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Introduction: Litter decomposition drives nutrient cycling in terrestrial 
ecosystems, yet the dynamics of phyllosphere microbial communities during 
this process remain poorly understood. Poplar leaf litter decomposition is 
particularly critical due to its widespread plantation use. While prior studies 
highlight the roles of microbes in decomposition, stage-specific community 
succession patterns and their driving factors are underexplored. We hypothesize 
that microbial structure and function correlate with litter nutrient dynamics. 
This work advances mechanistic insights into poplar litter decomposition and 
informs sustainable plantation management.

Methods: Poplar leaf litter was sampled periodically during a 342-day 
decomposition period. DNA was extracted for 16S rRNA gene (bacteria) and ITS 
region (fungi) high-throughput sequencing. Microbial diversity, composition, 
and co-occurrence networks were analyzed using QIIME2 and Gephi. Litter 
quality was measured via elemental analysis and spectrophotometry. Canonical 
Correlation Analysis (CCA) was used to assess relationships between microbial 
communities and environmental factors.

Results: The microbial community structure and composition exhibited 
significant differences at both the class and genus levels throughout the entire 
decomposition process. Specifically, the dominant fungal taxa, Dothideomycetes, 
was partially replaced by Sordariomycetes, Tremellomycetes and Leotiomycetes 
as degradation progressed. Meanwhile, Actinobacteria, Alphaproteobacteria, 
and Gammaproteobacteria dominated the bacterial communities throughout 
the entire degradation period, while the abundance of Gammaproteobacteria 
decreased at later stage and Actinobacteria peaked at t4 stage. Co-correlation 
networks revealed that the bacterial community had a higher average clustering 
coefficient and shorter average path lengths compared to fungi, suggesting 
greater functional diversity and resilience against external disturbances. With the 
decomposition of leaf litter, the total N content increased gradually, while other 
nutrients (C, P, K, cellulose and hemicellulose) decreased progressively. Litter 
characteristics had significant effects on microbial community structure: C/N, 
TK and residual hemicellulose (RH) were the primary driving factors affecting 
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fungal community structure, whereas bacterial community structure was 
influenced by TK, RH, residual cellulose (RC) and lignin contents.

Conclusion: Overall, the decomposition of poplar litter is a complex process 
accompanied by dynamic succession of phyllosphere microbial communities. 
These results provide insights into the decomposition mechanisms of poplar 
leaf litter and offer a scientific basis for enhancing nutrient conversion efficiency 
and productivity of poplar plantations.

KEYWORDS

poplar litter, phyllospheric microorganisms, microbial community, litter 
decomposition, chemical property

1 Introduction

Litter is a general term for the organic debris derived from the 
wilted above-ground plant components in terrestrial ecosystems 
(Schlesinger and Lichter, 2001). Studies have demonstrated that litter 
serves as an important global carbon pool, with approximately 90% of 
aboveground biomass turnover in terrestrial ecosystems occurring in 
the form of litter in a given year (Cebrian, 1999). The decomposition 
of litter also serves as a critical pathway for nutrient transfer from 
plant to soil (María Betania and Natalia, 2021), thereby playing a vital 
role in regulating biogeochemical cycles and maintaining soil fertility. 
Previous studies have shown that litter decomposition is influenced 
by multiple factors, including climate, litter characteristics, microbial 
communities and the interactions among these elements (Aerts, 1997; 
Bradford et  al., 2016). Among these factors, litter property and 
decomposer community composition are particularly influential on a 
small scale (Aerts, 1997; Yu et al., 2023). Studies have shown that 
differences in C and N stoichiometry between decomposers and 
available substrates, can drive litter decomposition and nutrient 
release (Hessen et al., 2004; Parton et al., 2007). Generally, litter quality 
is categorized into high-quality and low-quality based on nutrient 
content. High-quality litter typically exhibits lower C/N ratios, greater 
N content, and lower lignin content, making it more readily 
decomposed (Bhatnagar et al., 2018; Cornwell et al., 2010). In contrast, 
low-quality litter is more persistent and difficult to degrade (Castellano 
et al., 2015). Additionally, lignin concentration has been regarded as 
a robust predictor of decomposition rates (Zhang et al., 2008). Taylor 
(Taylor et al., 1989) reported that the lignin-to-nitrogen ratio was 
associated with litter decomposition in terrestrial ecosystems.

Phyllosphere, defined as the above-ground plant component, 
constitutes one of the most diverse and widespread habits for 
microbial life, supporting complex and diverse microbial communities. 
These inhabitants are referred to as phyllospheric microbes (Lindow 
and Brandl, 2003). Previous studies have primarily focused on soil 
microorganisms as the starting point of litter decomposition while 
largely ignoring the role of phyllosphere microorganisms in this 
process (Cleveland et al., 2014; Sun et al., 2017). In fact, during the 
early stages of decomposition, phyllospheric microbes become the 
first colonizing group in litter and serve as the important participants 
in litter decomposition by adjusting their life strategies (Pan et al., 
2024; Sun et al., 2021). Fanin et al. (2021) indicated that the absence 
of phyllosphere communities would reduce the home field advantage 
(HFA) effects.

As the primary decomposers of litter, microorganisms play vital 
roles in litter decomposition. Traditionally, saprobic fungi have been 

considered as the main drivers of plant litter decomposition through 
the secretion of various extracellular enzymes that break down organic 
matter into smaller molecules (Jia et al., 2021; Takashi et al., 2004). 
Different fungal taxa exhibit varying abilities to decompose 
lignocellulose (Leifheit et  al., 2024). For instance, many excellent 
cellulose and hemicellulose degraders have been found to belong to 
Ascomycota, such as Penicillium spp., Talaromyces spp., Trichoderma 
spp., and Aspergillus spp. (Méndez-Líter et al., 2021; Ogunyewo et al., 
2020). Meanwhile, white-rot fungi within the class Agaricomycetes are 
known for their capacity to break down lignin (Floudas et al., 2012; 
Treseder and Lennon, 2015). Some studies suggest that bacteria 
merely colonize the litter surface and rely on readily available 
substances produced by fungi (Cline and Zak, 2015). However, other 
researchers argue that bacteria can provide electrons or essential 
micronutrients to fungi, thus playing an indispensable role in litter 
decomposition (Frey-Klett et al., 2011). For example, previous studies 
have suggested that Acidobacteria can degrade lignin (Abdel-Hamid 
et al., 2013), while α-proteobacteria and β-proteobacteria have been 
identified as ligninolytic or capable of degrading cellulose and 
aromatic structures (Jia et al., 2022; Tian et al., 2014). Pedobacter can 
secrete various enzymes that promote the degradation of cellulose and 
hemicellulose (Jia et  al., 2022). Currently, integrated studies on 
successional dynamics in both phyllospheric fungal and bacterial 
communities during litter decomposition remain limited. It is still 
unclear whether the succession dynamics of fungi align with those of 
bacteria during the litter decomposition, and their respective 
contributions to this process are not well understood. Therefore, 
elucidating the community structure dynamics between fungi and 
bacteria is undoubtedly valuable for advancing our understanding of 
litter decomposition.

Populus sp. is a widely distributed and fast-growing tree species in 
China that can thrive in dense plantations (Polle et al., 2013). Litter 
decomposition plays a crucial role in the ecological nutrient cycle. 
Therefore, the litter generated from poplar serves as a critical indicator 
for maintaining energy flow and nutrient cycling within poplar 
plantations. Based on above information, we selected Populus as our 
research subject and collected litter samples from a plantation located 
in Jiangsu province, China. We evaluated the dynamic characteristics 
of litter quality during the decomposition process using the litter bag 
method. We also explored the diversity and composition of microbial 
communities through Illumina high-throughput sequencing. In this 
study, we aim to address the following questions: (1) How do fungal 
and bacterial communities evolve dynamically during the 
decomposition of poplar litter? (2) What are the differences in the 
changes of fungal and bacterial communities during decomposition? 
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(3) How do the chemical properties of litter correlate with the 
succession of fungal and bacterial communities?

We hypothesized that poplar litter decomposition is a dynamic 
process regulated by distinct microbial communities at various stages. 
We further hypothesized that litter characteristics would be closely 
associated with microbial community composition. We anticipate that 
our findings will contribute to a deeper understanding of the dynamics 
of the microbial communities involved in poplar litter decomposition.

2 Materials and methods

2.1 Sampling site description and 
experimental design

Our experiments were conducted at a poplar plantation (32° 520’ 
N, 120° 490′E) located on a forest farm, in Jiangsu province, eastern 
China. This region has a subtropical climate characterized by a mean 
annual precipitation of 1,051 mm and a mean temperature of 
13.7°C. The soil type is classified as Arenosols with slightly alkaline 
properties (Yu et al., 2022).

This experiment was initiated in 2020 and involved the 
establishment of three study units within this pure polar (Populus 
deltoides cv. ‘I-35’) plantation. Our objective was to investigate five 
time points at different stages of litter decomposition: t0 = freshly 
fallen litter (November 2020), t1 = 30 days (December 2020), 
t2 = 121 days (March 2021), t3 = 210 days (June 2021), t4 = 342 days 
(October 2021). Freshly fallen leaves were collected from the study 
plots in November 2020 and transported immediately to the 
laboratory in sterile, sealed polyethylene bags. The material was 
thoroughly mixed and divided into two parts: one was used as initial 
litter (t0) for determining moisture content and high-throughput 
sequencing, while the other was naturally air-dried at room 
temperature for making litter bags. 10 g of air-dried litter were placed 
into each nylon mesh bag (20 × 20 cm, mesh size 1 mm × 1 mm). In 
December 2020, these litter bags were placed back in the top layer of 
soil in the study plot (Supplementary Figure S1). Then, at each 
sampling date, four litter bags randomly selected from each study plot 
were retrieved. These litter samples were divided into two portions: 
one portion was frozen at −80°C for DNA extraction, while the other 
was oven-dried at 65°C and ground through a 0.25 mm sieve for 
chemical analysis. The litter mass residual rate (%)was quantified by 
calculating the ratio of the dry weight of the remaining litter bags at 
different sampling time points to the initial dry weight of the litter 
bags and converting it into a percentage. Ultimately, three biological 
replicates were set up at each time point (n = 3), resulting in a total of 
15 samples across all five time points.

2.2 Chemical properties of litter

The concentration of C in leaves was determined using the oil 
bath K2Cr2O7 titration method (Wang et al., 2021). After digestion 
of plant samples mainly with H2SO4-H2O2, the concentrations of N, 
P, and K were determined by traditional methods (Graça et al., 2006; 
Wang et  al., 2021). The P content in litter was examined by the 
molybdenum-antimony anti-spectrophotometric method (Ba et al., 
2020). Cellulose and lignin were quantified using a Content Assay 

kit (keming, Suzhou, China) according to the manufacturer’s 
protocol. The hemicellulose content was determined using the 2% 
hydrochloric acid method (Zhang et al., 2023). Hemicellulose was 
hydrolyzed into xylose by heating under acidic conditions, and the 
released xylose content was then measured to calculate hemicellulose 
content. All these experiments were biologically repeated 
three times.

2.3 Genomic DNA extraction and Illumina 
MiSeq sequencing

Total genomic DNA was extracted using the HiPure Soil DNA 
Kits (Magen, Guangzhou, China) according to the manufacturer’s 
protocols. The primers 341F (CCTACGGGNGGCWGCAG) and 
806R (GGACTACHVGGGTATCTAAT) were used to amplify the 
V3-V4 region of bacterial 16S rRNA gene, while the universal primers 
ITS3_KYO2 (GATGAAGAACGYAGYRAA) and ITS4 
(TCCTCCGCTTATTGATATGC) was used to amplify the fungal 
internal transcribed spacer 2 (ITS2) region. The PCR amplification 
condition was as follows: initial denaturation at 95°C for 5 min, 
followed by 30 cycles of denaturation at 95°C for 1 min, annealing at 
60°C for 1 min, and extension at 72°C for 1 min, with a final extension 
at 72°C for 7 min. The PCR amplicons were purified, quantified, and 
pooled for subsequent sequencing on the Illumina Novaseq 6,000 
platform. Raw sequencing data have been deposited in the National 
Center for Biotechnology Information (NCBI) Sequence Read Archive 
(SRA) with accession numbers PRJNA1199174 and PRJNA1202579 
for bacteria and fungi, respectively.

2.4 qPCR analysis

Real-time quantitative PCR analysis was conducted to quantify 
the copy numbers of the bacteria16S rRNA gene and the fungal ITS 
gene. Microbial DNA was extracted from 0.2000 g of leaf litter using 
the FastDNA™ Spin Kit for Soil (MP Biomedicals, Solon, OH, USA). 
The extracted DNA was then quantified using a NanoDrop 2000c 
Spectrophotometer (NanoDrop Technologies, Wilmington, DE, 
USA). The amplification was performed using the StepOneTM Real-
Time System (Applied Biosystems, Thermo Fisher, Waltham, MA, 
USA). The primer sequences used for qRT-PCR were detailed in 
Supplementary Table S1. The reaction mixture consisted of 1 μL 
forward primer, 1 μL reverse primer, 15 ng DNA template, 10 μL of 2x 
SYBR Green qPCR Mix (Accurate Biotechnology, Hunan, China), and 
0.4 μL ROX reference dye, with nuclease-free water added to a final 
volume of 20 μL. Amplification was carried out according to the 
manufacturer’s instructions. Standard curves were generated using 
serial dilutions (10^3–10^9) of purified amplicons, showing a linear 
relationship between the log gene copy number and the calculated 
threshold (Ct) value (R2 > 0.99). Agrobacterium radiobacter was used 
for bacterial amplifications (172 bp amplicon), and Aspergillus 
fumigatus for fungal amplifications (265 bp amplicon). The number of 
gene copies in all samples was calculated based on these standard 
curves. Amplification efficiencies ranged from 98 to 106%. All samples 
and standards were analyzed in triplicates, with each run including a 
negative control. The obtained results were then converted to copy 
numbers per gram of litter.
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2.5 Bioinformatics and statistical analysis

Sequence data processing and analysis mainly used QIIME2 
(2021.04), and the UCHIME algorithm was employed to identify and 
remove chimeric sequences (Edgar et al., 2011). Sequences exhibiting 
100% similarity were clustered into identical amplicon sequence 
variants (ASVs). Alpha diversity was evaluated using the chao1 and 
Shannon indices. The Chao1 index represented the observed number 
of ASVs in the samples, reflecting species richness. The Shannon index 
was utilized to assess species diversity. Two indices were computed by 
QIIME2 (2021.04) (Caporaso et al., 2010). The relative abundance of 
each taxonomic group was visualized using Krona (version 2.6) 
(Ondov et al., 2011). Nonmetric multidimensional scaling (NMDS) 
analysis based on Bray–Curtis dissimilarities was conducted to 
illustrate the patterns of fungal and bacterial community structure at 
different stages. Analysis of similarities (ANOSIM) was used to 
determine the intergroup differences. Canonical Correlation Analysis 
(CCA) was applied to elucidate the influence of environmental factors. 
SPSS (ver 27.0) software was used to analyze the physicochemical 
properties of litter during the decomposition process. One-way analysis 
of variance followed by Tukey’s HSD post hoc test was employed to 
compare the differences among treatments, with p < 0.05 considered 

statistically significant. In addition, Gephi was used to examine and 
visualize microbial community co-correlation networks, analyzing 
changes in fungal and bacterial communities. We also calculated the 
parameters of co-correlation networks, such as the average degrees, 
average path lengths, network densities, average clustering coefficients, 
and network diameters (Jiao et al., 2020). In this network, the higher 
average degrees, network densities and clustering coefficient, the closer 
the connectivity of network (Ma et al., 2016).

3 Results

3.1 Litter chemical properties throughout 
the decomposition process

Mass measurement results showed that the mass of leaf litter 
decreased significantly as decomposition progressed. After 342-day 
decomposition, the residual rate of leaf litter was 72.2% 
(Supplementary Figure S2), which had significant effect on the content 
of most nutrients (Figure  1; Supplementary Table S2). During the 
degradation process of poplar litter, the content of total nitrogen (TN) 
increased over time and peaked at the t4 stage. In contrast, the contents 

FIGURE 1

Changes of litter chemical properties at different stages.
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of other nutrients, such as total carbon (TC), total phosphorus (TP), 
and total potassium (TK), decreased significantly throughout the 
decomposition process (Figure 1). Specifically, the contents of TC and 
TK in litters were highest at the initial stage (t0), decreased significantly 
at stage t1, and reached the lowest point at stage t3. TP content was also 
highest at t0 but began to decline significantly from t2 onwards. The 
C/N ratio exhibited a peak at t1 before decreasing markedly in 
subsequent stages. Meanwhile, the N/P ratio increased significantly 
during decomposition, reaching its maximum at t4. Throughout the 
decomposition process, the residual cellulose and hemicellulose levels 
declined substantially, while the lignin/N ratio initially increased at t1 
before decreasing significantly thereafter.

3.2 α-diversity of microbial communities

A total of 861 fungal amplicon sequence variants (ASVs) and 
13,340 bacterial ASVs were identified in this study based on 100% 
sequence similarity. For the bacterial communities, multiple indexes 
of α-diversity showed an overall upward trend, with Shannon and 

Chao1 indices reaching their highest values at the t4 stage and lowest 
at the t2 stage (Figure 2A; Supplementary Table S3). In contrast, for 
the fungal communities, both Shannon diversity and Chao1 index 
were lowest at t0, considerably rose at t1, and subsequently, the 
Shannon index gradually dropped, reaching a significant fall by t4 
(Figure 2B; Supplementary Table S3). Overall, the diversity of bacterial 
and fungal communities showed an opposite trend during litter 
degradation: Shannon diversity and richness of bacterial communities 
progressively increased, while fungal Shannon diversity initially rose 
sharply but then gradually declined.

3.3 Microbial community composition and 
relative abundance across different stages 
of litter decomposition

To gain a more comprehensive understanding of the microbial 
community succession patterns during litter decomposition, we also 
investigate the changes in microbial community composition. A Venn 
diagram was employed to illustrate the common and unique ASVs 

FIGURE 2

Analysis of α-diversity of microbial communities at different stages of leaf litter degradation. (A) Chao1 and Shannon indices for bacterial communities. 
(B) Chao1 and Shannon indices for fungal communities. Different lowercase letters indicate significant differences between different stages with 
Tukey’s test at the significant level of 0.05. t0-t4 represent five time points for litter decomposition: t0 = freshly fallen litter, t1 = 30 days, t2 = 121 days, 
t3 = 210 days, t4 = 342 days.

https://doi.org/10.3389/fmicb.2025.1628355
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Hu et al. 10.3389/fmicb.2025.1628355

Frontiers in Microbiology 06 frontiersin.org

across each sample during the decomposition process (Figures 3A,B). 
Specifically, the number of shared bacterial ASVs was 77, while the 
number of common fungal ASVs was 18. The number of unique ASVs 
varied among time points, with the bacterial community showing a 
pattern of t4 > t3 > t1 > t0 > t2, and the fungal community showing 
t4 > t1 > t3 > t2 > t0.

The composition and relative abundance of microbial 
communities were further investigated (Figures  3C, 4; 
Supplementary Table S4–S7). At the class level, bacterial communities 
were consistently dominated by Actinobacteria (22.80–57.69%), 
Alphaproteobacteria (23.31–47.48%) and Gammaproteobacteria 
(4.84–22.73%) across all stages of decomposition (Figures  3C, 4; 

Supplementary Table S4). The relative abundance of Bacteroidia 
significantly increased at the t1 stage, becoming a dominant group. 
Additionally, the relative abundance of Actinobacteria and 
Gammaproteobacteria peaked at the t4 and t2 stages, respectively, in 
which the latter dropped rapidly after that. In addition to these, the 
relative abundance of Deltaproteobacteria, Thermoleophilia, and 
Acidimicrobiia also peaked at the late stage of degradation. 
Ascomycota and Basidiomycota were the predominant fungal phyla 
throughout all stages of litter decomposition. At the class level, fungal 
communities exhibited distinct changes as decomposition progressed 
(Figures 3C, 4; Supplementary Table S5). Dothideomycetes was the 
predominant class at the t0 stage, with a relatively abundance of 

FIGURE 3

Comparison of microbial community composition at different stages of litter decomposition. Venn diagram analysis of overlapping and unique ASVs 
numbers of bacterial (A) and fungal (B) communities at different degradation stages. (C) Composition of bacterial and fungal communities at class and 
genus levels. Each bar represents the percentage mean value for each stage.
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92.59%, which decreased significantly as decomposition advanced 
but rebounded in the last t4 stage. In the t1 and t2 stages, the 
dominant position of Dothideomycetes was partially replaced by 
Tremellomycetes and Sordariomycetes. The relative abundance of 
Leotiomycetes significantly increased at the t3 stage. Leotiomycetes, 
Dothideomycetes and Sordariomycetes dominated fungal 
communities at the t3 and t4 stages (Figures  3C, 4; 

Supplementary Table S5), with Leotiomycetes reaching its highest 
dominance at the t3 stage, accounting for 47.17% of the community.

Differences in bacterial community composition 
across different stages was also significant at the 
genus level (Figures 3C, 4; Supplementary Table S6). Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium (A-N-P-R), Massilia and 
Sphingomonas were dominant during the first four stages. 

FIGURE 4

Relative abundances of microbial community composition during different stages of litter degradation. Relative abundances of major bacterial and 
fungal taxa at class and genus levels. Different lowercase letters denote significant differences among decomposition stages as determined by Tukey-
test at the 0.05 significance level.
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Flavobacterium abundance reached its peak at the t1 stage and 
significant decreased as decomposition progressed. Massilia 
dominated from the t1 to t3 stages, and peaked at the t2 stage. 
Pseudomonas abundance peaked at the t0 stage and decreased as 
decomposition progressed. Actinoplanes abundance significantly 
increased at later stages (t3 and t4). For fungal community, Ramularia 
(81.42%) was the most dominant fungal genus at the t0 stage, and its 
abundance decreased sharply as litter decomposition progressed. 
Papiliotrema (20.04%) and Alternaria (11.14%) became the dominant 
genera at the t1 and t2 stages, reaching their maximum proportions at 
the t2 stage (Figures 3C, 4; Supplementary Table S7). These results 
suggest that the dynamic changes in bacterial and fungal communities 
are substantial at both the class and genus levels throughout the entire 
process of litter degradation.

NMDS analysis showed that poplar litter decomposition 
significantly affected bacterial and fungal community structure. 
Specifically, samples from the t0, t3, and t4 stages were distinctly 
separated from each other, and they were also different clearly from t1 
and t2stages. In contrast, samples from t1 and t2 were indistinguishable 
from one another (Supplementary Figure S3).

3.4 Correlations among microbial 
communities during litter decomposition

We conducted co-correlation analysis of the microbial community 
to assess the types of interactions among the bacterial and fungal 

communities during the litter decomposition process (Figure 5). The 
results indicated that the bacterial network comprised 372 nodes and 
1,363 edges, while the fungal network contained only 56 nodes and 
58edges (Figures 5A,B; Supplementary Table S8). Network properties 
reflect the connectivity and interaction within the microbial 
community. In this study, the bacterial network exhibited higher 
average degree and average clustering coefficient, as well as a shorter 
average shortest path length compared to the fungal network, 
suggesting that the connectivity among the fungal community was 
relatively weaker than that of the bacteria community 
(Supplementary Table S8). The modularity values, which reflect the 
modular structure of the networks, were 0.667 for bacteria and 0.788 
for fungi. A total of 66 modules were identified in the bacterial 
network and 14 in the fungal network. Further analysis revealed that 
Alphaproteobacteria, Actinobacteria, and Gammaproteobacteria 
accounted for more than 80% of the nodes in the bacterial network, 
while Dothideomycetes constituted 50% of the nodes in the fungal 
network, consistent with their relatively high abundance in the 
microbial community (Figure 5).

3.5 Relationships between microbial 
communities and litter chemical properties

To evaluate the extent to which litter properties influence the 
composition and structure of microbial communities, we conducted 
a Canonical Correlation Analysis (CCA) on various variables 

FIGURE 5

Co-correlation networks of phyllosphere bacterial (A) and fungal (B) community composition. The colors of the nodes represent the main class (left) 
or module (right), respectively.
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(Figures  6A,B). The results showed that TK, TC, C/N, residual 
cellulose (RC), residual hemicellulose (RH), and TP were positively 
correlated with the microbial community composition at t0 stage, 
and negatively correlated with the microbial composition at t3 and 
t4 stages. In contrast, TN and N/P were positively correlated with 
microbial community composition at t3 and t4 stages 
(Figures  6A,B). Among them, TK, lignin, RC and RH mainly 
affected the bacterial community structure of litter (Figure 6A), 
while the contents of lignin, TK, C/N and RH were dominant 
chemical factors influencing fungal community structure during 
litter decomposition (Figure 6B).

A further correlation analysis between microbial genera and litter 
properties showed that: the dominant bacterial genera Pseudomonas, 
Kineosporia, Quadrisphaera, Pseudokineococcus, and Geodermatophilus 

were significantly and positively correlated with TK, RC, RH and TC 
content, indicating their significant role in the degradation of cellulose 
and hemicellulose. Flavobacterium and Chryseobacterium exhibited a 
significantly positive correlation with lignin/N ratio, but were 
negatively correlated with TN. Actinoplanes, Aeromicrobium, and 
Devosia displayed a significantly negative correlation with TC, C/N, 
and RC (Figure 6C). For fungal community, the dominant genera 
Ramularia, Melampsora, and Pseudocercospora were significantly and 
positively correlated with TK and RH in litter, and the former two 
genera were also positively correlated with TC, TP and RC. In 
addition, Acrocalymma, Alternaria and Leptospora exhibited positive 
correlations with lignin/N, while Allophoma, Plectosphaerella, 
Stagonosporopsis, and Didymella were negatively correlated with TC 
(Figure 6D).

FIGURE 6

Correlation analysis between microbial communities and litter properties during leaf litter degradation. Canonical Correlation Analysis (CCA) between 
bacterial (A) or fungal (B) communities and litter properties. RC: Residual cellulose. RH: Residual hemicellulose. (C) Heatmap analysis of correlations 
between dominant bacterial genera and litter properties. (D) Heatmap analysis of correlations between dominant fungal genera and litter properties. 
Asterisks (*, **, and ***) denote statistical significance levels of p < 0.05, p < 0.01 and p < 0.001, respectively.
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3.6 Changes of gene copy numbers in 
bacterial and fungal communities during 
litter decomposition

The copy numbers of bacterial 16S rRNA gene and fungal ITS 
gene were quantitatively analyzed by qPCR. Throughout the entire 
litter degradation process, the copy number of bacterial 16S rRNA 
gene was significantly influenced by decomposition time (p < 0.014) 
and increased significantly from t0 to t4, reaching its peak at stage t4 
(Figure 7A; Supplementary Figure S4A). In contrast, the copy number 
of the fungal ITS gene was highest at stage t1 and decreased markedly 
with the decomposition of litters (Figure  7B; 
Supplementary Figures S4A,B). These results suggest that 
decomposition time has significant effect on copy number of bacteria 
and fungi. Fungal communities potentially play a critical role in the 
early and middle stages of litter degradation, whereas bacterial 
communities assume greater importance in the middle and late stages.

4 Discussion

4.1 Characteristics of nutrient release 
during the litter decomposition process

Litter mass refers to the physicochemical composition of litter, 
which includes both easily degradable components and resistant 
fractions. Strict stoichiometric requirements are essential for 
microbial growth; thus, the scarcity of a particular nutrient may 
result in a lower decomposition rate of litter (Barantal et al., 2014; 
Ni et al., 2021). Consequently, litter quality is considered one of the 
primary controlling factors affecting the litter decomposition rate 
(Cornwell et al., 2010). C, N, P are key elements involved in litter 
decomposition, with most research focusing on the quality of the 
litter matrix and their release dynamics (Carrasco-Barea et al., 2022; 
Wei et al., 2020). The litter decomposition rate is positively correlated 
to N and P content but negatively correlated with TC, cellulose and 

lignin contents (Cao et al., 2016). C/N and N/P ratios have been 
widely accepted as common indicators for predicting litter 
decomposition rate (Gautam et al., 2016; Tie et al., 2022). Generally, 
a lower C/N ratio is associated with a faster decomposition rate 
(Enríquez et  al., 1993). Studies have shown that C/N ratio is 
significantly reduced and N/P is increased with decomposition, 
which is consistent with the results of this study 
(Supplementary Table S2), indicating that C and P were preferentially 
released over N (Carrasco-Barea et  al., 2022; Xie et  al., 2024). 
Furthermore, litter N/P can serve as an indicator of nutrient 
limitation, where N/p > 25 suggests P limitation on litter 
decomposition (Liu et al., 2016). In this study, although the N/P 
ratio increased during litter decomposition, it remained below 25 
(Figure  1), indicating that poplar litter decomposition was not 
limited by P content during our experimental period. Additionally, 
other specific chemical compositions in litter, such as polysaccharides 
(cellulose, hemicellulose), and phenolic compounds (such as lignin), 
also influence litter decomposition (Duan et al., 2018). In this study, 
both fungal and bacterial community were significantly correlated 
with the amount of cellulose, hemicellulose and lignin (Figure 6).

4.2 Changes in microbial community 
composition and structure during litter 
decomposition

Our results demonstrated that bacterial Shannon diversity and 
richness increased progressively with the degradation of litters and 
reached a peak value at t4 (Figure 2). Meanwhile, bacterial 16S rRNA 
gene copy number also showed a significantly rise (Figure 7A). These 
trends are consistent with observations made by Tláskal et al. (2016). 
In contrast, fungal Shannon diversity and ITS copy numbers, as 
confirmed by qPCR, both peaked at t1 (Figures  2B, 7B) and 
subsequently declined, suggesting that the fungal community played 
a more important role in the early stages of degradation 
(Baldrian, 2017).

FIGURE 7

Quantitative analysis of microbial gene copy number variations across different litter decomposition stages. (A) Bacteria (B) fungi.
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Furthermore, prior research has confirmed the presence of a core 
functional cluster within the phyllospere that exerts a synergistic effect 
on litter decomposition (Ruiz-Pérez et al., 2016; Sun et al., 2021). In this 
study, we also identified the core functional groups (18 fungal and 77 
bacterial ASVs; Figures 3A,B) that remained present throughout the 
decomposition stages. These findings further supported the existence of 
core functional taxa during litter decomposition.

In general, fungi and bacteria collaborate to expedite litter 
decomposition (Purahong et al., 2016; Wright, 2005). In this study, 
Ascomycetes are the dominant phylum in the early stages of litter 
decomposition and serve as an early decomposers, which is consistent 
with the previous research results (Jia et al., 2022; Voříšková, 2013). For 
bacterial community, Proteobacteria and Actinobacteria were 
predominant across all samples at different time points, both classes are 
well-known as lignin degraders (de Gonzalo et al., 2016; Granja-Travez 
et al., 2020; Lee et al., 2019). Meanwhile, Proteobacteria also have a 
prominent ability to break down proteins (Kazakov et al., 2009).

During the litter decomposition process, microbial communities 
undergo more pronounced succession at a lower taxonomic level, 
particularly at the genus level. Genera such as Sphingomonas, 
Pseudomonas, Massilia, Mythylobacterium, Kineosporia, and 
Flavobacterium were common phyllosphere bacteria that could 
be isolated from plant debris (Janakiev et al., 2022). In this study, some 
of these genera exhibited relatively high abundance during both the 
early and later stages of litter decomposition, consistent with previous 
studies reporting their ability to utilize complex substrates or fix 
nitrogen (Purahong et al., 2016). This may be attributed to improve 
nitrogen availability and promote microbial growth, potentially 
explaining increase in nitrogen content during decomposition. 
Moreover, different bacterial genera play diverse roles in the litter 
decomposition process. For example, Curtobacterium has the potential 
to degrade structural polysaccharides and release arsenic from litter 
(Chase et  al., 2016; Wang et  al., 2024). Regarding the fungal 
community, Dothideomycetes is a dominant taxon in the 
phyllospheric fungal community and secretes a variety of cellulases 
and hemicellulases (Sun et  al., 2021; Wang et  al., 2020), which 
predominated during the early stage but gradually decreased as litter 
decomposition progressed (Figures 3C, 4). The gradual decomposition 
of cellulose, soluble starch, and other polysaccharides led to an 
accumulation of lignin, favoring the colonization of Leotiomycetes 
and Sordariomycetes during later decomposition stages (Liu et al., 
2024). At the genus level, although Ramularia was dominant at the 
initial stage (t0), it was quickly replaced by Cladosporium, Alternaria, 
Acremonium, and Papiliotrema (Figures 3C, 4). The genus Papiliotrema 
is commonly found in the phyllosphere (Surussawadee et al., 2014), 
while Cladosporium and Alternaria are widely distributed in nature 
and can utilize small-sized molecular sugars and starch (Carrasco-
Barea et  al., 2022). Earlier findings supported that Acremonium 
exhibits high CMCase and FPA activity, suggesting its significant role 
in early litter decomposition (Hao et al., 2006).

4.3 Microbial interaction during litter 
decomposition

Correlation network analysis enabled us not only examine the 
composition of the microbial community, but also deepen our 
understanding of the ecological interactions between different species 

and how these interactions are influenced by driving factors (Montoya 
et al., 2006). The parameters of network properties indicated that the 
bacterial network is more complex, with higher connectivity and 
interaction compared to the fungal network (Figure 5). This suggests 
that bacteria have greater resource abundance, higher information 
transmission rates, and higher functional diversity than fungi (Wagg 
et  al., 2019). Additionally, it can be  inferred that the bacterial 
community exhibited higher tolerance to environmental disturbances 
due to its network complexity (Wang et al., 2018). In this study, taxa 
with high abundance were found to contain more nodes in the 
ecological network, indicating that species with relatively high 
abundance also possess high interaction potential within the 
community. Overall, our results revealed that bacteria were more 
susceptible to external environmental changes. Given their rapid 
succession during litter decomposition, this finding further supports 
the significant role of bacteria in this process (Jia et al., 2022).

4.4 Relationship between succession of 
microbial communities and changes in 
litter quality

Numerous environmental factors have been documented to 
influence microbial community succession during the litter 
decomposition process (Jia et al., 2022; Jia et al., 2021). This study 
also demonstrated that the nutrient content in litter was significantly 
correlated with both fungal and bacterial communities. Previous 
research has shown that lignin content is significantly associated with 
bacterial communities (Chen et  al., 2021). Our results further 
revealed significant correlations between residual cellulose, residual 
hemicellulose, and bacterial communities, indicating the substantial 
decomposing capabilities of these microorganisms. C/N ratio and 
lignin content were critical factors driving fungal community 
succession. Similar results have been observed in other studies (Chen 
et al., 2021). K is essential for microbial growth and reproduction 
(Purahong et  al., 2016). Higher K content has been reported to 
increase the relative abundance of beneficial bacterial groups involved 
in nitrogen fixation, phosphorus dissolution, and potassium 
mobilization (Lu et al., 2022). According to our results, K content in 
litter was significantly correlated with both fungal and 
bacterial communities.

5 Conclusion

In this study, we  investigated the dynamic succession of 
phyllospheric fungal and bacterial communities during the 
decomposition of poplar leaf litter. Our results indicated that the 
microbial community composition and structure exhibited significant 
variation at different stages of decomposition. Meanwhile, the network 
of bacterial communities demonstrated closer interactions and a 
higher degree of segregation than fungal network, suggesting greater 
functional diversity and stability in response to external interference. 
We also observed that the nutrient content in the litter (including 
cellulose, hemicellulose, P, C, and N) significantly influenced the 
dynamics of the phyllospheric microbial community during litter 
decomposition. This study provides deeper insights into the role of 
microorganisms in litter decomposition and offers valuable 
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perspectives on the processes within plantation forest ecosystems and 
nutrient cycling. Furthermore, it has potential applications for 
assessing future global carbon dynamics and monitoring forest 
ecosystem stability. However, several limitations should be noted. Due 
to geographic specificity, the observed patterns may not fully apply to 
other ecosystems with distinct climatic or edaphic conditions. 
Meanwhile, while litterbags standardized the decomposition 
measurements, their mesh size may selectively exclude certain 
microbes or soil fauna, potentially altering decomposition rates 
compared to natural litter layers.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Author contributions

SH: Writing – original draft, Software, Investigation. B-TW: Data 
curation, Software, Writing – original draft. TL: Writing – original draft, 
Software, Data curation. SB: Writing – original draft, Visualization. 
C-ZJ: Software, Writing – original draft, Investigation, Visualization. LJ: 
Methodology, Writing – original draft, Resources. H-HR: Resources, 
Writing – original draft, Funding acquisition. K-SS: Conceptualization, 
Funding acquisition, Supervision, Writing – original draft, Writing – 
review & editing. F-JJ: Conceptualization, Supervision, Writing – review 
& editing, Writing – original draft, Validation.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This study was supported 

by the National Key Research and Development Program of China, 
grant number 2023YFD2200404, Priority Academic Program 
Development of Jiangsu Higher Education Institutions (PAPD) and 
IPET through the Agricultural Machinery/Equipment Localization 
Technology Development Program funded by MAFRA (321056), 
Republic of Korea.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1628355/
full#supplementary-material

References
Abdel-Hamid, A. M., Solbiati, J. O., and Cann, I. K. (2013). Insights into lignin 

degradation and its potential industrial applications. Adv. Appl. Microbiol. 82, 1–28. doi: 
10.1016/B978-0-12-407679-2.00001-6

Aerts, R. (1997). Climate, leaf litter chemistry and leaf litter decomposition in 
terrestrial ecosystems: a triangular relationship. Oikos 79:886. doi: 10.2307/3546886

Ba, H., Jiang, H., Shen, P., Cao, Y., and Li, L. (2020). Screening of phosphate-
resolving bacteria in rhizosphere of cold sunflower and physiological and 
biochemical study. IOP Conf. Ser. Earth Environ. Sci. 526:012038. doi: 
10.1088/1755-1315/526/1/012038

Baldrian, P. (2017). Microbial activity and the dynamics of ecosystem processes in 
forest soils. Curr. Opin. Microbiol. 37, 128–134. doi: 10.1016/j.mib.2017.06.008

Barantal, S., Schimann, H., Fromin, N., and Hättenschwiler, S. (2014). C, N and P 
fertilization in an Amazonian rainforest supports stoichiometric dissimilarity as a driver 
of litter diversity effects on decomposition. Proc. Biol. Sci. 281:20141682. doi: 
10.1098/rspb.2014.1682

Bhatnagar, J. M., Peay, K. G., and Treseder, K. K. (2018). Litter chemistry influences 
decomposition through activity of specific microbial functional guilds.   Ecological 
Monographs. 88. doi: 10.1002/ecm.1303

Bradford, M. A., Berg, B., Maynard, D. S., Wieder, W. R., and Wood, S. A. (2016). 
Understanding the dominant controls on litter decomposition. J. Ecol. 104, 229–238. doi: 
10.1111/1365-2745.12507

Cao, Y., Tan, X., Geng, Z., Liu, S., She, D., and Hou, L. (2016). The metabolism 
characteristics of microbial community in different forest soil in Qinling Mountains 
area. Acta Ecol. Sin. 36, 2978–2986. doi: 10.5846/stxb201411222316

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., 
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community 
sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

Carrasco-Barea, L., Llorens, L., Romaní, A. M., Gispert, M., and Verdaguer, D. (2022). 
Litter decomposition of three halophytes in a Mediterranean salt marsh: relevance of 
litter quality, microbial activity and microhabitat. Sci. Total Environ. 838:155743. doi: 
10.1016/j.scitotenv.2022.155743

Castellano, M. J., Mueller, K. E., Olk, D. C., Sawyer, J. E., and Six, J. (2015). Integrating 
plant litter quality, soil organic matter stabilization, and the carbon saturation concept. 
Glob. Chang. Biol. 21, 3200–3209. doi: 10.1111/gcb.12982

Cebrian, J. (1999). Patterns in the fate of production in plant communities. Am. Nat. 
154, 449–468. doi: 10.1086/303244

Chase, A. B., Arevalo, P., Polz, M. F., Berlemont, R., and Martiny, J. B. (2016). Evidence 
for ecological flexibility in the cosmopolitan genus Curtobacterium. Front. Microbiol. 
7:1874. doi: 10.3389/fmicb.2016.01874

Chen, M., Zhu, X., Zhao, C., Yu, P., Abulaizi, M., and Jia, H. (2021). Rapid microbial 
community evolution in initial Carex litter decomposition stages in Bayinbuluk alpine wetland 
during the freeze–thaw period. Ecol. Indic. 121:107180. doi: 10.1016/j.ecolind.2020.107180

Cleveland, C. C., Reed, S. C., Keller, A. B., Nemergut, D. R., O'Neill, S. P., Ostertag, R., 
et al. (2014). Litter quality versus soil microbial community controls over decomposition: 
a quantitative analysis. Oecologia 174, 283–294. doi: 10.1007/s00442-013-2758-9

Cline, L. C., and Zak, D. R. (2015). Initial colonization, community assembly and 
ecosystem function: fungal colonist traits and litter biochemistry mediate decay rate. 
Mol. Ecol. 24, 5045–5058. doi: 10.1111/mec.13361

https://doi.org/10.3389/fmicb.2025.1628355
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1628355/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1628355/full#supplementary-material
https://doi.org/10.1016/B978-0-12-407679-2.00001-6
https://doi.org/10.2307/3546886
https://doi.org/10.1088/1755-1315/526/1/012038
https://doi.org/10.1016/j.mib.2017.06.008
https://doi.org/10.1098/rspb.2014.1682
https://doi.org/10.1002/ecm.1303
https://doi.org/10.1111/1365-2745.12507
https://doi.org/10.5846/stxb201411222316
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1016/j.scitotenv.2022.155743
https://doi.org/10.1111/gcb.12982
https://doi.org/10.1086/303244
https://doi.org/10.3389/fmicb.2016.01874
https://doi.org/10.1016/j.ecolind.2020.107180
https://doi.org/10.1007/s00442-013-2758-9
https://doi.org/10.1111/mec.13361


Hu et al. 10.3389/fmicb.2025.1628355

Frontiers in Microbiology 13 frontiersin.org

Cornwell, W. K., Cornelissen, J. H. C., Amatangelo, K., Dorrepaal, E., Eviner, V. T., 
Godoy, O., et al. (2010). Plant species traits are the predominant control on litter 
decomposition rates within biomes worldwide. Ecol. Lett. 11, 1065–1071. doi: 
10.1111/j.1461-0248.2008.01219.x

de Gonzalo, G., Colpa, D. I., Habib, M. H., and Fraaije, M. W. (2016). Bacterial 
enzymes involved in lignin degradation. J. Biotechnol. 236, 110–119. doi: 
10.1016/j.jbiotec.2016.08.011

Duan, H., Wang, L., Zhang, Y., Fu, X., and Tsang, Y. (2018). Variable decomposition of 
two plant litters and their effects on the carbon sequestration ability of wetland soil in the 
Yangtze River estuary. Geoderma 319, 230–238. doi: 10.1016/j.geoderma.2017.10.050

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011). UCHIME 
improves sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200. doi: 
10.1093/bioinformatics/btr381

Enríquez, S., Duarte, C. M., and Sand-Jensen, K. (1993). Patterns in decomposition 
rates among photosynthetic organisms: the importance of detritus C:N:P content. 
Oecologia 94, 457–471. doi: 10.1007/BF00566960

Fanin, N., Lin, D., Freschet, G. T., Keiser, A. D., Augusto, L., Wardle, D. A., et al. 
(2021). Home-field advantage of litter decomposition: from the phyllosphere to the soil. 
New Phytol. 231, 1353–1358. doi: 10.1111/nph.17475

Floudas, D., Binder, M., Riley, R., Barry, K., Blanchette, R. A., Henrissat, B., et al. 
(2012). The Paleozoic origin of enzymatic lignin decomposition reconstructed from 31 
fungal genomes. Science 336, 1715–1719. doi: 10.1126/science.1221748

Frey-Klett, P., Burlinson, P., Deveau, A., Barret, M., Tarkka, M., and Sarniguet, A. 
(2011). Bacterial-fungal interactions: hyphens between agricultural, clinical, 
environmental, and food microbiologists. Microbiol. Mol. Biol. Rev. 75, 583–609. doi: 
10.1128/mmbr.00020-11

Gautam, M. K., Lee, K. S., Song, B. Y., Lee, D., and Bong, Y. S. (2016). Early-stage 
changes in natural (13)C and (15)N abundance and nutrient dynamics during different 
litter decomposition. J. Plant Res. 129, 463–476. doi: 10.1007/s10265-016-0798-z

Graça, M. A. S., Bärlocher, F., and Gessner, M. O. (2006). Methods to study litter 
decomposition. Freshw. Biol. doi: 10.1899/0887-3593(2007)26[363:BR]2.0.CO;2

Granja-Travez, R. S., Persinoti, G. F., Squina, F. M., and Bugg, T. D. H. (2020). 
Functional genomic analysis of bacterial lignin degraders: diversity in mechanisms of 
lignin oxidation and metabolism. Appl. Microbiol. Biotechnol. 104, 3305–3320. doi: 
10.1007/s00253-019-10318-y

Hao, J. J., Tian, X. J., Song, F. Q., He, X. B., Zhang, Z. J., and Zhang, P. (2006). Involvement 
of lignocellulolytic enzymes in the decomposition of leaf litter in a subtropical forest. J. 
Eukaryot. Microbiol. 53, 193–198. doi: 10.1111/j.1550-7408.2006.00093.x

Hessen, D. O., Ågren, G. I., Anderson, T. R., Elser, J. J., and De Ruiter, P. C. (2004). 
Carbon sequestration in ecosystems: the role of stoichiometry. Ecology 85, 1179–1192. 
doi: 10.1890/02-0251

Janakiev, T., Berić, T., Stević, T., Stanković, S., Bačić, J., Majstorović, H., et al. (2022). 
The microbiome of the 'Williams' pear variety grown in the organic orchard and 
antifungal activity by the autochthonous bacterial and yeast isolates. Microorganisms 
10:1282. doi: 10.3390/microorganisms10071282

Jia, T., Liang, X., Guo, T., Wu, T., and Chai, B. (2022). Bacterial community succession 
and influencing factors for Imperata cylindrica litter decomposition in a copper tailings 
area of China. Sci. Total Environ. 815:152908. doi: 10.1016/j.scitotenv.2021.152908

Jia, T., Wang, X., Guo, T., and Chai, B. (2021). Litter decomposition of Imperata 
cylindrica in a copper tailing areas with different restoration history: fungal community 
dynamics and driving factors. Front. Microbiol. 12:780015. doi: 
10.3389/fmicb.2021.780015

Jiao, S., Yang, Y., Xu, Y., Zhang, J., and Lu, Y. (2020). Balance between community 
assembly processes mediates species coexistence in agricultural soil microbiomes across 
eastern China. ISME J. 14, 202–216. doi: 10.1038/s41396-019-0522-9

Kazakov, A. E., Rodionov, D. A., Alm, E., Arkin, A. P., Dubchak, I., and Gelfand, M. S. 
(2009). Comparative genomics of regulation of fatty acid and branched-chain amino 
acid utilization in proteobacteria. J. Bacteriol. 191, 52–64. doi: 10.1128/jb.01175-08

Lee, S., Kang, M., Bae, J. H., Sohn, J. H., and Sung, B. H. (2019). Bacterial valorization 
of lignin: strains, enzymes, conversion pathways, biosensors, and perspectives. Front. 
Bioeng. Biotechnol. 7:209. doi: 10.3389/fbioe.2019.00209

Leifheit, E. F., Camenzind, T., Lehmann, A., Andrade-Linares, D. R., Fussan, M., 
Westhusen, S., et al. (2024). Fungal traits help to understand the decomposition of 
simple and complex plant litter. FEMS Microbiol. Ecol. 100:33. doi: 
10.1093/femsec/fiae033

Lindow, S. E., and Brandl, M. T. (2003). Microbiology of the phyllosphere. Appl. 
Environ. Microbiol. 69, 1875–1883. doi: 10.1128/AEM.69.4.1875-1883.2003

Liu, D., Keiblinger, K. M., Leitner, S., Mentler, A., and Zechmeister-Boltenstern, S. 
(2016). Is there a convergence of deciduous leaf litter stoichiometry, biochemistry and 
microbial population during decay? Geoderma 272, 93–100. doi: 
10.1016/j.geoderma.2016.03.005

Liu, J., Peng, X., Chao, G., Kaixiang, Z., and Kun, T. (2024). Climate warming enhances 
microbial network complexity by increasing bacterial diversity and fungal interaction 
strength in litter decomposition. Sci. Total Environ. 908:168444. doi: 
10.1016/j.scitotenv.2023.168444

Lu, Y., Cong, P., Kuang, S., Tang, L., Li, Y., Dong, J., et al. (2022). Long-term 
excessive application of K2SO4 fertilizer alters bacterial community and functional 
pathway of tobacco-planting soil. Front. Plant Sci. 13:1005303. doi: 
10.3389/fpls.2022.1005303

Ma, B., Wang, H., Dsouza, M., Lou, J., He, Y., Dai, Z., et al. (2016). Geographic 
patterns of co-occurrence network topological features for soil microbiota at 
continental scale in eastern China. ISME J. 10, 1891–1901. doi: 
10.1038/ismej.2015.261

María Betania, N., and Natalia, E. (2021). Soil carbon release enhanced by increased 
litter input in a degraded semi-arid forest soil. J. Arid Environ. 186:104400. doi: 
10.1016/j.jaridenv.2020.104400

Méndez-Líter, J. A., de Eugenio, L. I., Nieto-Domínguez, M., Prieto, A., and 
Martínez, M. J. (2021). Hemicellulases from Penicillium and Talaromyces for 
lignocellulosic biomass valorization: a review. Bioresour. Technol. 324:124623. doi: 
10.1016/j.biortech.2020.124623

Montoya, J. M., Pimm, S. L., and Solé, R. V. (2006). Ecological networks and their 
fragility. Nature 442, 259–264. doi: 10.1038/nature04927

Ni, X., Lin, C., Chen, G., Xie, J., and Yang, Y. (2021). Decline in nutrient inputs from 
litterfall following forest plantation in subtropical China. For. Ecol. Manag. 496:119445. 
doi: 10.1016/j.foreco.2021.119445

Ogunyewo, O. A., Randhawa, A., Gupta, M., Kaladhar, V. C., Verma, P. K., and 
Yazdani, S. S. (2020). Synergistic action of a lytic polysaccharide monooxygenase and a 
cellobiohydrolase from Penicillium funiculosum in cellulose saccharification under high-
level substrate loading. Appl. Environ. Microbiol. 86, e01769–e01720. doi: 
10.1128/AEM.01769-20

Ondov, B. D., Bergman, N. H., and Phillippy, A. M. (2011). Interactive metagenomic 
visualization in a web browser. BMC Bioinformatics 12:385. doi: 
10.1186/1471-2105-12-385

Pan, H., Wei, D., Yang, L., Fu, X., Zhu, D., Lu, X., et al. (2024). Phyllospheric fungal 
diversity in decomposing larch leaf litter: a comparative study of epiphytic and 
endophytic fungi. Front. Microbiol. 15:1489889. doi: 10.3389/fmicb.2024.1489889

Parton, W., Silver, W. L., Burke, I. C., Grassens, L., Harmon, M. E., Currie, W. S., et al. 
(2007). Global-scale similarities in nitrogen release patterns during long-term 
decomposition. Science 315, 361–364. doi: 10.1126/science.113485

Polle, A., Janz, D., Teichmann, T., and Lipka, V. (2013). Poplar genetic engineering: 
promoting desirable wood characteristics and pest resistance. Appl. Microbiol. 
Biotechnol. 97, 5669–5679. doi: 10.1007/s00253-013-4940-8

Purahong, W., Wubet, T., Lentendu, G., Schloter, M., Pecyna, M. J., Kapturska, D., et al. 
(2016). Life in leaf litter: novel insights into community dynamics of bacteria and fungi 
during litter decomposition. Mol. Ecol. 25, 4059–4074. doi: 10.1111/mec.13739

Ruiz-Pérez, C. A., Restrepo, S., and Zambrano, M. M. (2016). Microbial and 
functional diversity within the Phyllosphere of Espeletia species in an Andean High-
Mountain ecosystem. Appl. Environ. Microbiol. 82, 1807–1817. doi: 
10.1128/AEM.02781-15

Schlesinger, W. H., and Lichter, J. (2001). Limited carbon storage in soil and litter of 
experimental forest plots under increased atmospheric CO2. Nature 411, 466–469. doi: 
10.1038/35078060

Sun, H., Wang, Q.-x., Liu, N., Li, L., Zhang, C.-g., Liu, Z.-b., et al. (2017). Effects of 
different leaf litters on the physicochemical properties and bacterial communities in 
Panax ginseng-growing soil. Appl. Soil Ecol. 111, 17–24. doi: 
10.1016/j.apsoil.2016.11.008

Sun, X., Zheng, Y., Xu, G., Guo, Q., Tan, J., and Ding, G. (2021). Fungal diversity 
within the phyllosphere of Pinus massoniana and the possible involvement of 
phyllospheric fungi in litter decomposition. Fungal Biol. 125, 785–795. doi: 
10.1016/j.funbio.2021.05.001

Surussawadee, J., Khunnamwong, P., Srisuk, N., and Limtong, S. (2014). Papiliotrema 
siamense f. a., sp. nov., a yeast species isolated from plant leaves. Int. J. Syst. Evol. 
Microbiol. 64, 3058–3062. doi: 10.1099/ijs.0.065607-0

Takashi, O., Balram, K. B., and Hiroshi, T. (2004). Phyllosphere fungi on living and 
decomposing leaves of giant dogwood. Mycoscience 45, 35–41. doi: 
10.1007/s10267-003-0155-7

Taylor, B. R., Parkinson, D., and Parsons, W. F. J. (1989). Nitrogen and lignin content 
as predictors of litter decay rates: a microcosm test. Ecology 70, 97–104. doi: 
10.2307/1938416

Tian, J. H., Pourcher, A. M., Bouchez, T., Gelhaye, E., and Peu, P. (2014). Occurrence 
of lignin degradation genotypes and phenotypes among prokaryotes. Appl. Microbiol. 
Biotechnol. 98, 9527–9544. doi: 10.1007/s00253-014-6142-4

Tie, L., Hu, J., Peñuelas, J., Sardans, J., Wei, S., Liu, X., et al. (2022). The amounts and 
ratio of nitrogen and phosphorus addition drive the rate of litter decomposition in a 
subtropical forest. Sci. Total Environ. 833:155163. doi: 10.1016/j.scitotenv.2022.155163

Tláskal, V., Voříšková, J., and Baldrian, P. (2016). Bacterial succession on decomposing 
leaf litter exhibits a specific occurrence pattern of cellulolytic taxa and potential 
decomposers of fungal mycelia. FEMS Microbiol. Ecol. 92:fiw177. doi: 
10.1093/femsec/fiw177

Treseder, K. K., and Lennon, J. T. (2015). Fungal traits that drive ecosystem dynamics 
on land. Microbiol. Mol. Biol. Rev. 79, 243–262. doi: 10.1128/mmbr.00001-15

https://doi.org/10.3389/fmicb.2025.1628355
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/j.1461-0248.2008.01219.x
https://doi.org/10.1016/j.jbiotec.2016.08.011
https://doi.org/10.1016/j.geoderma.2017.10.050
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1007/BF00566960
https://doi.org/10.1111/nph.17475
https://doi.org/10.1126/science.1221748
https://doi.org/10.1128/mmbr.00020-11
https://doi.org/10.1007/s10265-016-0798-z
https://doi.org/10.1899/0887-3593(2007)26[363:BR]2.0.CO;2
https://doi.org/10.1007/s00253-019-10318-y
https://doi.org/10.1111/j.1550-7408.2006.00093.x
https://doi.org/10.1890/02-0251
https://doi.org/10.3390/microorganisms10071282
https://doi.org/10.1016/j.scitotenv.2021.152908
https://doi.org/10.3389/fmicb.2021.780015
https://doi.org/10.1038/s41396-019-0522-9
https://doi.org/10.1128/jb.01175-08
https://doi.org/10.3389/fbioe.2019.00209
https://doi.org/10.1093/femsec/fiae033
https://doi.org/10.1128/AEM.69.4.1875-1883.2003
https://doi.org/10.1016/j.geoderma.2016.03.005
https://doi.org/10.1016/j.scitotenv.2023.168444
https://doi.org/10.3389/fpls.2022.1005303
https://doi.org/10.1038/ismej.2015.261
https://doi.org/10.1016/j.jaridenv.2020.104400
https://doi.org/10.1016/j.biortech.2020.124623
https://doi.org/10.1038/nature04927
https://doi.org/10.1016/j.foreco.2021.119445
https://doi.org/10.1128/AEM.01769-20
https://doi.org/10.1186/1471-2105-12-385
https://doi.org/10.3389/fmicb.2024.1489889
https://doi.org/10.1126/science.113485
https://doi.org/10.1007/s00253-013-4940-8
https://doi.org/10.1111/mec.13739
https://doi.org/10.1128/AEM.02781-15
https://doi.org/10.1038/35078060
https://doi.org/10.1016/j.apsoil.2016.11.008
https://doi.org/10.1016/j.funbio.2021.05.001
https://doi.org/10.1099/ijs.0.065607-0
https://doi.org/10.1007/s10267-003-0155-7
https://doi.org/10.2307/1938416
https://doi.org/10.1007/s00253-014-6142-4
https://doi.org/10.1016/j.scitotenv.2022.155163
https://doi.org/10.1093/femsec/fiw177
https://doi.org/10.1128/mmbr.00001-15


Hu et al. 10.3389/fmicb.2025.1628355

Frontiers in Microbiology 14 frontiersin.org

Voříšková, J. (2013). Fungal community on decomposing leaf litter undergoes rapid 
successional changes. ISME J. 7, 477–486. doi: 10.1038/ismej.2012.116

Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, E. E., and van der Heijden, M. G. A. 
(2019). Fungal-bacterial diversity and microbiome complexity predict ecosystem 
functioning. Nat. Commun. 10:4841. doi: 10.6084/m9.figshare.9767423.v1

Wang, X. B., Han, X. G., and Deng, H. (2018). Higher precipitation strengthens the 
microbial interactions in semi-arid grassland soils. Glob. Ecol. Biogeogr., 27, 570–580. 
doi: 10.1111/geb.12718

Wang, W., Meng, D., Tan, X., Zheng, M., Xiao, J., Li, S., et al. (2024). Nitrogen 
addition accelerates litter decomposition and arsenic release of Pteris vittata in 
arsenic-contaminated soil from mine. Ecotoxicol. Environ. Saf. 271:115959. doi: 
10.1016/j.ecoenv.2024.115959

Wang, W., Sun, Q., Chen, X., Insam, D., Koide, H., Roger, T. Z., et al. (2020). Effects of 
mixed-species litter on bacterial and fungal lignocellulose degradation functions during litter 
decomposition. Soil Biol. Biochem. 141:107690. doi: 10.1016/j.soilbio.2019.107690

Wang, K., Zhang, R., Song, L., Yan, T., and Na, E. (2021). Comparison of C:N:P 
stoichiometry in the plant-litter-soil system between poplar and elm plantations in the Horqin 
Sandy land, China. Front. Plant Sci. 12:655517. doi: 10.3389/fpls.2021.655517

Wei, H., Ma, R., Zhang, J., Zhou, L., Liu, Z., Fan, Z., et al. (2020). Quality dependence 
of litter decomposition and its carbon, nitrogen and phosphorus release under simulated 

acid rain treatments. Environ. Sci. Pollut. Res. Int. 27, 19858–19868. doi: 
10.1007/s11356-020-08423-x

Wright, M. S. (2005). Relative importance of bacteria and fungi in a tropical headwater 
stream: leaf decomposition and invertebrate feeding preference. Microb. Ecol. 49, 
536–546. doi: 10.1007/s00248-004-0052-4

Xie, L., Cheng, J., Cao, H., Yang, F., Jiang, M., Li, M., et al. (2024). Fast bacterial 
succession associated with the decomposition of Larix gmelinii litter in Wudalianchi 
volcano. Microorganisms 12:948. doi: 10.3390/microorganisms12050948

Yu, W., Jinjie, H., Tingyan, G., Lijuan, Z., Baofeng, C., and Tong, J. (2023). Fungal 
community characteristics and driving factors in Bothriochloa ischaemum litter in a 
copper mining area. Fungal Biol. 127, 1426–1438. doi: 10.1016/j.funbio.2023.10.008

Yu, X. Y., Wang, B. T., Jin, L., Ruan, H. H., Lee, H. G., and Jin, F. J. (2022). Impacts of 
biogas slurry fertilization on arbuscular mycorrhizal fungal communities in the 
rhizospheric soil of poplar plantations. J. Fungi 8:253. doi: 10.3390/jof8121253

Zhang, D.-q., Hui, D., Luo, Y., and Zhou, G. (2008). Rates of litter decomposition in 
terrestrial ecosystems: global patterns and controlling factors. J. Plant Ecol. 1, 85–93. doi: 
10.1093/jpe/rtn002

Zhang, P., Lin, J., Hao, J., Li, C., and Quan, W. (2023). Decomposition characteristics 
of lignocellulosic biomass in subtropical rhododendron litters under artificial regulation. 
Meta 13:279. doi: 10.3390/metabo13020279

https://doi.org/10.3389/fmicb.2025.1628355
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/ismej.2012.116
https://doi.org/10.6084/m9.figshare.9767423.v1
https://doi.org/10.1111/geb.12718
https://doi.org/10.1016/j.ecoenv.2024.115959
https://doi.org/10.1016/j.soilbio.2019.107690
https://doi.org/10.3389/fpls.2021.655517
https://doi.org/10.1007/s11356-020-08423-x
https://doi.org/10.1007/s00248-004-0052-4
https://doi.org/10.3390/microorganisms12050948
https://doi.org/10.1016/j.funbio.2023.10.008
https://doi.org/10.3390/jof8121253
https://doi.org/10.1093/jpe/rtn002
https://doi.org/10.3390/metabo13020279

	Successional patterns of microbial communities across various stages of leaf litter decomposition in poplar plantations
	1 Introduction
	2 Materials and methods
	2.1 Sampling site description and experimental design
	2.2 Chemical properties of litter
	2.3 Genomic DNA extraction and Illumina MiSeq sequencing
	2.4 qPCR analysis
	2.5 Bioinformatics and statistical analysis

	3 Results
	3.1 Litter chemical properties throughout the decomposition process
	3.2 α-diversity of microbial communities
	3.3 Microbial community composition and relative abundance across different stages of litter decomposition
	3.4 Correlations among microbial communities during litter decomposition
	3.5 Relationships between microbial communities and litter chemical properties
	3.6 Changes of gene copy numbers in bacterial and fungal communities during litter decomposition

	4 Discussion
	4.1 Characteristics of nutrient release during the litter decomposition process
	4.2 Changes in microbial community composition and structure during litter decomposition
	4.3 Microbial interaction during litter decomposition
	4.4 Relationship between succession of microbial communities and changes in litter quality

	5 Conclusion

	References

