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Abstract

Background Phyllosphere microbiome plays a crucial role in maintaining plant fitness. However, its response
to changes in dominant tree species during forest succession still remains poorly understood.

Methods In this study, microbial isolation and high-throughput sequencing techniques were used to analyze
the community structure and diversity of phyllosphere microbes in pure Pinus massoniana forests, mixed P. masso-
niana and Liquidambar formosana forests, and pure L. formosana forests.

Results The results showed that the isolation rates of key plant fungal pathogens varied significantly in phyllosphere
across forest types. In pure pine forest, Fusarium was most prevalent in pine needles, while in the mixed forest, Alter-
naria was dominant. For Liquidambar leaves, Phyllosticta dominated in pure forests, while Colletotrichum was prevalent
in the mixed forests. Alpha diversity analysis revealed that higher microbial richness and diversity in the mixed forest
compared to the pure forest. The bacterial community structure in Liquidambar leaves differed between the pure
forest and the mixed forest. Co-occurrence networks confirmed more complex and stable microbial compositions
and interactions in the mixed forest. Bacterial communities in pine needles exhibited higher functional capacity

for methanotrophy and nitrogen fixation in the mixed forests.

Conclusions The results demonstrate that the mixed forests foster greater microbial diversity, complexity, and func-
tional potential in the phyllosphere compared to the pure forests, highlighting the importance of forest composition
in shaping phyllosphere microbial communities.
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geographic location [32] significantly affect these com-
munities. In the phyllosphere, diverse microbial inter-
actions occur, including bacteria and fungi, as well as
between these microorganisms and their host plants.
These relationships range from parasitism and commen-
salism to mutualism. The host plant provides essential
nutrient to phyllosphere microbes [47], which in turn,
contributes to plant health by fixing nitrogen, promoting
growth, suppressing pathogens, and enhancing disease
resistance [6, 36].

Recent studies have underscored the critical role phyl-
losphere microbial. For instance, Innerebner et al. [20]
found that Sphingomonas strains could inhibit the plant
pathogen Pseudomonas syringae by competing directly
for glucose, fructose, and sucrose. However, research
in this field remains limited. Many studies focus on the
effects of individual tree species or specific factors on
phyllosphere microbial communities, often neglecting
the broader influence of different forest types. A deeper
understanding these interactions is crucial for elucidating
the complex relationships between tree species, phyllo-
sphere microbes, and forest ecosystems.

Traditional microbial isolation and culture meth-
ods have historically dominated phyllosphere microbial
studies, yet they come with significant limitations. Most
microbes in natural environments are unculturable, with
only a small fraction successfully isolated and grown in
pure culture. Research indicates that only 0.1 to 3% of
environmental bacteria are considered culturable [3].
The development of high-throughput sequencing (HTS)
technology has revolutionized the analysis of phyllo-
sphere microbial communities, enabling researchers to
assess community structure and function with increased
resolution and efficiency. Unlike culture-based meth-
ods, HTS can detect a diverse array of microorganisms
without the need for cultivation, providing extensive
genomic information [17]. However, HTS also has limi-
tations: it cannot differentiate between active and inac-
tive microorganisms, and sequencing biases hinder the
study of microbial ecological functions [34]. Additionally,
the identification of potential biocontrol agents still relies
on traditional culturing methods [26]. While traditional
methods are essential for investigating the physiological
characteristics and functions of specific microorganisms,
HTS allows for rapid and comprehensive profiling of
microbial community structure and potential functions.
Integrating these approaches is crucial for advancing our
understanding of phyllosphere microbial communities
and their ecological roles.

In this study, we investigate the changes of phyllo-
sphere fungal and bacterial communities across different
forest types. We aim to explore the response of phyllo-
sphere microbes to changes in tree species in the pure
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and mixed forests during forest succession. The primary
hypothesis posits that dominant tree species might be the
main driver shaping the phyllosphere microbiome.

Methods
Study site and sampling
The study was conducted at Linggu Temple in Zijin
Mountain, Nanjing, China (32°16"15” N, 118°48”00”
E), located within the subtropical and warm temperate
zones. The annual average sunshine duration is 1,628.8
h, and the average temperature is 19.6°C, with winter
temperatures reaching —3.7°C and summer tempera-
tures reaching 38.8°C. The annual average precipitation is
1,530.1 mm, ranging from 1,091 to 2,371.4 mm [51].
Since the 1930s, Zijin Mountain has been entirely cov-
ered by Pinus thunbergii Parl. and P. massoniana Lamb.
However, in 1982, the area began to experience pine wilt
disease, caused by the pinewood nematode (Bursap-
helenchus xylophilus), leading to the natural growth of
Liquidambar formosana Hance. and Quercus acutissima
Carruth, which gradually replaced the declining pine
trees. The establishment of broad-leaved forests, along
with competition for nutrient, has further exacerbated
the decline of the pine forests. Currently, the predomi-
nant forest type in the scenic area consists of the mixed
forests (comprising both pine and broad-leaved species),
followed by pure pine forests and pure broad-leaved for-
ests [44]. For this study, three forest types were selected:
a pure P massoniana forest, a mixed forest ( P massoni-
ana+ L. formosana), and a pure L. formosana forest. The
intermediate mixed forest is defined by the equal propor-
tion (1:1) between P thunbergii and L. formosana trees
[40] (Figure S1). Five trees were sampled from both pure
forest and mixed forests for P massoniana and L. for-
mosana, respectively, resulting in a total of 20 trees. Each
selected tree was spaced more than 50 m apart. Needle/
leaf samples were collected from three directions of each
tree into sterile bags in October 2022 and were delivered
to the laboratory and stored at 4 °C and —20 °C for fur-
ther analysis.

Isolation and identification of bacteria and fungi

Needle/leaf tissue was cut into small pieces (5 mmXx5
mm), resulting in a total of 30 small pieces. The surface
of the leaf tissue was disinfected in a laminar flow hood
using 75% alcohol for 30 s. Subsequently, the leaf tissue
was immersed in 1% NaClO for 90 s, followed by three
rinses with sterile water, and placed on potato dextrose
agar (PDA) and Luria—Bertani (LB) plates for the isola-
tion of fungi and bacteria, respectively. The plates were
incubated in the dark at 25°C for three days. Pure cul-
tures were obtained by transferring mycelial edges and
colonies onto fresh PDA and LB plates. Preliminary
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classification of the isolates was conducted based on
morphological characteristics.

DNA was extracted from selected representative strains
from each fungal and bacterial group using the cetyltri-
methylammonium bromide (CTAB) extraction method.
The fungal internal transcribed spacer region (ITS) was
amplified by polymerase chain reaction (PCR) with the
forward primer ITS1 (5-TCCGTAGGTGAACCTGCG
C 3’) and the reverse primer ITS4 (5 TCCTCCGCTTAT
TGATATGC 3’) set [37]. The PCR reaction mixture com-
prised a total volume of 50pl, consisting of 25ul 2 X Pre-
mix Taq, 2ul Primer-F (10pM), 2pl Primer-R (10uM), 1ng
template DNA, and 20ul ddH,O. The PCR cycling condi-
tions were as follows: initial denaturation at 94 °C, for 10
min, followed by 37 cycles of denaturation at 94 °C for 30
s, annealing at 53 °C for 30 s, elongation at 72 °C for 90 s,
and a final extension at 72 °C for 10 min.

For bacterial 16SrDNA amplification, PCR was per-
formed with the forward primer 27F (5-AGAGTTTGA
TCCTGGCTCAG 3) and the reverse primer 1492R
(5-"GGTTACCTTGTTACGACTT 3’) set [55]. The PCR
reaction mixture contained a total of 50pl, consisting of
25pl 2 X Premix Taq, 2ul Primer-F (10puM), 2ul Primer-R
(10pM), 1ng template DNA, and 20ul ddH,O. The PCR
cycling conditions included initial denaturation at 94 °C
for 5 min, followed by 30 cycles of denaturation at 94 °C
for 30 s, annealing at 57 °C for 30 s, elongation at 72 °C
for 45 s, and a final extension at 72 °C for 10 min.

PCR products were assessed with 1% agarose gel elec-
trophoresis, purified, and subsequently sequenced by
Nanjing Sipujin Co., Ltd. (Nanjing, China). The obtained
sequences were aligned and BLAST on the NCBI web-
site (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to further
determine the strain taxonomy.

The sequences of all fungal and bacterial isolates were
deposited in the NCBI GenBank under accession num-
bers provided in Table S1&2.

Calculate the isolation rate (IR) of phyllosphere fungi
and bacteria using the following formula:

IR=(Number of isolates of a specific strain obtained
from leaf samples / Total number of isolates obtained
from leaf samples) X 100%

DNA extraction and high-throughput sequencing

The genomic DNA was isolated from each needle/leaf
sample using a Plant Genomic DNA Kit (Tiangen Bio-
tech Company, Beijing, China) following the description
of the manual. DNA concentration was measured by a
Nanodrop ND-1000 spectrometer (NanoDrop Technolo-
gies, Wilmington, DE, USA). The fungal ITS2 was ampli-
fied by PCR with the forward primer ITS3F (5-GCATCG
ATGAAGAACGCAGC 3) and reverse primer ITS4R
(5-TCCTCCGCTTATTGATATGC 3’) [24]. Each PCR
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reaction consisted of triplicate 50 pl mixture containing
25ul 2% Premix Taq, 2ul Primer-F (10uM), 2ul Primer-R
(10pM), 50ng Template DNA, and nuclease-free water.
A PCR control was included with sterile water rather
than DNA to monitor potential contamination. The PCR
cycling conditions were as follows: 3 min of initial dena-
turation at 95 °C, followed by 33 cycles of 20 s denatura-
tion at 95 °C, 20 s annealing at 56 °C, 30 s elongation at 72
°C, and a final extension at 72 °C for 5 min.

The bacterial 16S rDNA V5-V7 region was amplified
by PCR with the forward primer 799F (5-AACMGGA
TTAGATACCCKG 3’) and reverse primer 1193R (5'-
ACGTCATCCCCACCTTCC 3’) [39]. The PCR reactions
mixture also totaled 50 pl, consistING of 25 pl 2 X Premix
Taq, 2.5 yl Primer-F (10 uM), 2.5 pl Primer-R (10 pM),
50 ng template DNA, and nuclease-free water. A PCR
control was included with sterile water rather than DNA.
The PCR cycling conditions were: 5 min of initial dena-
turation at 94 °C, followed by 31 cycles of denaturation at
94 °C for 30 s, annealing at 53 °C for 30 s, elongation at 72
°C for 30 s, and a final extension at 72 °C for 8 min.

The PCR products were assessed with 1% agarose gel
electrophoresis (Figure S2), followed by purification and
sequencing by Magigene (Guangdong Magigene Bio-
technology Co., Ltd. Guangzhou, China) on the Illumina
NovaSeq 6000 platform. The raw sequencing reads were
deposited in the NCBI Sequence Read Archive (SRA)
database under the Accession Number: PRINA1170359.

Data processing and statistical analysis
After demultiplexing, sequences were quality-filtered
with fastp (v0.19.6) [12] and merged with FLASH
(v1.2.11). High-quality sequences were denoised using
DADAZ2 [9], a plugin in the Qiime2 (v2020.2) [8] pipeline,
achieving single nucleotide resolution based on error
profiles within samples. DADA2-denoised sequences
are referred to as amplicon sequence variants (ASVs).
To minimize the effects of sequencing depth on alpha
and beta diversity measures, the number of sequences
per sample was rarefied to 20,000, resulting in an aver-
age Good’ s coverage of 97.90%. Taxonomic assignment
of ASVs was performed using the Naive Bayes consensus
taxonomy classifier in Qiime2 with the SILVA 16S rRNA
database (v138) for bacteria and the UNITE database (v8)
for fungi. Sequences annotated as chloroplast, mitochon-
drial, or plant-derived were bioinformatically removed to
ensure that only bacterial or fungal sequences remained
for further analysis. Metagenomic function was predicted
using FAPROTAX and FUNGuild for bacteria and fungi,
respectively.

Alpha diversity indices, including species richness
(Sobs), species diversity (Shannon), and species even-
ness (Shannon eveness), were calculated with normalized
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ASV data using Mothur v1.30.1 [42]. One-way analysis of
variance (ANOVA) was employed to examine significant
differences in alpha diversity and dominant taxa across
different forest types, with post-hoc testing conducted
using the Tukey Honest Significant Difference (Tuke-
yHSD) method. ANOVA was performed using SPSS ver-
sion 26 (IBM, Armonk, NY, USA), with significance set at
P<0.05. Principal Coordinates Analysis (PCoA), Mantel
test, and permutational multivariate analysis of variance
(PERMANOVA) analyses, and data visualizations were
performed using R version 4.3.0 (R Foundation for Sta-
tistical Computing), primarily with the following pack-
ages: vegan v.2.6.4, ggplot2 v.3.4.3, ggpubr v.0.6.0, ggsignif

based on Bray—Curtis similarities after 999 permutations,
were used for fungal and bacterial community struc-
ture analysis. Community diversity, along with the rela-
tive abundance of fungal and bacterial phyla and genera,
was visualized using GraphPad Prism version 8.0.0 for
Windows (GraphPad Software, Boston, Massachusetts,
USA, www.graphpad.com). A co-occurrence network for
fungal/bacterial genera with relative abundance greater
than 0.01% and present in at least three samples was
constructed based on Spearman correlation coefficients
(r>0.7) and significance (P<0.05). A heatmap was gen-
erated on the bioinformatics platform (https://www.bioin
formatics.com.cn/) for functional predictions.

Results

Composition of isolated fungi and bacteria in phyllosphere
The isolated fungi were preliminarily classified into 35
groups based on colony morphology (color, texture, and
edge features) and growth rate (Figure S3). Following
ITS-rDNA sequence identification, 28 fungal species in
total were obtained (Table S1).

The isolation rate of Fusarium in pine needles was
significantly higher in the pure pine forest compared to
the mixed forest (P<0.05). In the Liquidambar leaves,
the isolation rate of Alternaria, Diaporthe, and Colle-
totrichum decreased in the pure Liquidambar forest
compared to the mixed forest, while Phyllosticta was
increased in abundance (Fig. 1a).

The isolated bacteria were preliminarily classified into
14 groups based on colony morphology (shape, size,
color, transparency, edge features, and surface texture),
and growth patterns (Figure S3). Following 16S-rDNA
sequence identification, 9 bacterial species in total
were obtained (Table S2). The isolation rate of Serratia
decreased in the pure pine forest compared to the mixed
forest, while Alcaligenes showed an increase in abun-
dance. In Liquidambar leaves, the isolation rate of Serra-
tia was higher in the pure Liquidambar forest compared
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to the mixed forest, whereas Bacillus exhibited a decrease
in abundance. (Fig. 1b).

Phyllosphere microbial community diversity

The a-diversity of fungal and bacterial communities
varied with forest type. The fungal species richness in
pine needles in the mixed forest (PMF) was significantly
higher than that in the pure pine forest (PPF) (P<0.05)
(Fig. 2a). In the mixed forest, the species richness, diver-
sity, and evenness of pine needles were significantly
higher than those of Liquidambar leaves (P<0.05)
(Fig. 2a-c). For bacteria, the species richness and diver-
sity in pine needles in the mixed forest (PMF) were also
significantly higher than in the pure pine forest (PPF)
(P<0.05) (Fig. 2d & 2e). Similarly, in the mixed forest, the
bacterial species richness, diversity, and evenness of pine
needles were significantly higher than those of Liquid-
ambar leaves (P<0.05) (Fig. 2d-f). However, the bacterial
a-diversity of Liquidambar leaves did not differ between
the pure Liquidambar forest (LPF) and mixed forest
(LMF) (Fig. 2d-f).

Phyllosphere microbial community composition

The Venn analysis showed that the unique fungal ASVs
in pine needles and Liquidambar leaves accounted for
23.7%, 33.2%, 13.4%, and 16.3% across pure pine forest,
mixed pine and Liquidambar forest, and pure Liquid-
ambar forest, respectively (Fig. 3a), while shared ASVs
accounted for 3.2%. The unique bacterial ASVs in pine
needles and Liquidambar leaves accounted for 22.6%,
29.1%, 21.9%, and 18.7% across the same forest types
(Fig. 3b), with the shared ASVs accounting for 2.0%.

The results of PCoA and PERMANOVA indicated sig-
nificant differences in the fungal community structure in
the pine needle between the pure pine forest (PPF) and
mixed forest (PMF), as well as in the Liquidambar leaves
between the pure Liquidambar forest (LPF) and mixed
forest (LMF) (P<0.05) (Fig. 4a, Table S3). In contrast,
the bacterial community structure in the Liquidambar
leaves varied between the pure Liquidambar forest (LPF)
and mixed forest (LMF), while no significant difference
was observed in the bacterial community structure in the
pine needles between the pure pine forest and mixed for-
est (P<0.05) (Fig. 4b, Table S3).

The obtained fungal sequences were classified into
four phyla, 456 genera. The dominant phylum was
Ascomycota (91.06%), followed by Basidiomycota
(5.65%), Mucoromycota (0.012%) (Fig. 5a). The relative
abundance of Ascomycota and Basidiomycota varied
among different forest types. Specifically, the abun-
dance of Ascomycota in pine needles in the mixed for-
est (PMF) was significantly higher than in the pure pine
forest (PPF) (P<0.05) (Fig. 5e), whereas the relative
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Fig. 1 The isolation rates of fungal (a) and bacterial (b) genera from pine needles and Liquidambar leaves during forest succession. PPF: Pine
needles in the pure pine forest, PMF: Pine needles in the mixed forest, LMF: Liquidambar leaves in the mixed forest, LPF: Liquidambar leaves

in the pure Liquidambar forest

abundance of basidiomycetes
in the mixed forest (P<0.05) (

was significantly lower
Fig. 5c). At genus level,

Aureobasidium was the most abundant genus (16.39%),

followed by Trichomerium
(2.87%), Alternaria (2.79%),

(3.85%), Cladosporium
Malassezia (1.64%),

and Nigrospora (1.02%) (Fig. 5b). The abundance of
Aureobasidium and Trichomerium in pine needles in
the pure pine forest (PPF) was significantly higher com-
pared to the mixed forest (PMF) (P<0.05) (Fig. 5d).
In contrast, Cladosporium, Alternaria, Nigrospora
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exhibited the highest abundance in the mixed forest
(PMF) (P<0.05) (Fig. 5d).

The obtained bacterial sequences were classified into
35 phyla and 674 genera. The dominant phylum was
Proteobacteria (53.29%), followed by Actinobacteriota
(15.11%), Firmicutes (10.82%), and Bacteroidota (4.11%)

(Fig. 6a). The relative abundance of Proteobacteria in the
needle/leaf increased gradually with forest succession.
Deinococcota in the pine needles in the mixed forest
(PMF) showed a significantly higher relative abundance
than in the pure forest (PPF) (P<0.05) (Fig. 6¢). At genus
level, Massilia was the most abundant (13.99%), followed
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by Cutibacterium (5.90%), Methylobacterium-Methyloru-
brum (4.26%), and Staphylococcus (3.84%) (Fig. 6b). The
pine needle in the mixed forest had a higher abundance
of Methylobacterium-Methylorubrum and Amnibacte-
rium compared to the pure forest, while the abundance
of Serratia in the pine needle in the pure forest was sig-
nificantly higher than in the mixed forest (P<0.05). Addi-
tionally, the abundance of Massilia and Sphingomonas in
the Liquidambar leaves in the pure forest (LPF) was sig-
nificantly higher than in the mixed forest (LMF) (P<0.05)
(Fig. 6d).

Phyllosphere microbial community co-occurrence
networks

The co-occurrence network analysis revealed that
the average degree of the fungal community net-
works for pine needles and Liquidambar leaves in
pure pine forest, mixed pine/Liquidambar forest,

and pure Liquidambar forest was 10.872, 13.168,
9.771, and 11.192, respectively. The number of nodes
was 78, 113, 70, and 104; the number of edges was
848, 1488, 684, and 1164; and the clustering coef-
ficient was 0.344, 0.613, 0.299, and 0.281 (Fig. 7a-d,
Table S4). In the pine needles, the interaction among
fungi was higher in the mixed forests, as evidenced
by the higher number of nodes and edges, along with
increased average degree and clustering coefficient
compared to the pure forests. Conversely, this pattern
was reversed in the fungal community of Liquidam-
bar leaves. For bacterial community co-occurrence
network, in both pine needles and Liquidambar
leaves, the mixed forests exhibited higher node and
edge counts, as well as higher average degree and
clustering coefficient compared to pure forests, indi-
cating increased bacterial complexity and stability in
the mixed forests (Fig. 7e-h, Table S4).
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Phyllosphere microbial community functional prediction

Analysis using FUNGuild classification revealed the Plant
Pathogen guild (21.59%) was the most abundant fungal
guild, followed by Undefined Saprotroph (21.14%), Ani-
mal Pathogen (18.06%), and Epiphyte (13.33%) (Fig. 8a).
The abundance of Epiphyte in pine needles was sig-
nificantly higher in mixed forests than in pure forests
(P<0.05) (Figure S4). FAPROTAX prediction identified
chemoheterotrophy (24.07%) as the dominant bacterial
guild, followed by aerobic chemoheterotrophy (17.85%)
and fermentation (5.84%) (Figure S4). Methanotrophy
and nitrogen fixation were more abundant in mixed
forests, while fermentation, nitrate respiration, nitrate
reduction, and nitrogen respiration were lower (P<0.05).

Discussion

We investigated the response of phyllosphere microor-
ganisms to changes in dominant tree species during for-
est succession. Phyllosphere microorganisms are known

to originate from diverse sources, including the sur-
rounding environment and "vertical inheritance" from
previous plant generation [56]. This complex origin sug-
gests that microbial community on leaf surfaces is highly
dynamic, influenced by both current environmental
conditions and historical and successional processes in
the forest. Our findings indicate that microbial diversity
and species richness in pine needles were significantly
impacted by changes in tree species composition. Nota-
bly, the fungi and bacterial diversity, as well as species
richness, were higher in pine needles in the mixed forests
than in pure the pine forests. This increase in microbial
diversity is known to enhance the ecosystem functions,
stability, and resistance to disturbances [2]. In contrast,
we observed no difference in the a-diversity of bacte-
rial and fungal communities on the Liquidambar phyl-
losphere between mixed and pure Liquidambar forests.
Given that Liquidambar is a deciduous tree and pine is
a conifer tree, differences in leaf structure and life cycle



Gao et al. BMC Microbiology (2025) 25:195

1 e ° ” .
(a) ’ Asce * (b) ToA ke
/4 ; T, PN T . °
1 o - Yy '
% °
ey Pe o A oA Gooog
.
= ® e pURE & C et N )
i Oo o )
3 p— . ¥ U b ©
o
] L4 iy o !
¥ | 3
.... A b ®
« ® b
¢ ©
® ...‘ se g i )
(& ® >
L [ @
® .o e ® o 0
® e o
An °
. o ° L.
© DA O IR
. 4 ® N ° 4 N
i i ° ° o o oy »
° °
b 00906’)@0@00 '..ON Al
& .
= = A= S o 0. " « e
¢ ° ® L= S e 9
9@. ° 9@@ @0 . U it OOQGD‘
e A o8 »
e ° ® ° ° 0. 9 v e
ShRNNE ° e ° 3
® ° °® ¥ ey
° ’. ° . PR o
1 X
¥ e 4 o 2 @9 5 oy
s = % LS b AN 4
L /e eﬂam.‘ss
° ° 5 LEr e o ®
. ° ® .
° L
o ®
P &= ¢ e

Page 10 of 13

[} o @ - o
° « °
® °
© < . (d ! o
® [5 ]
® o o
o ® ] p [ ==
° 2 ° ® o o 3 s o o
. e @ ® [ ° °
e ® o o o ° L
®
° X XN BN o ° S o S
P
52 o ® ® At
o XX L = ®
& » ° ® [ ] ks S
° Pase ® od °
Nyl °
“o L] v
3 S e e »
. .
@]
v .
°
o9 e °
.
(&) A&t 3 GV A
. e e ° A (3
Plws =id e 4 ® 9 . o R
oo - ., - ¥ .3 o
® o ®» e . ¥ 5
[ G & o o i .
e 8. o0 g e
e 0 [ 52 5 . iy
Ve e e o' o s LS
e ¢ 6‘90 &N e o jo Mie
® e o & s - ] U
8o o3 S S °
®ole S e ® ° ®®®
6 g%s 00 o e e s S a
e® @ o igie. % L ° ®
® - e @ ® e e
Pl G s y
e & P e 9.6 e ©
o % s ] e © 000 °
. )
L 22 4 (& e @ @ ®
o= » @ o9 0O
¢ =

Fig. 7 Co-occurrence networks among fungal community (a-d) and bacterial community (e-h) among different forests during forest succession.
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coefficient. PPF: Pine needles in the pure pine forest, PMF: Pine needles in the mixed forest, LMF: Liquidambar leaves in the mixed forest, LPF:

Liquidambar leaves in the pure Liquidambar forest

may contribute to the observed disparities in microbial
colonization and diversity [11]. In the mixed forests,
significant differences in microbial colonization and
diversity have been observed between coniferous and
broad-leaved trees. The ability of microbes to colonize
and establish themselves in the phyllosphere varies not
only between tree species but also within different parts
of the same leaf [30]. Key factors influencing microbial
colonization include leaf surface structure and chemi-
cal composition [28]. Research by [4] has shown that leaf
traits, such as nutrient content, vary significantly among
tree species, potentially leading to microbial distributions
that depend on leaf type and forest structure. Conse-
quently, phyllosphere microbial communities in conifer-
ous trees, such as pine, may be more sensitive to changes
in dominant tree species during forest succession.

The structure of phyllosphere microbial communities
varied among different forest types. Fungal communities,
in particular, exhibited distinct structures depending on
forest types. The mixed forests provide a more diverse
ecological niche and resources, supporting greater fungal
diversity compared to pure forests [53]. These differences
in habitats and nutrient availability contribute to unique
fungal community composition [50]. However, the bac-
terial community structure showed no significant differ-
ences between the pure pine forests and mixed forests.
Previous study has shown that vegetation type, carbon

availability and nutrient availability have relatively minor
effects on bacterial community structure [16]. This is
consistent with Carper et al. [10], who found that local
site conditions play a greater role in shaping bacterial
community assembly on pine needles than host species
identity explaining the relative stability of bacterial com-
munities across different forest types.

In pure pine forests, the relative abundance of Basidi-
omycota in the fungal community is significantly higher
compared to the mixed forests. Basidiomycota may be
better adapted to the stable, relatively dry conditions of
pine forests, where organic matter decomposition is slow,
and nutrient availability is limited [18]. Conversely, Asco-
mycota is more abundant in the mixed forests, likely due
to its ability to rapidly metabolize labile carbon sources
[45]. For bacterial community, Methylobacterium-Meth-
ylorubrum and Amnibacterium were more abundant in
the mixed forests, indicating that the diversified organic
matter inputs in these forests promote the growth of
carbon-utilizing bacteria [1, 29]. Methanol, a one-carbon
substrate produced during leaf metabolic cycle, serves
as a key resource for Methylobacterium species, which
enhances their fitness during leaf colonization [58].
This indicates that the mixed forests, through the addi-
tion of Liquidambar formosana, may offer more organic
material and moisture, favoring methanol- and carbon-
utilizing bacteria [54]. The functional prediction further
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supports this, showing significant differences in bacterial
functional groups between pine needles in the pure and
mixed forests. The mixed forest seems to enhance the
abundance of microbes involved in methanotrophy and
nitrogen fixation [7], reducing the reliance on anaero-
bic processes such as fermentation and nitrate respira-
tion [22]. However, these changes were not observed in
the pure and mixed Liquidambar forests. Liquidambar
may have already developed tightly integrated microbial
communities in pure forests, with efficient carbon and
nitrogen resource utilization [25], thus not requiring sig-
nificant metabolic adjustments in the mixed forests.

Our study also revealed that changes in different
dominant tree species during forest succession affected
the potential pathogens. In pure pine forests, the most
abundant genera- Alternaria, Cladosporium, and Nigros-
pora, have been reported as potential pathogens [15, 49,
60]. The reduced plant diversity in these forests likely
facilitates pathogens’ spread [27], leading to a higher
abundance of these potential pathogens. Interestingly,
Aureobasidium was more abundant on the pine needles
in the mixed forest, a genus that has attracted atten-
tion for its remarkable ability to alleviate plant diseases,
making it a promising candidate for biological control
applications [21]. Species of Aureobasidium are known
to produce a variety of bioactive compounds, including
hydrolytic enzymes and antifungal metabolites, which
can suppress the growth of pathogenic fungi [14]. This
suggests that Aureobasidium may play a beneficial role
in maintaining plant health and ecosystem balance in the
mixed forests.

During the isolation and cultivation of phyllosphere
microbes, we identified several potential biocon-
trol agents and pathogens. Many of the fungi isolated
belong to genera known to include plant pathogens,
such as Fusarium [59, 61, 62], Nigrospora [43], Alter-
naria [57], Colletotrichum [35]. and Phyllosticta [59, 61,
62]. These genera are well-documented for their patho-
genic potential in various plant species. These patho-
gens exhibit a quiescent phase, common in Ascomycetes
pathogen, where they remain dormant within the host
before switching to active phase [38]. High-throughput
sequencing results showed that Ascomycetes were more
abundant in the mixed forests, least abundant in pure
pine forests, and relatively consistent in the Liquidambar
leaves. This aligns with our isolation and cultivation find-
ings, indicating that forest types influence the isolation
rate of potential pathogens. For example, Fusarium had
a higher isolation rate in pine needles in the pure forests,
whereas Alternaria was dominant in the mixed forests.
On Liquidambar leaves, Colletotrichum was dominant in
the mixed forests, while Phyllosticta was more common
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in the pure forests. These shifts may result from differ-
ences in nutrient inputs and environmental conditions,
which affect microbial competition and dominance.

Interestingly, we also isolated Paraconiothyrium, a
potential biocontrol agent [46], from pure Liquidambar
forests. This genus is recognized for its biocontrol poten-
tial and production of antibiotic compounds [48], has
shown antagonistic activity against Colletotrichum spp.
[5]. Notably, the isolation rate of Colletotrichum was sig-
nificantly lower in the pure Liquidambar forests, possibly
indicating a biocontrol effect by Paraconiothyrium. Fur-
ther research is needed to confirm its role in controlling
phyllosphere disease in Liquidambar tree. In addition to
fungi, we identified several bacterial genera with poten-
tial biocontrol properties. Serratia, particularly Serratia
marcescens, was more frequently isolated from pine nee-
dles, consistent with high-throughput sequencing data.
This genus is known for its insecticidal activity and path-
ogenicity against Bursaphelenchus xylophilus [19]. Bacil-
lus spp., widely recognized for their biocontrol abilities
[23] and ability to induce systemic resistance in plants
[13], were more abundant in the phyllosphere of Liguid-
ambar than in pine needles, with the lowest abundance
in pure pine forests. However, this finding contradicts the
high-throughput sequencing results, potentially due to
the thicker leaf cuticle, higher resin, and phenolic com-
pounds in pine needles, which could suppress microbial
activity during cultivation.

Conclusions

The introduction of broadleaf trees in pine needle phyl-
lospheres increased microbial diversity and enhanced
nutrient-related microorganisms, especially those involved
in carbon use and nutrient cycling. In contrast, Liquidam-
bar phyllospheres showed no change in microbial diver-
sity between pure and mixed forests, highlighting the
differing impacts of tree species on conifer versus broad-
leaf phyllosphere microbes. Broadleaf introduction also
altered pathogen abundance, with Fusarium dominat-
ing in pure pine forests and Alternaria in mixed forests.
Similarly, Colletotrichum prevailed in mixed forest Lig-
uidambar leaves, while Phyllosticta was more common in
pure forests. High-throughput sequencing revealed lower
pathogen abundance and more ASVs in mixed forests,
suggesting greater microbial specialization. Co-occurrence
network analysis showed more complex, stable microbial
interactions in mixed forests, indicating enhanced micro-
bial diversity and function. These findings emphasize that
mixed forests promote phyllosphere microbial diversity
and resilience, with dominant tree species shaping micro-
bial community structure.



Gao et al. BMC Microbiology (2025) 25:195

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512866-025-03905-9.

[ Supplementary Material 1. }

Acknowledgements
We would like to acknowledge the CSC-IT Center for Science, Finland, for the
generous computational resources.

Authors’ contributions

Z-W.G.: Data curation, Formal analysis, Investigation, Visualization, Writing-
original draft, Writing review & editing. Y.-L.L.: Data curation, Formal analysis,
Z-N.X.and L.C.: Investigation, Visualization, methodology. N.L. and Y.-C.-Z. L.:
Investigation, Validation, methodology. W.-J.M.: Data curation, Methodology,
Visualization, Writing-review & editing. H.S. and L.H.: Conceptualization, Fund-
ing acquisition, Project administration, Supervision, Writing-review & editing.
All authors have read and agreed to the published version of the manuscript.

Funding

Open Access funding provided by University of Helsinki (including Helsinki
University Central Hospital). The study was supported by the National Key R &
D Program of China (2023YFD1401304), the National Natural Science Founda-
tion of China (31870474).

the National Natural Science Foundation of China,31870474,the National Key
R & D Program of China,2023YFD1401304

Data availability

The datasets generated during the current study are available in the National
Center for Biotechnology Information (NCBI) repository under the Accession
Number: PRINA1170359

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 5 November 2024 Accepted: 18 March 2025
Published online: 04 April 2025

References

1. Abanda-Nkpwatt D, MUsch M, Tschiersch J, Boettner M, Schwab W.
Molecular interaction between Methylobacterium extorquens and
seedlings: growth promotion, methanol consumption, and localization of
the methanol emission site. J Exp Bot. 2006;57:4025-32. https://doi.org/
10.1093/jxb/erl173.

2. Albrecht J, Peters MK, Becker JN, Behler C, Classen A, Ensslin A. Species
richness is more important for ecosystem functioning than species
turnover along an elevational gradient. Nat Ecol Evol. 2021;5:1582-93.
https://doi.org/10.1038/541559-021-01550-9.

3. Amann RI, Ludwig W, Schleifer KH. Phylogenetic identification and in situ
detection of individual microbial cells without cultivation. Microbiol Rev.
1995;59:143-69. https://doi.org/10.1128/mr.59.1.143-169.1995.

4. Aponte C, Garcia LV, Marandn T. Tree species effects on nutrient cycling
and soil biota: a feedback mechanism favouring species coexistence.
Forest Ecol Manag Influence Tree Species Forest Soils. 2013;309:36-46.
https://doi.org/10.1016/j.foreco.2013.05.035.

5. Arredondo-Santoyo M, Vazquez-Garciduenas MS, Vazquez-Marrufo G.
Identification and characterization of the biotechnological potential of

20.

21.

22.

23.

24.

Page 12 of 13

a wild strain of Paraconiothyrium sp. Biotechnol Prog. 2018;34:846-57.
https://doi.org/10.1002/btpr.2653.

Berg G. Plant-microbe interactions promoting plant growth and

health: perspectives for controlled use of microorganisms in agricul-
ture. Appl Microbiol Biotechnol. 2009;84:11-8. https://doi.org/10.1007/
500253-009-2092-7.

Bodelier PL, Steenbergh AK. Interactions between methane and the
nitrogen cycle in light of climate change. Curr Opin Environ Sustain.
2014;9-10:26-36. https://doi.org/10.1016/j.cosust.2014.07.004. SI: System
dynamics and sustainability.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC. Reproduc-

ible, interactive, scalable and extensible microbiome data science

using QIIME 2. Nat Biotechnol. 2019;37:852-7. https://doi.org/10.1038/
$41587-019-0209-9.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: High-resolution sample inference from Illumina amplicon data.
Nat Methods. 2016;13:581-3. https://doi.org/10.1038/nmeth.3869.
Carper DL, Lawrence TJ, Quiroz D, Kueppers LM, Frank AC. Needle bacte-
rial community structure across the species range of limber pine. ISME
Commun. 2024;4:ycae062. https://doi.org/10.1093/ismeco/ycae062.

. ChaudhryV, Runge P, Sengupta P, Doehlemann G, Parker JE, Kemen E.

Shaping the leaf microbiota: plant-microbe-microbe interactions. J Exp
Bot. 2020;72:36-56. https://doi.org/10.1093/jxb/eraa417.

Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ pre-
processor. Bioinformatics. 2018;34:1884-90. https://doi.org/10.1093/bioin
formatics/bty560.

Choudhary DK, Johri BN. Interactions of Bacillus spp. and plants — With
special reference to induced systemic resistance (ISR). Microbiol Res.
2009;164:493-513. https://doi.org/10.1016/j.micres.2008.08.007.

Cignola R, Zucchinali S, Firrao G, Di Francesco A. Aspects of the biocontrol
activity of Aureobasidium spp. strain against Penicillium expansum of
apple. Ann Appl Biol. 2024;184:307-13. https://doi.org/10.1111/aab.
12892.

El-Dawy EGAEM, Gherbawy YA, Hussein MA. Morphological, molecular
characterization, plant pathogenicity and biocontrol of Cladosporium
complex groups associated with faba beans. Sci Rep. 2021;11:14183.
https://doi.org/10.1038/541598-021-93123-w.

Fierer N, Jackson RB. The diversity and biogeography of soil bacterial
communities. Proc Natl Acad Sci. 2006;103:626-31. https://doi.org/10.
1073/pnas.0507535103.

Handelsman J. Metagenomics: application of genomics to uncultured
microorganisms. Microbiol Mol Biol Rev. 2004;68:669-85. https://doi.org/
10.1128/MMBR.68.4.669-685.2004.

Ho A, Di Lonardo DP, Bodelier PLE. Revisiting life strategy concepts in
environmental microbial ecology. FEMS Microbiol Ecol. 2017;93:fix006.
https://doi.org/10.1093/femsec/fix006.

Huang CY, Zhang Y, Wu. Control effect of Serratia marcescens AHPC29
on pinewood wilt disease and optimization of culture conditions for the
bacteria. J Biosafety. 2023;32. https://doi.org/10.3969/j.issn.2095-1787.
2023.03.011.

Innerebner G, Knief C, Vorholt JA. Protection of Arabidopsis thaliana
against leaf-pathogenic Pseudomonas syringae by Sphingomonas strains
in a controlled model system. Appl Environ Microbiol. 2011;77:3202-10.
https://doi.org/10.1128/AEM.00133-11.

Igbal M, Broberg A, Andreasson E, Stenberg JA. Biocontrol Potential of
Beneficial Fungus Aureobasidium pullulans Against Botrytis cinerea and
Colletotrichum acutatum. Phytopathology. 2023;113:1428-38. https://
doi.org/10.1094/PHYTO-02-23-0067-R.

Isobe K, Koba K, Otsuka S, Senoo K. Nitrification and nitrifying microbial
communities in forest soils. J For Res. 2011;16:351-62. https://doi.org/10.
1007/510310-011-0266-5.

Jamali H, Sharma A, Roohi N, Srivastava AK. Biocontrol potential of Bacil-
lus subtilis RH5 against sheath blight of rice caused by Rhizoctonia solani.
J Basic Microbiol. 2020;60:268-80. https://doi.org/10.1002/jobm.20190
0347.

JiL,Yang,Yang L. Seasonal variations in soil fungal communities and
co-occurrence networks along an altitudinal gradient in the cold temper-
ate zone of China: a case study on oakley mountain. CATENA. 2021;204:
105448. https://doi.org/10.1016/j.catena.2021.105448.


https://doi.org/10.1186/s12866-025-03905-9
https://doi.org/10.1186/s12866-025-03905-9
https://doi.org/10.1093/jxb/erl173
https://doi.org/10.1093/jxb/erl173
https://doi.org/10.1038/s41559-021-01550-9
https://doi.org/10.1128/mr.59.1.143-169.1995
https://doi.org/10.1016/j.foreco.2013.05.035
https://doi.org/10.1002/btpr.2653
https://doi.org/10.1007/s00253-009-2092-7
https://doi.org/10.1007/s00253-009-2092-7
https://doi.org/10.1016/j.cosust.2014.07.004
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/ismeco/ycae062
https://doi.org/10.1093/jxb/eraa417
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1016/j.micres.2008.08.007
https://doi.org/10.1111/aab.12892
https://doi.org/10.1111/aab.12892
https://doi.org/10.1038/s41598-021-93123-w
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1128/MMBR.68.4.669-685.2004
https://doi.org/10.1128/MMBR.68.4.669-685.2004
https://doi.org/10.1093/femsec/fix006
https://doi.org/10.3969/j.issn.2095-1787.2023.03.011
https://doi.org/10.3969/j.issn.2095-1787.2023.03.011
https://doi.org/10.1128/AEM.00133-11
https://doi.org/10.1094/PHYTO-02-23-0067-R
https://doi.org/10.1094/PHYTO-02-23-0067-R
https://doi.org/10.1007/s10310-011-0266-5
https://doi.org/10.1007/s10310-011-0266-5
https://doi.org/10.1002/jobm.201900347
https://doi.org/10.1002/jobm.201900347
https://doi.org/10.1016/j.catena.2021.105448

Gao et al. BMC Microbiology

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2025) 25:195

Jiang Y, Chen C, Xu Z, Liu Y. Effects of single and mixed species forest
ecosystems on diversity and function of soil microbial community in sub-
tropical China. J Soils Sediments. 2012;12:228-40. https://doi.org/10.1007/
511368-011-0442-4.

Kashyap N, Singh SK, Yadav N, Singh VK, Kumari M, Kumar D, Shukla L,
Kaushalendra NB, Kumar A. Biocontrol screening of endophytes: applica-
tions and limitations. Plants. 2023;12:2480. https://doi.org/10.3390/plant
$12132480.

Keesing F, Holt RD, Ostfeld RS. Effects of species diversity on disease risk. Ecol
Lett. 2006;9:485-98. https://doi.org/10.1111/).1461-0248.2006.00885.X.
Kembel SW, O'Connor TK, Arnold HK, Hubbell SP, Wright SJ, Green JL.
Relationships between phyllosphere bacterial communities and plant func-
tional traits in a neotropical forest. Proc Natl Acad Sci USA. 2014;111:13715-
20. https://doi.org/10.1073/pnas.1216057111.

Knief C, Delmotte N, Chaffron S, Stark M, Innerebner G, Wassmann R, von
Mering C, Vorholt JA. Metaproteogenomic analysis of microbial communi-
ties in the phyllosphere and rhizosphere of rice. ISME J. 2012;6:1378-90.
https://doi.org/10.1038/ismej.2011.192.

Kumar J, Singh D, Ghosh P, Kumar A, 2017. Endophytic and epiphytic modes
of microbial interactions and benefits, in: Singh, D.P, Singh, H.B, Prabha, R.
(Eds.), plant-microbe interactions in agro-ecological perspectives: Volume 1:
fundamental mechanisms, methods and functions. Springer, Singapore, pp.
227-253. https://doi.org/10.1007/978-981-10-5813-4_12.

Li M, Hong L, Ye W, Wang Z, Shen H. Phyllosphere bacterial and fungal
communities vary with host species identity, plant traits and seasonality in a
subtropical forest. Environ Microbiome. 2022;17:29. https://doi.org/10.1186/
$40793-022-00423-3.

LiY, Wu X, Wang W, Wang M, Zhao C, Chen T, Liu G, Zhang W, Li S, Zhou H,
Wu M, Yang R, Zhang G. Microbial taxonomical composition in spruce phyl-
losphere, but not community functional structure, varies by geographical
location. Peer). 2019;7: 7376. https://doi.org/10.7717/peer}.7376.

Lillian Bunster NJF. Effect of surface-active pseudomonas spp. on Leaf wet-
tability. Appl Environ Microbiol. 1989;55:1340. https://doi.org/10.1128/aem.
55.6.1340-1345.1989.

LuZ MaY, Xiao L, Yang H, Zhu D. Diversity of endophytic fungi in Huperzia
serrata and their acetylcholinesterase inhibitory activity. Sustainability.
2021;13: 12073 https://doi.org/10.3390/5u132112073.

Manandhar JB, Hartman GL, Wang TC. Anthracnose development on
pepper fruits inoculated with colletotrichum gloeosporioides. Plant Dis.
1995,79:380.

Moreira JCF, Brum M, de Almeida LC, Barrera-Berdugo S, de Souza AA, de
Camargo PB, Oliveira RS, Alves LF, Rosado BHP, Lambais MR. Asymbiotic
nitrogen fixation in the phyllosphere of the amazon forest: changing nitro-
gen cycle paradigms. Sci Total Environ. 2021;773: 145066. https://doi.org/10.
1016/jscitoteny.2021.145066.

O'Donnell K, Cigelnik E. Two Divergent Intragenomic rDNA [TS2 Types within
a Monophyletic Lineage of the FungusFusariumAre Nonorthologous. Mol
Phylogenet Evol. 1997,7:103-16. https://doi.org/10.1006/mpev.1996.0376.
Prusky D. Pathogen quiescence in postharvest diseases. Annu Rev Phyto-
pathol. 1996;34:413-34. https://doi.org/10.1146/annurev.phyto.34.1.413.

Qu Z,Zhao H, Zhang H,Wang Q, Yao Y, Cheng J, Lin Y, Xie J, Fu Y, Jiang D.
Bio-priming with a hypovirulent phytopathogenic fungus enhances the
connection and strength of microbial interaction network in rape-

seed. npj Biofilms Microbiomes. 2020,6:1-13. https://doi.org/10.1038/
s41522-020-00157-5.

Qu Z-L, Braima A, Liu B, Ma 'Y, Sun H. Soil fungal community structure and
function shift during a disease-driven forest succession. Microbiol Spectr.
2022;10:e0079522. https;//doi.org/10.1128/spectrum.00795-22.

Redford AJ, Bowers RM, Knight R, Linhart Y, Fierer N. The ecology of the
phyllosphere: geographic and phylogenetic variability in the distribution of
bacteria on tree leaves. Environ Microbiol. 2010;12:2885-93. https://doi.org/
10.1111/).1462-2920.2010.02258 x.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB,
Lesniewski RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B, Thallinger
GG, Van Horn DJ, Weber CF. Introducing mothur: open-source, platform-
independent, community-supported software for describing and compar-
ing microbial communities. Appl Environ Microbiol. 2009;75:7537-41.
https://doi.org/10.1128/AEM.01541-09.

Shen Q, Peng X, He F, Li S, Xiao Z, Wang H, Tang Xi, Zhou M. First report of
nigrospora osmanthi causing leaf spot on tartary Buckwheat in China. Plant
Dis. 2020. https://doi.org/10.1094/PDIS-08-20-1773-PDN.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 13 of 13

Sun L. Influence of the Invasion of Bursaphelenchus xylophilus to
the Succession of Pinus massoniana Community of Zijin Mountain. J
Anhui Agric Sci. 2017:161-1644216. https://doi.org/10.13989/j.cnki.
0517-6611.2017.36.050.

Tian J, Dungait JAJ, Hou R, Deng Y, Hartley IP, Yang Y, Kuzyakov Y, Zhang F,
Cotrufo MF, Zhou J. Microbially mediated mechanisms underlie soil carbon
accrual by conservation agriculture under decade-long warming. Nat Com-
mun. 2024;15:377. https://doi.org/10.1038/s41467-023-44647-4.

Verkley G, Silva M, Wicklow D, Crous P. Paraconiothyrium, a new genus to
accommodate the mycoparasite Coniothyrium minitans, anamorphs of
Paraphaeosphaeria, and four new species. Stud Mycol. 2004;50(2004):50.
Vorholt JA. Microbial life in the phyllosphere. Nat Rev Microbiol.
2012;10:828-40. https://doi.org/10.1038/nrmicro2910.

Wang J, Shao S, Liu C, Song Z, Liu S, Wu S. The genus Paraconiothyrium:
species concepts, biological functions, and secondary metabolites. Crit Rev
Microbiol. 2021;47:781-810. https://doi.org/10.1080/1040841X.2021.1933898.
Wang M, Liu F, Crous PW, Cai L. Phylogenetic reassessment of Nigros-

pora: Ubiquitous endophytes, plant and human pathogens. Persoonia.
2017;39:118-42. https://doi.org/10.3767/persoonia.2017.39.06.

Wang Z, BaiY,Hou J, Li F, Li X, Cao R, Deng Y, Wang H, Jiang Y, Yang W.The
changes in soil microbial communities across a subalpine forest succes-
sional series. Forests. 2022;13: 289. https://doi.org/10.3390/f13020289.
Wang Z, Li M, Zhang X, Song L. Modeling the scenic beauty of autumnal
tree color at the landscape scale: a case study of Purple Mountain, Nanjing.
China Urban Forest Urban Greening. 2020;47: 126526. https://doi.org/10.
1016/j.ufug.2019.126526.

Whipps JM, Hand P, Pink D, Bending GD. Phyllosphere microbiology

with special reference to diversity and plant genotype. J Appl Microbiol.
2008;105:1744-55. https://doi.org/10.1111/j.1365-2672.2008.03906 .

Wu D, Zhang M, Peng M, Sui X, Li W, Sun G. Variations in soil functional
fungal community structure associated with pure and mixed plantations in
typical temperate forests of China. Front Microbiol. 2019;10: 1636. https.//
doi.org/10.3389/fmicb.2019.01636.

Xiang Y, Li'Y, Luo X, Liu'Y, Huang P, Yao B, Zhang L, Li W, Xue J, Gao H, Li Y,
Zhang W. Mixed plantations enhance more soil organic carbon stocks than
monocultures across China: implication for optimizing afforestation/refor-
estation strategies. Sci Total Environ. 2022;821: 153449. https://doi.org/10.
1016/].scitotenv.2022.153449.

Xu X, Nielsen LUD, Song L, Mardti G, Strube ML, Kovacs AT. Enhanced
specificity of Bacillus metataxonomics using a tuf-targeted amplicon
sequencing approach. Isme Commun. 2023;3:1-11. https://doi.org/10.1038/
s43705-023-00330-9.

Yang K, Wang H, Ye K, Wang P, Meng G, Luo C, Guo L. Advances in research
on phyllosphere microorganisms and their interaction with plants. ynnydx.
2021;36:155-64. https://doi.org/10.12101/j.issn.1004-390X(n).202006048.
Yang QQ, Ma XY, Chen TG, Liang WX. First report of alternaria destruens
causing leaf spot on ligustrum sinense in China. Plant Dis. 2019;103:2959.
https://doi.org/10.1094/PDIS-01-19-0198-PDN.

Yurimoto H, Shiraishi K, Sakai Y. Physiology of methylotrophs Living in the
Phyllosphere. Microorganisms. 2021,9: 809. https://doi.org/10.3390/micro
organisms9040809.

Zhang M, Peng C, Sun W, Dong R, Hao J. Effects of variety, plant location, and
season on the phyllosphere bacterial community structure of Alfalfa. Micro-
organisms. 2022;10:2023. https://doi.org/10.3390/microorganisms10102023.
Zhang M-J, Zheng X-R, Li H, Chen F-M. Alternaria alternata, the causal agent
of a new needle blight disease on Pinus bungeana. Journal of Fungi. 2023;9:
71. https://doi.org/10.3390/jof9010071.

Zhang W, Su D, Sun R. First Report of Phyllosticta capitalensis Causing Black
Freckle Disease on Rubus chingii in China. Plant Dis. 2022;106:1517. https.//
doi.org/10.1094/PDIS-05-21-1031-PDN.

Zhang XP, Xia JW, Liu JK, Zhao D, Kong LG, Zhu XP. First Report of Fusarium
pernambucanum Causing Fruit Rot of Muskmelon in China. Plant Dis.
2022;106:1997. https://doi.org/10.1094/PDIS-07-21-1520-PDN.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1007/s11368-011-0442-4
https://doi.org/10.1007/s11368-011-0442-4
https://doi.org/10.3390/plants12132480
https://doi.org/10.3390/plants12132480
https://doi.org/10.1111/j.1461-0248.2006.00885.x
https://doi.org/10.1073/pnas.1216057111
https://doi.org/10.1038/ismej.2011.192
https://doi.org/10.1007/978-981-10-5813-4_12
https://doi.org/10.1186/s40793-022-00423-3
https://doi.org/10.1186/s40793-022-00423-3
https://doi.org/10.7717/peerj.7376
https://doi.org/10.1128/aem.55.6.1340-1345.1989
https://doi.org/10.1128/aem.55.6.1340-1345.1989
https://doi.org/10.3390/su132112073
https://doi.org/10.1016/j.scitotenv.2021.145066
https://doi.org/10.1016/j.scitotenv.2021.145066
https://doi.org/10.1006/mpev.1996.0376
https://doi.org/10.1146/annurev.phyto.34.1.413
https://doi.org/10.1038/s41522-020-00157-5
https://doi.org/10.1038/s41522-020-00157-5
https://doi.org/10.1128/spectrum.00795-22
https://doi.org/10.1111/j.1462-2920.2010.02258.x
https://doi.org/10.1111/j.1462-2920.2010.02258.x
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1094/PDIS-08-20-1773-PDN
https://doi.org/10.13989/j.cnki.0517-6611.2017.36.050
https://doi.org/10.13989/j.cnki.0517-6611.2017.36.050
https://doi.org/10.1038/s41467-023-44647-4
https://doi.org/10.1038/nrmicro2910
https://doi.org/10.1080/1040841X.2021.1933898
https://doi.org/10.3767/persoonia.2017.39.06
https://doi.org/10.3390/f13020289
https://doi.org/10.1016/j.ufug.2019.126526
https://doi.org/10.1016/j.ufug.2019.126526
https://doi.org/10.1111/j.1365-2672.2008.03906.x
https://doi.org/10.3389/fmicb.2019.01636
https://doi.org/10.3389/fmicb.2019.01636
https://doi.org/10.1016/j.scitotenv.2022.153449
https://doi.org/10.1016/j.scitotenv.2022.153449
https://doi.org/10.1038/s43705-023-00330-9
https://doi.org/10.1038/s43705-023-00330-9
https://doi.org/10.12101/j.issn.1004-390X(n).202006048
https://doi.org/10.1094/PDIS-01-19-0198-PDN
https://doi.org/10.3390/microorganisms9040809
https://doi.org/10.3390/microorganisms9040809
https://doi.org/10.3390/microorganisms10102023
https://doi.org/10.3390/jof9010071
https://doi.org/10.1094/PDIS-05-21-1031-PDN
https://doi.org/10.1094/PDIS-05-21-1031-PDN
https://doi.org/10.1094/PDIS-07-21-1520-PDN

	Shifts in dominant tree species modulate phyllosphere microbial diversity and function in successional forests
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study site and sampling
	Isolation and identification of bacteria and fungi
	DNA extraction and high-throughput sequencing
	Data processing and statistical analysis

	Results
	Composition of isolated fungi and bacteria in phyllosphere
	Phyllosphere microbial community diversity
	Phyllosphere microbial community composition
	Phyllosphere microbial community co-occurrence networks
	Phyllosphere microbial community functional prediction

	Discussion
	Conclusions
	Acknowledgements
	References


