of soil environment to bacteria and fungi taxa at
the phylum level.
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