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Abstract: Phyllosphere microbial communities have an important role in plant growth and resistance
to pathogen infection and are partially influenced by leaf characteristics. Pinewood nematode,
Bursaphelenchus xylophilus, is one of the greatest threats to pine trees and is spreading all over the
world. However, studies on the resistance of plant–microbe interactions to pathogens during the
nematode’s pathogenesis and the relationships of leaf chemical characteristics caused by pinewood
nematode and phyllosphere microbial communities are limited. In this study, different stages of
Pinus tabuliformis that were healthy or infected with B. xylophilus-associated leaf characteristics and
phyllosphere bacterial and fungal communities were compared. These results demonstrated that
soluble sugar and starch contents decreased based on the extent of infection. Phyllosphere microbial
community changes potentially caused by B. xylophilus infection of P. tabuliformis and the fungal
community compositions of healthy P. tabuliformis trees (Ya) were clearly different from diseased
P. tabuliformis trees at an early stage of B. xylophilus infection (Yb) and P. tabuliformis trees in the
last stage of B. xylophilus infection (Yc), particularly along the first coordinate axis. According to
a linear discriminant effect size (LEfSe) analysis, the biomarker species in the phyllosphere of Yb
were Acidobacteria, Deinococcus-Thermus, and Patescibacteria, while those in the phyllosphere of Ya
were Proteobacteria, Aureobasidium, Dictyosporium, Alternariaster, Knufia, Microstroma, and Naganishia.
Particularly at the end of PWD (pine wilt disease) infection, the majority of microbial taxa tended to
co-exclude rather than co-occur with PWD infection. The result of a canonical correlation analysis
(CCA) showed that the chemical properties of leaves, such as carbon and nitrogen, have significant
impacts on phyllosphere microbial communities. These results expanded the possible connections
between the phyllosphere communities and plant health.

Keywords: Pinus tabuliformis; phyllosphere microorganism; leaf characteristics; pine wilt disease

1. Introduction

Pinus tabuliformis is one of the dominant species used for afforestation in North China,
and plantations of this species are very important for enhancing the ecological environment
and for conserving soil and water [1]. Conifers in the Pinaceae family, such as pine trees,
serve as important sources of forest products and provide other environmental functions
such as providing wind and sand breaks, preventing landslides, and creating stunning
landscapes [2]. As one of the most devastating conifer diseases in the world, pine wilt
disease (PWD) is a devastating forest disease caused by the pinewood nematode (PWN)
Bursaphelenchus xylophilus, and it can affect several species of pine trees [3,4]. PWD is spread
by pine sawyer longhorn beetles, Monochamus spp. Relevant data showed that a variety
of pine wood nematode infections not only kill trees but may also disrupt the ecological
balance in the area and cause ecological problems. This could result in the loss of pine
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planting, particularly in the years to come, with climate change and the anticipated rise in
global temperatures [5]. If the disease cannot be detected early and effectively controlled, it
could infect all the Chinese pine in the area within 3 to 5 years, which would lead to very
serious economic losses in a relatively short period of time. Therefore, there is an urgent
need for a continuing coordinated effort to prevent the spread of PWD [4].

Numerous studies have concentrated on the infection mechanism of PWD [6,7], the
biology of B. xylophilus [8,9], and the insect vectors [4,10]. A recent study demonstrated
that plant microbiome changes are not just a passive reaction on the part of plants but
rather that, as a result of convolution, plants are likely to actively seek out cooperation
with microbes to alleviate stresses [11]. Previous studies have demonstrated that a host
nematode infection can have an impact on the microbial communities in the leaves of the
host by causing changes in growth conditions or a decline in plant fitness (e.g., healthy
status) [12–14]. B. xylophilus infection has been linked to changes in the diversity and
organization of the bacteria that colonize the wood of P. pinaster trees as well as changes in
the abundance of specific taxonomic groups, such as Streptomyces and Pseudomonas [15].
The intensity of pine chemical defenses and the carbohydrate concentrations of pines can
be influenced by fungi and bacteria [16]. The microbes that colonize the plant can be
impacted by changes in secretions [17,18]. Although the impact of phyllosphere bacteria
on plants is well understood, little is known about the effect of PWD in the field on
the phyllosphere microbial communities, particularly phyllosphere fungi. The nutrient
compositions (carbon, phosphorus, soluble sugar, starch content, etc.) of different plant
leaves affect the colonization of interleaf microorganisms [19,20]. Similar to the rhizosphere,
the phyllosphere (the portion of terrestrial plants that is aboveground) is a crucial plant
niche that supports a wide variety of microscopic organisms [21]. The phyllosphere is
inhabited by diverse microbes, with some microbes living on the surfaces of plants as
epiphytes and others colonizing inside tissues (e.g., leaves) as endophytes [22]. The bacteria,
fungi, and other microscopic organisms that live on plant foliage make up the phyllosphere
microbes. In the present study, the phyllosphere microorganisms of pine were focused
on needles.

Numerous studies have demonstrated the abundance of phyllosphere microorganisms,
which can enhance plant stress resistance and disease resistance, among other things, and
play a crucial role in the stability and function of the plant ecosystem [23]. These interactions
between plants and microbes are thought to be essential for preserving plant health [24]. The
evidence for rhizosphere-mediated resistance to nematode infection and for maintaining
plant health through microbiome regulation has grown in recent years [25,26]. There
is uncertainty about whether and how phyllosphere microbiomes respond to nematode
infection challenges for the benefit of the plant hosts. The discovery of the link between
nematode infection and the phyllosphere microbiome response will help us understand the
interactions between microbes, plants, and nematode infection and add more proof in favor
of the “cry for help” strategy used by the plant holobiont. In some cases, the microbial
changes may have an impact on the health and sustainability of plants [27]. In addition to
diversity and community composition, microbial interactions are essential components of
the microbiome, and these interactions are crucial for determining how well an ecosystem
functioning [28].

Approximately 64,280 hm2 (square hundred meter) of China were affected by pine wilt
disease until 2008, and nearly 1,061,700 pines perished as a result of B. xylophilus infection
(“Chinese green times”, 21 August 2009). By 2011, the disease had spread widely through-
out China, with 175 counties and 15 provinces affected by the pinewood nematode [29].
Large areas of P. tabuliformis are, however, stressed by pests and diseases, the most dam-
aging of which is PWD, which is having negative effects on the environment and causing
significant economic losses [30]. A thorough understanding of the microbial community
structure in pine trees can lead to a better understanding of nematode infection. It also
provides a scientific foundation for understanding the symbiotic relationships between the
host and microorganisms as well as the development and utilization of microbial resources.
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In the current study, we sequenced the 16S rRNA and ITS gene amplicons to better
understand the changes in the host phyllosphere microbial communities brought on by
PWD. We also built molecular ecological networks based on random matrix theory to better
understand the relationships between nematode infection and host microbial communities
in order to explore how the changes in phyllosphere microbial community regulate plant
growth or disease resistance. The current study also lays the groundwork for investigating
new prevention and control methods for pine wood nematode by illuminating the com-
munity structure of microorganisms in P. tabuliformis before and after the invasion of pine
wood nematode.

2. Materials and Methods
2.1. Overview of the Research Area

The study area was spread across five sites in Dengta City, Liaoyang City, Liaoning
Province, China (41◦17′44′ ′, 123◦35′47′ ′). With an annual average temperature of 8.8 ◦C, an
annual average precipitation of 600 to 800 mm, and an annual average frost-free period of
140 to 160 days, this region has a northern temperate continental climate. Eutrochrepts soil is
the category given to the type of soil in this region [31]. The region is 1167 square kilometers
in size and is primarily covered in forest made up of P. tabuliformis and P. koraiensis, both of
which are about 40 years old. Five fixed plots with areas of 1 ha and the same conditions
and basic soil properties were chosen. In each plot, ten healthy trees (Ya), ten P. tabuliformis
trees in the early stages of infection (Yb), and ten P. tabuliformis trees in the last stage of
B. xylophilus infection (Yc) were selected for sampling. The distances between the diseased
trees and the nearby healthy trees were less than 15 m. The method described by Millberg
et al. [32] was used to choose the diseased and healthy trees, in which the healthy trees
had completely green needles and no B. xylophilus was isolated from these trees. Trees in
the early stages of infection had needles that had become slightly wilted and brown. The
diseased trees looked completely dead with brown needles. The subsequent confirmation
of healthy and diseased trees was performed in the lab using specific B. xylophilus primers
and nematode isolation techniques [33].

2.2. Sample Collection

For the sampling, 30 needle samples were collected and mixed into one replicate
at each site from the tips of the shoots in the middle of the canopy in three directions
from 10 trees, including 120◦ around the tree in August 2021. In total, 15 leaf samples
(3 types × 5 replicates) were taken from the study area. An ice box was used to transport
all of the samples to the lab for further analysis.

To analyze the microbial communities on the leaves according to Ren et al. [34], 10 g
of leaf samples from each replicate were cut into pieces and transferred to a sterile triangle
flask. Then, a 1:20 (leaf weight/volume TE buffer = 1:20) phosphate-buffered saline solution
(20 mL, PBS, 0.01 M, pH 7.4) was added to each triangle flask. After sealing with a sterilized
film, the samples were shaken on a shaker at 200 r/min for 30 min at room temperature,
and the microbial cells were separated from the leaf surface. Vacuum filtration was used in
a sterile environment, and microbes from the oscillating liquid were collected on a 0.22 µm
filter membrane, placed into 2 mL sterile centrifuge tubes, and stored at −80 ◦C prior to
DNA extraction and high-throughput sequencing.

The leaves were then rinsed and dried off from the sterile triangle flask. To analyze
the leaf characteristics, the leaves were dried at 105 ◦C for 30 min and then at 65 ◦C to a
constant weight.

2.3. Determination of Leaf Characteristics

The dried plant samples were pulverized and passed through a 100-mesh sieve. The
3.5–4.2 mg leaf samples were weighed in a tin cup (3 mm × 5 mm), wrapped, and placed
in an autosampler. The total carbon and nitrogen contents in leaves were analyzed with
oxidation–combustion gas chromatography using an elemental analyzer (vario MACRO
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cube). A 1 g sample was weighed in a 10 mL centrifuge tube and 8 mL of an 80% ethanol
solution was added for 30 min at 80 ◦C, cooled, and centrifuged, which was repeated three
times. The soluble sugar and starch were determined following the enthrone calorimet-
ric method.

2.4. DNA Extraction, Amplification of the 16S rDNA Region, and Illumina MiSeq Sequencing

The Fast DNA SPIN Kit for soil (MP Biomedicals, Santa Ana, CA, USA) was used
to extract genomic DNA from a filter membrane in accordance with the manufacturer’s
instructions. A NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) was used to measure the DNA concentrations. Using the primer pairs 338F
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)
with a barcode sequence, the V3-V4 regions of the bacterial 16S rDNA gene were amplified
and sequenced. Using the primer pairs ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′)
and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) with a barcode sequence, the ITS1 regions
of the fungal ITS rDNA gene were amplified [35]. All of the PCR reactions used a 25 µL
mixture that included 8.75 µL of ddH2O, 1 µL (10 uM) of forward primer and reverse
primer, 2 µL of dNTPs (2.5 mM) and DNA template (40–50 ng), 0.25 µL (5 U/µL) of Q5
High-Fidelity DNA Polymerase, and 5 µL of Q5 High-Fidelity GC buffer (5×) and Q5
reaction buffer (5×). An initial step of denaturation at 98 ◦C for 5 min was followed by
25 cycles of denaturation at 98 ◦C for 15 s, annealing at 55 ◦C for 30 s, and elongation at
72 ◦C for 30 s, with a final elongation step of 5 min at 72 ◦C. PCR amplicons were further
purified and quantified with the help of Agencourt AMPure Beads (Beckman Coulter,
Indianapolis, IN, USA) and a PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA).
Shanghai Personal Biotechnology Co., Ltd., Shanghai, China used an Illumina MiSeq PE300
platform to sequence PCR products. The NCBI database SRA accession number for of the
raw high-throughput sequencing data of the phyllosphere and rhizosphere bacteria and
fungi is PRJNA688988.

2.5. Bioinformatics and Statistical Analysis

High-quality sequences were eventually obtained after the primers and barcode se-
quences were removed using cutadapt, quality filter, denoise, joint, and the removal of
chimeras. Sequences with an average similarity of ≥97% were grouped under one OTU.
Each representative sequence was taken from the Silva Database for bacteria (Release 132,
http://www.arb-silva.de; accessed on 1 November 19) [36] and Unite Database for fungi
(Release 8.0, https://unite.ut.ee/; accessed on 1 November 19) [37]. To find differences
in community richness (Chao 1 and observed species), diversity (Shannon and Simpson),
and evenness (Pielou_e) among treatments, one-way analyses of variance (ANOVA) with
LSD tests were used. Phyllosphere microbial community diversity and leaf characteristic
relationships were examined using Spearman’s rank correlation. Using RStudio’s vegan
package, Venn diagrams were created using subsample data to display shared and unique
OTUs. To determine the bacterial and fungal taxonomic levels (from phylum to genus)
responsible for the community differentiation between treatments, an LEfSe with a Kruskal–
Wallis test was used [38]. The logarithmic LDA threshold was set at 2.48 for discriminative
features. In order to see the structure of the microbial communities, an NMDS analysis
with Jaccard distances was used to estimate the microbial beta-diversity. Utilizing a net-
work analysis with Rstudio’s “psych” package based on Spearman’s rank correlation, the
co-occurrence patterns of ASVs from various treatments were assessed. Gephi software
was used to visualize the networks using a Fruchterman–Reingold layout. The influence
of leaf characteristics on the composition of the phyllosphere microbial community was
clarified using a canonical correlation analysis (CCA).

http://www.arb-silva.de
https://unite.ut.ee/
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3. Results
3.1. Leaf Characteristics between Diseased and Healthy Trees

No significant differences in the TC and TN concentrations or C/N were obtained
among the different samples. The observed soluble sugar and starch storage of the leaves
varied from 45.20 mg/g and 35.05 mg/g in Yc to 83.97 mg/g and 65.85 mg/g in Ya. The
soluble sugar and starch contents among different samples decreased based on the extent
of infection (Table 1).

Table 1. Plant leaf characteristics between diseased and healthy trees.

TC (g·kg−1) TN (g·kg−1) C/N Soluble Sugar
(mg·g−1) Starch (mg·g−1)

Ya 17.71 ± 0.77 a 554.31 ± 11.49 a 31.52 ± 1.36 a 83.97 ± 3.58 a 65.85 ± 4.40 a

Yb 17.39 ± 0.48 a 545.56 ± 1.24 ab 31.47 ± 0.85 a 65.27 ± 1.95 b 41.93 ± 5.83 b

Yc 16.94 ± 0.73 a 532.81 ± 2.71 b 31.70 ± 1.49 a 45.20 ± 2.37 c 35.05 ± 3.28 b

F value 0.32 2.49 0.01 50.82 12.24
p value 0.73 0.12 0.99 <0.01 <0.01

Means ± standard errors. Different lower-case letters in the same column indicate significant differences at
p < 0.05. TC: total carbon; TN: total nitrogen; Ya: healthy Pinus tabuliformis trees; Yb: diseased P. tabuliformis trees
at an early stage of B. xylophilus infection; Yc: diseased P. tabuliformis trees in the last stage.

3.2. Phyllosphere Microbial Community Diversity between Healthy and Diseased Trees

In total, 1,281,396 and 1,133,002 high-quality bacterial and fungal sequences were
obtained from all samples, allowing us to further explore the bacterial and fungal commu-
nities. The average numbers of bacterial and fungal sequences per sample were 85,426 and
75,533, respectively, ranging from 72,698 to 113,244 and from 49,753 to 97,382 per sample.
All sequences were assigned to 17,658 bacterial ASVs and 1582 fungal ASVs. The number
of shared phyllosphere bacterial OTUs among Ya, Yb, and Yc was 1213, and the numbers
of unique OTUs of Ya, Yb, and Yc were 3270, 4760, and 6054, respectively (Figure 1A). In
addition, the number of shared phyllosphere fungal OTUs among Ya, Yb, and Yc was 207,
and the numbers of unique OTUs of Ya, Yb, and Yc were 253, 466, and 322, respectively
(Figure 1B).
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Figure 1. The shared and unique OTUs of phyllosphere bacteria (A) and fungi (B). Ya: healthy Pinus
tabuliformis trees; Yb: diseased P. tabuliformis trees at an early stage of B. xylophilus infection; Yc:
diseased P. tabuliformis trees in the last stage.

There was considerable variation in the phyllosphere bacterial Chao 1 index (F = 12.53,
p < 0.01), Good’s coverage (F = 15.67, p < 0.01) and observed species (F = 10.72, p < 0.01)
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among Ya, Yb, and Yc (Table 2). The Chao 1 index was the highest in Yc, at 3254.42,
significantly higher than those of Yb and Ya, and lowest in Ya, at 1783.20. The Shannon
index was the highest in Yc, at 7.85, followed by Yb, and was lowest in Ya, at 6.33 (Table 2).
Meanwhile, no obvious differences in the Pielou e index (F = 1.78, p = 0.21), Shannon index
(F = 3.15, p = 0.08), and Simpson index (F = 0.36, p = 0.71) were obtained among Ya, Yb, and
Yc. With regard to phyllosphere fungal community diversity, the Chao 1 index (F = 14.19,
p < 0.01), observed species (F = 16.71, p < 0.01), Pielou e index (F = 10.56, p < 0.01), Shannon
index (F = 15.03, p < 0.01), and Simpson index (F = 4.15, p = 0.04) presented significant
differences among Ya, Yb, and Yc. It is interesting to note that the Chao 1 index, Pielou e
index, Shannon index, and Simpson index of Yb were the highest, at 427.15, 418.90, 0.66,
5.77, and 0.94, respectively, followed by Yc and Ya (Table 2).

Table 2. Phyllosphere bacterial and fungal community diversity among Ya, Yb, and Yc.

Phyllosphere Bacterial
Community Diversity Ya Yb Yc F p

Chao 1 index 1783.20 ± 683.14 b 2842.11 ± 388.24 a 3254.42 ± 268.42 a 12.53 <0.01
Good’s coverage 0.995 ± 0.002 a 0.992 ± 0.001 b 0.991 ± 0.001 b 15.67 <0.01
Observed species 1636.98 ± 644.96 b 2527.68 ± 396.60 a 2972.96 ± 272.61 a 10.72 <0.01

Pielou e index 0.59 ± 0.10 a 0.65 ± 0.06 a 0.68 ± 0.06 a 1.78 0.21
Shannon index 6.33 ± 1.33 b 7.34 ± 0.74 ab 7.85 ± 0.73 a 3.15 0.08
Simpson index 0.940 ± 0.051 a 0.962 ± 0.030 a 0.958 ± 0.043 a 0.36 0.71

Phyllosphere Fungal
Community Diversity Ya Yb Yc F p

Chao 1 index 232.72 ± 45.25 b 427.15 ± 90.10 a 357.30 ± 9.34 a 14.19 <0.01
Good’s coverage 0.9996 ± 0.0002 a 0.9996 ± 0.0004 a 0.9995 ± 0.0001 a 0.38 0.69
Observed species 226.50 ± 43.44 b 418.90 ± 80.75 a 348.32 ± 9.81 a 16.71 <0.01

Pielou e index 0.50 ± 0.09 b 0.66 ± 0.02 a 0.61 ± 0.04 a 10.56 <0.01
Shannon index 3.93 ± 0.79 b 5.77 ± 0.35 a 5.12 ± 0.36 a 15.03 <0.01
Simpson index 0.85 ± 0.09 b 0.94 ± 0.02 a 0.92 ± 0.02 ab 4.15 0.04

Means ± standard errors. Different lower-case letters in the same row indicate significant differences at p < 0.05.
Ya: healthy Pinus tabuliformis trees; Yb: diseased P. tabuliformis trees at an early stage of B. xylophilus infection;
Yc: diseased P. tabuliformis trees in the last stage.

In addition, we comprehensively profiled the phyllosphere microbial community
beta diversity, and an NMDS analysis based on the Jaccard distances revealed that the
phyllosphere fungal compositions of Ya, Yb, and Yc formed three distinct clusters and the
fungal community composition of Ya was clearly distinguished from Yb and Yc, especially
along the first coordinate axis (Figure 2).

3.3. Phyllosphere Microbial Community Composition between Healthy and Diseased Trees

Across all samples, we obtained 29 bacterial phyla and 519 bacterial genera. At
the phylum level, nine bacterial communities, including Proteobacteria, Bacteroidetes,
Actinobacteria, Acidobacteria, Deinococcus-Thermus, Firmicutes, Patescibacteria, Armati-
monadetes, and Planctomycetota, with relative abundances greater than 0.1% were detected
(Figure 3A). The relative abundance of Proteobacteria was the highest in Ya, at 93.43%.
When P. tabuliformis was infected with the pine wood nematode, the relative abundance of
Proteobacteria decreased dramatically (Figure 3A). At the genus level, the phyllosphere
bacterial communities with relative abundances of more than 1% were Pantoea, Acine-
tobacter, Sphingomonas, Methylobacterium, Pseudomonas, Kosakonia, Hymenobacter, Massilia,
Stenotrophomonas, Chryseobacterium, and Amnibacterium (Figure 3B). A heatmap shows that
the phyllosphere bacterial communities among Ya, Yb, and Yc clearly differed (Figure 4A).
The relative abundances of Sphingobacterium, Pedobacter, Kosakonia, and Acinetobacter were
the highest in Yc, and Psychroglaciecola and Variovarax were the larger groups in Ya. More-
over, the relative abundances of Actinoplanes and Acidiphilium were greater in Yb (Figure 4A).
Additionally, we used an LEfSe analysis to determine which microbial taxa (from the phy-
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lum level to the genus level) were the primary causes of the variations in community
compositions among Ya, Yb, and Yc (Figure 5A). At the bacterial phylum level, the larger
groups of bacteria in Yb were Acidobacteria, Deinococcus-Thermus, and Patescibacteria,
while in Ya the larger group was Proteobacteria (Kruskal–Wallis test, p < 0.01) (Figure 5A).
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P. tabuliformis trees at an early stage of B. xylophilus infection; Yc: diseased P. tabuliformis trees in the
last stage.
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Additionally, for fungi, in total, 6 dominant fungal phyla and 335 fungal genera
were detected, including Ascomycota, Basidiomycota, Chytridiomycota, Mucoromycota,
Mortierellomycota, and Rozellomycota, of which Ascomycota was the predominant fungal
community, with an average relative abundance of 71.9%, followed by Basidiomycota
(Figure 3C). The fungal group of Ascomycota was significantly enriched in Ya, at 83.48%,
compared to Yb and Yc. Meanwhile, Yc contained significantly higher abundances of
Basidiomycota and Chytridiomycota than Ya and Yb (Figure 3C). At the genus level,
phyllosphere fungal communities with relative abundances of more than 1% were Alternaria,
Didymella, Farysizyma, Selenophoma, Strelitziana, Aureobasidium, Naganishia, Phialemoniopsis,
Septoria, Genolevuria, Gibberella, Trichomerium, and Paraphaeosphaeria (Figure 3D). A heatmap
based on Bray–Curtis distances demonstrated that the phyllosphere fungal communities
from Ya significantly differed from those of Yb and Yc (Figure 4B). The relative abundances
of Dioszegia, Symmetrospora, Cystobasidium, and Septoriaides were the highest in Yc, and
Artrocatena, Paraconiothyrium, and Gibberella were the larger groups in Ya. Moreover, the
relative abundances of Knufia and Vishniacozyma were greater in Yb (Figure 4B). An LEfSe
analysis indicated that the larger group of fungi in Yc was Farysizyma, while in Ya the
larger groups were Buckleyzymaceae, Phialemoniopsis, and Pseudorobillarda (Kruskal–
Wallis test, p < 0.01) (Figure 5B). At the fungal genus level, the larger groups of fungi in Yc
were Septoria, Devriesia, Truncatella, and Pestalotiopsis, while in Ya the larger groups were
Aureobasidium, Dictyosporium, Alternariaster, Knufia, Microstroma, and Naganishia (Kruskal–
Wallis test, p < 0.01) (Figure 5B).
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Figure 3. The relative abundances of phyllosphere bacterial (A,B) and fungal (C,D) community
compositions at the phylum and genus levels. Different lower-case letters in the same row indicate
significant differences at p < 0.05. Ya: healthy Pinus tabuliformis trees; Yb: diseased P. tabuliformis trees
at an early stage of B. xylophilus infection; Yc: diseased P. tabuliformis trees in the last stage.
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Figure 4. Heatmaps of the top 50 phyllosphere bacterial (A) and fungal (B) communities at the genus
level. The scale “−3 to +3” refers to the relative abundance of the corresponding taxonomic unit
in each sample/group of the grouping scheme. Ya: healthy Pinus tabuliformis trees; Yb: diseased
P. tabuliformis trees at an early stage of B. xylophilus infection; Yc: diseased P. tabuliformis trees in the
last stage.

3.4. Bacterial and Fungal Co-Occurrence Networks, as Affected by Bursaphelenchus
xylophilus Infection

We developed association networks of phyllosphere bacterial and fungal communities
from ASV data to further disentangle the complex microbial interactions (Figure 6; Table S1).
Phyllosphere bacterial networks had fewer positive correlations than fungal networks and
had more negative correlations than fungal networks. The lower aggregation coefficients of
phyllosphere bacterial and fungal networks with B. xylophilus infection indicated a lower
degree of modularity of the co-occurrence networks. Positive links showed decreases with
the infection of PWD, and in the last stage the positive links were the lowest (Figure 6;
Table S1), demonstrating that most of the microbial taxa tended to be co-excluding rather
than co-occurring. The positive correlation of bacterial and fungal networks decreased and
the negative correlation increased in the early and late stages of nematode infection. The
graph density of phyllosphere bacteria in the network of Yb, a key topological property
to describe how well a node is connected with its neighbors, was higher than the graph
density values of Ya and Yc, suggesting more intensive microbial coupling at the early
stage of infection (Figure 6; Table S1).
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Figure 5. An LEfSe (LDA effect size) linear discriminant analysis was used to identify the biomarkers
with significant differences among Ya, Yb, and Yc. From phylum to genus (from inner circle to
outer circle), the taxonomic branching illustrates the taxonomic hierarchies of the main taxa in the
sample community. The sizes of the nodes correspond to each taxon’s average relative abundance.
Nodes with different colors (green and red) indicate that those taxa exhibited significant intergroup
differences and were more prevalent in the group samples represented by those colors. Hollow nodes
represent taxa that did not differ significantly between groups. Letters identify the names of taxa that
differed significantly between groups. (A): Bacteria; (B): Fungi. Ya: healthy Pinus tabuliformis trees;
Yb: diseased P. tabuliformis trees at an early stage of B. xylophilus infection; Yc: diseased P. tabuliformis
trees in the last stage.

3.5. Linking Leaf Characteristics and Phyllosphere Microorganisms

The phyllosphere bacterial Chao 1 index (r = −0.86, p < 0.01), observed species
(r = −0.83, p < 0.01), and Shannon index (r = −0.55, p < 0.05) decreased with increases in
soluble sugar. In addition, the Chao 1 index had a significantly negative relation with starch
(r = −0.55, p < 0.01). In contrast, Good’s coverage index was significantly and positively
correlated with the soluble sugar content (r = 0.81, p < 0.01) and starch content (r = 0.52,
p < 0.05) (Table 3). The CCA results demonstrated that TC, TN, C/N, starch, and soluble
sugar played important roles in shaping the phyllosphere microbial communities (Figure 7).
In terms of phyllosphere bacterial and fungal community composition, CCA1 explained
33.65% and 50.44% of the five variables among individuals and was related to soluble
sugar. The second principal component (CCA2) explained 23.22% and 21.66% of the total
variation in the five variables, giving cumulative contribution rates accounting for 56.87%
and 72.10% of variability (Figure 7). We observed Yc at the right of CCA1, associated with
lower soluble sugar, starch, TC, and TN, and Ya at the left CCA1, related to higher soluble
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sugar, starch, TC, and TN. In addition, the phyllosphere fungal communities were divided
into three clusters, especially along CCA1 (Figure 7B).
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Table 3. The relationships between leaf characteristics and phyllosphere microbial community diversity.

Bacteria Soluble Sugar Starch TC TN C/N

Chao 1 index −0.86 ** −0.55 * 0.05 −0.42 −0.19
Good’s coverage 0.81 ** 0.52 * −0.06 0.28 0.21
Observed species −0.83 ** −0.50 0.01 −0.44 −0.18

Pielou e index −0.49 −0.40 0.11 −0.30 −0.23
Shannon −0.55 * −0.44 0.10 −0.30 −0.23
Simpson −0.40 −0.36 −0.03 −0.33 −0.10

Fungi Soluble Sugar Starch TC TN C/N

Chao 1 0.34 0.17 −0.08 −0.03 0.03
Good’s coverage 0.25 0.48 −0.00 0.26 0.01
Observed species 0.40 0.25 −0.05 −0.00 0.00

Pielou e 0.48 0.30 −0.18 0.09 0.14
Shannon 0.45 0.31 −0.17 0.06 0.13
Simpson 0.44 0.15 −0.13 0.06 0.10

TC: total carbon; TN: total nitrogen. C/N: total carbon/total nitrogen ratio. ** denotes a significant difference at
the 0.01 level. * denotes a significant difference at the 0.05 level.
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Figure 7. A canonical correlation analysis was used to illustrate the relationships between leaf
characteristics and phyllosphere bacterial (A) and fungal (B) community composition. Ya: healthy
Pinus tabuliformis trees; Yb: diseased P. tabuliformis trees at an early stage of B. xylophilus infection;
Yc: diseased P. tabuliformis trees in the last stage. TC: total carbon; TN: total nitrogen; CN: total
carbon/total nitrogen ratio.
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4. Discussion and Conclusions

The microbiome has long been acknowledged as a crucial component of the plant
ecosystem and is closely related to plant growth and disease resistance [39]. There is
mounting evidence that plants under biotic or abiotic stress can use a variety of chemical
cues to attract advantageous microbes or threats from the environment, improving their
capacity to deal with the stress [12]. The phyllosphere microbiome, which is located
aboveground, has received less research in recent years than the rhizosphere microbiome,
which is located underground [27,40]. In the current study, we highlighted the phyllosphere
microbiome shift, which could advance our understanding of the role of phyllosphere
microbiome responses upon nematode infection challenge, and profiled the changes in the
P. tabuliformis phyllosphere microbiome among healthy and infected by B. xylophilus under
field conditions. Our results showed that the Chao 1 index and Shannon index significantly
increased in infected leaves when compared to uninfected leaves (Tables 1 and 2), and
new microbes (at ASV level) emerged in the infected leaves compared to the uninfected
leaves, implying that only a limited number of microbiota members in the phyllosphere
were involved in the response to infection.

The three main phyllosphere bacterial groups in our study were Proteobacteria, Bac-
teroidetes, and Actinobacteria. According to earlier research, Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria make up the majority of the bacteria in the phyllosphere of
plants [41]. The phyllosphere bacteria, classified as belonging to Pantoea, Actinetobacter, Sph-
ingomonas, Methylobacterium, and Pseudomonas, were all discovered in previous studies [42],
indicating that they were widespread in the phyllosphere of plants [43]. Each plant ecosys-
tem contains a diverse microbial community that performs a variety of functions that may
promote plant growth or act as biocontrol agents for nematode infection [29]. Actinobac-
teria were shown to have nematocidal activity in earlier studies [44–46]. Actinobacteria
were relatively abundant in Yb and Yc in our study, indicating that bacteria associated
with nematodes were essential for infection development [47,48]. Additionally, Yc had the
highest levels of Stenotrophomonas, which was consistent with earlier studies [49,50]. We
anticipated that pine wilt disease would have a significant impact on the host bacterial and
fungal community structure because a prior study demonstrated that B. xylophilus infection
can affect host microbial communities [13,14]. If you want to test this conjecture, it is recom-
mended that the defense mechanisms of Actinobacteria and Stenotrophomonas should be
further explored using molecular biology and metabolomics [51,52]. Our findings demon-
strate that the phyllosphere bacterial and fungal microbial communities of the various
treatments varied noticeably in terms of beta-diversity. From the results of the LEfSe, we
found that Acidobacteria, Deinococcus-Thermus, Patescibacteria, Sphingoaurantiacus, and
Amantichitinum were biomarkers of Yc (Figure 5B), suggesting that these bacteria are likely
to help pine trees resist B. xylophilus infection. The defense mechanisms should be further
explored using molecular biology and metabolomics. In order to promote resistance to
nematode infection, plants can generally control nematode infection interactions or activate
innate immune responses [53,54]. From our results, it can be inferred that P. tabulaeformis
may change the phyllosphere bacterial community and select some biocontrol bacteria to
improve plant resistance to B. xylophilus. Brevibacillus, Pseudomonas, and Bacillus are a
few biocontrol bacteria groups that are prevalent and have antibiotic activities in the phyllo-
sphere of Arabidopsis thaliana [24]. It is widely established that plants can selectively attract
populations of helpful microbes that increase disease resistance and promote growth [55].

In addition to examining changes in microbial taxa, network inferences on changes
in microbial interactions can offer further hints about how the microbiome affects plant
health (Figure 6). Our research revealed that the bacterial-to-bacterial microbial network
in the phyllosphere of infected leaves was more intense than that in uninfected leaves
(Figure 6, Table 2). When microbes encounter environmental pressures, such as infection
by the B. xylophilus nematode, highly connected networks, such as those in the infected
leaves, can develop [56]. Additionally, earlier research suggested that the complex network
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might lessen the success of B. xylophilus nematode invasion [57]. Our results thus point to a
potentially positive function for the robust microbial networks seen in infected leaves.

A limiting factor for bacterial colonization in the phyllosphere is the availability of
nutrients [58]. Leaves are the main source of nutrients, including carbohydrates, amino
acids, and organic acids [59]. Additionally, the amount of nutrients is influenced by the
plant species, genotype, and leaf characteristics such as the wettability, waxiness, and
age [59]. A previous study found that lower leaf nitrogen concentrations were linked
to more prevalent bacteria in the phyllosphere [59]. Additionally, there was a positive
correlation between high leaf nitrogen and a high disease index, which may have been due
to the nematode infection becoming more susceptible to nitrogen [43]. Our study found
that TC and TN had relatively minor effects on the diversity of the microbial community,
likely as a result of the lack of significant differences between TC and TN in the leaves
of the three treatments (Table 1). The differences in phyllosphere microbial communities
were mainly caused by the soluble sugar and starch contents of the leaves, a result that was
consistent with the results of numerous previous studies [21,60]. The size of the overall
bacterial population in the phyllosphere is known to be determined by sugars, which act
as a limiting resource [61]. Our findings support a study that found that different plant
species’ leaves had varying degrees of influence on the structure of the bacterial community
in the phyllosphere [19]. Our findings also demonstrated that leaf chemical characteristics
shaped the bacterial community.

In conclusion, we propose that B. xylophilus infection of P. tabulaeformis trees caused
changes in the physicochemical properties of leaves, leading to changes in phyllosphere
microbial community composition and diversity. The soluble sugar and starch contents
decreased based on the extent of infection, phyllosphere microbial community changes were
potentially caused by B. xylophilus infection of P. tabuliformis, and the fungal community
composition of Ya was clearly distinguished from Yb and Yc, especially along the first
coordinate axis. Most of the microbial taxa tended to be co-excluding rather than co-
occurring with the infection of PWD, especially in the last stage. These findings will
significantly advance our understanding of the effects and mechanisms of B. xylophilus
infection on alterations to phyllosphere microbial composition and diversity. Our study
provides novel insights for understanding the roles of phyllosphere microbiome responses
during pathogen challenge and their effect on plant health. It also provides phyllosphere
evidence to support the “cry for help” strategy in plants. However, much work will be
required to elucidate the different functions of the phyllosphere microbial communities in
B. xylophilus-infected and B. xylophilus-uninfected trees.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/f14020179/s1, Table S1: Comparison and analysis of the charac-
teristics of phyllosphere microbial community association network of different samples.
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