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Abstract: Decaying wood is a novel key factor required for biodiversity and func-
tion of a forest, as it provides a good account of substrate and habitats for various
organisms. Herein, the bacterial diversity in decaying wood of Betula platyphylla
was discussed through high throughput sequencing. Our results showed that most
of the obtained sequences belonged to the phyla Firmicutes, Proteobacteria, Bac-
teroidetes, Actinobacteria, Acidobacteria and Verrucomicrobia. Bacterial commu-
nity compositions in samples with higher moisture content were obviously
different than that with lower content, which could be reflected by richness esti-
mators, diversity indices, and cluster and heatmap analysis. All three networks
were non-random and possessed topological features of complex systems such
as small-world and modularity features. However, these networks exhibited dis-
tinct topological features, indicating the potential ability of extensive cooperative
and competitive interactions in the decayed wood microenvironments. Redundant
analysis showed that most bacterial phyla were mainly distributed in higher-
moisture trunks. The obtained data will increase the knowledge of the complex
bacterial diversity associated with dead wood, and lay a foundation for the bio-
conversion technology of plant cell walls using bacteria.

Keywords: Decaying wood; Betula platyphylla; bacterial diversity; moisture
content; network analysis

1 Introduction

Decaying wood (DW) or dead wood is mostly caused by fire, wind, snow breakage, drought,
competition, insects and pathogens in the natural forest [1,2]. In fact, DW is a key factor required for
biodiversity and functioning of forests, as it provides nutrients and habitats for various organisms, such as
insects, birds and microorganisms [3,4]. Additionally, DW influences and partakes in numerous
ecosystem functions, including carbon sequestration and nutrient cycling in the world. To date, many
studies in decaying wood have been researched under laboratory and field conditions [5]. These reports
exhibited that DW was a determinant factor for biodiversity in forest ecosystems and took part in the
biogeochemical cycle.
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Microorganisms play an important role in the forest ecosystems with their large set of enzymes to
decompose the different wood components such as cellulose and lignin [6]. They act as plant pathogens,
mycorrhizal symbionts, and even they are considered to be the principal decomposers of complex organic
matter, such as rotten wood or litter [7]. For the saprophytic bacteria, DW is an important structural
component for their survival. Among them, Proteobacteria and Actinobacteria species are the major
groups on the importance of maintaining forest ecosystem functioning as well as greatly promoting the
biological cycle of nature [8]. Moreover, the highly active ligninolytic, cellulolytic, xylanolytic and
pectinolytic enzyme systems produced by bacteria have clearly shown highly decomposability for wood
in forests. For example, Sphagnum is able to hydrolyze pectin and holocellulose [9]. Hyperthermophilic
bacterium Thermotoga maritima produces potent xylanase [10]. The endoglucanase of the bacterium
Cellulomonas is reported to randomly attack the cellulose chain [11]. A wild type strain of Sphingobium
sp. SYK-6 has been found to be involved in lignin degradation [12]. Bacteria like those belonging to
Actinobacteria also have the ability to degrade cellulose and lignin [13].

Nowadays, numerous investigations have focused on the diversity of fungal communities and insects in
DW. Mäkipää et al. [14] found that the species richness in dead wood increased along the decay gradient.
Kazartsev et al. [15] detected the composition of fungal communities in different decomposition stages
and suggested that the diversity of fungal communities is associated with decomposition. Yuan et al. [16]
demonstrated that tree species are the main determinant of fungal composition in the decomposition
stages, and that the fungal diversity reaches the highest level in the middle and late decomposition stages.
The interactions between various physical and chemical factors and fungal communities have similar
regulatory mechanisms and there is no specific influence of tree species [16].

However, the role of bacteria in DW has only been reported in a few case studies such as bacterial
diversity in DW of Keteleeria evelyniana [17] and bacterial composition present in Pine-wood
decomposition [5]. Apart from these studies, little attention is known about the bacterial community in
Betula platyphylla. Therefore, we analyzed the bacterial diversity and communities during the stages of
natural decay in an economically important tree, B. platyphylla, using 16S rRNA gene on the sequencing
Illumina-Miseq platform. The data will provide a reference for the ecological functions of wood-
degrading related bacterial communities and reveal the preliminarily underlying mechanisms of bacterial
community changes in decaying wood.

2 Materials and Methods

2.1 Study Site and Sampling
Tree B. platyphylla mainly distributes in eastern Asia. In China, it is a dominant species in Northeast of

China. It is traditionally used in forestation, ornamental and officinal purposes. The experimental site of
Liangshui National Nature Reserve (E128°53’, N47°10’) is located in Heilongjiang Province, Northeast
of China. The elevation is 280–707 m, the annual rainfall is 676 mm and the mean annual temperature is
−0.3°C [18]. The native mixed forest is composed of pine (Pinus koraiensis), Mongolian oak (Quercus
mongolica) and sporadic birch (B. platyphylla). A total of eighteen different B. platyphylla trunks (50 cm
length, 10 cm diameter) were collected from fallen or standing dead trees based on different water
content. The eighteen trunks were collected and grouped into six groups. Each group had three samples.
Each sample was regarded as one independent experiment. The water content of decaying wood was
furthermore used as important index of wood decay stages [19], and it was measured according to
Cardias [20]. The bark was removed and slices of wood were collected using clean bags to the laboratory
for further experiments. The cellulose, hemicelluloses, lignin and ash contents of samples were detected
according to Ververis et al. [21].
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2.2 DNA Extraction, PCR and Sequencing
The samples (0.1 g) for DNA extraction were ground and extracted using the protocol of E.Z.N.A. soil DNA

Kit (Omega Bio-tek, Norcross, GA, US). DNA concentration was detected by NanoDrop2000 UV-VIS
Spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, USA). PCR amplification was carried out
using the primer set 806R: GGACTACHVGGGTWTCTAAT; 338F: ACTCCTACGGGAGGCAGCAG. The
PCR conditions and Illumina Miseq 16S rRNA gene sequencing protocol were performed according to our
previous report [22].

2.3 Bioinformatics Analysis
Raw data was optimized according to Peng et al. [22], and only filtered sequences by subsampling of

sequences to the sample with the fewest reads (49749 reads) were analyzed in the next step. The 16S
rRNA gene sequences were classified into operational taxonomic units (OTUs) within a 0.03 difference.
OTUs classified as chimeras, chloroplast or mitochondria were removed using the MOTHUR program
[23]. A representative set of sequences was then generated and assigned taxonomy using the SILVA
database (Release123, http://www.arb-silva.de). Based on the species diversity of OTUs analysis, we
analyzed the Alpha-diversity, rarefaction curve, Beta-diversity, clustering analysis. Alpha-diversity
indices, including Chao, Ace, Shannon and Simpson, reflect the richness and diversity of microbial
communities in each sample. Beta-diversity indices are based on the analysis of community structure and
compare similarity or difference among samples containing Venn diagram, Redundant analysis (RDA),
and a hierarchically clustered heatmap. In addition, a heatmap was analyzed through hierarchal clustering
performed in the R software environment. The Richness estimators and diversity indices and wood
characteristics data were used for multivariate regression tree (MRT) analysis by using the ‘mvpart’
(Multivariate partitioning) package in R. By species difference analysis, we compared the species
distribution in different samples and verified its significance using Fisher’s exact test.

Based on OTU generated by QIIME, we constructed the ecological network of microbial communities
using molecular ecological network analysis pipeline platform (http://ieg4.rccc.ou.edu/MENA) [24]. Some
potential keystone taxa were identified according to the topological role of each node based on within-
module (Zi) and among-module connectivity (Pi). When a node has Zi > 2.5 or/and Pi > 0.62, it is
considered as a key taxon [25].

2.4 Statistical Analysis
Data is the mean value with standard deviation (±SD) from all three independent experiments. Statistical

analysis was performed using the ‘vegan’ package in the R software environment. Differences were
considered statistically significant at p < 0.05.

2.5 Data Access
All the bacterial raw sequences have been deposited to GenBank Short Read Archive (PRJNA593777).

3 Results

3.1 Samples Comparison
Classification of the degree of wood decay was based on the increase of wood moisture content

indicating progressive decay. The six decaying kinds of wood showed a gradient of moisture content
levels with values ranging from 29.1 ± 1.5 to 85.1 ± 1.3% in the DW4 and DW3 samples, respectively
(Tab. 1). DW4 and DW7, DW1 and DW6, DW3 and DW8 sample pieces had comparable concentrations
of moisture content. The growth of wood-degrading bacteria requires a certain amount of inorganic
substances. Therefore, the ash content could reflect the growth conditions of microorganisms. Among
those samples, ash content ranged from 0.21% to 0.7% (Tab. 1). The highest value existed in DW4 and
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DW7, whereas the lowest ratio was found in DW3 and DW8. The cellulose content varied from 27.7% to
37.5%, all of which were lower than that of normal samples (about 45% of the dry weight of wood) [26].
In samples of DW1, DW6, DW4 and DW 7, no significant difference has been detected. The content of
pentosan was from 10.26% to 18.37% in all samples, which was lower than that in normal plants (20%–

30%), suggesting that all samples were subjected to microbial degradation in varying degrees. A
significant difference of lignin content was detected in DW1, DW6 and DW3, DW8, indicating that the
degree of decomposition was different. These results indicated that the degree of wood decay could alter
wood components. Therefore, we set all samples into three stages, DW4 + DW7 (early), DW1 + DW6
(middle) and DW3 + DW8 (late).

3.2 Species Richness and Diversity
A great amplitude of sequences was obtained for the eighteen samples, ranging from 49749 to 116238.

To standardize the raw data, the subsampling of sequences to the sample with the fewest reads (DW3, 49749
reads) was analyzed in the next step. The total numbers of OTUs, Ace, Chao, Shannon and Simpson indexes
in the DW3 and DW8 were the highest among all the samples (Tab. 2). The richness indices (ACE and Chao)
showed increasing trends in different decaying levels. Additionally, the OTU numbers and bacterial diversity
(Shannon index) in the decaying wood varied among the different levels, showing similar trends to richness
indices. Rarefaction curves based on OTUs of 97% similarity were shown in Fig. S1; it was clearly observed
that the samples had different species richness and the highest value existed in the DW3 and DW8.

Table 1: The moisture, wood ash, cellulose, pentosan and lignin contents of decayed wood samples

Samples Moisture content Wood ash content Cellulose content Pentosan content Lignin content Stage

DW4 29.14 ± 1.53c 0.66 ± 0.04a 37.48 ± 0.48a 18.03 ± 1.66a 22.23 ± 0.44ab Early

DW7 31.74 ± 6.13c 0.70 ± 0.01a 37.16 ± 1.72a 18.44 ± 0.96a 21.05 ± 0.43ac Early

DW6 40.88 ± 11.82bc 0.42 ± 0.01b 35.66 ± 0.90ab 13.98 ± 0.82b 12.95 ± 1.23a Middle

DW1 48.18 ± 1.43b 0.47 ± 0.02b 33.50 ± 1.17b 13.69 ± 0.82bc 12.94 ± 0.45bc Middle

DW8 78.53 ± 3.42a 0.29 ± 0.01c 28.01 ± 1.46c 11.78 ± 1.55bc 19.79 ± 0.66cd Late

DW3 85.08 ± 1.32a 0.21 ± 0.01d 27.40 ± 0.93c 10.59 ± 0.52c 18.19 ± 0.74d Late

F (n = 18) 52.94 255.61 24.03 43.23 14.75 NA

p (n = 18) <0.01 <0.01 <0.01 <0.01 <0.01 NA
Note: Same letters indicate statistically significant differences (lowercase letter: p < 0.05) within each column; n means samples number; DW: Decaying
wood

Table 2: Richness estimators and diversity indices of each sample (97% similarity)

Sample name OTU Ace Chao Shannon Simpson

DW4 398.00 ± 184.06c 533.00 ± 152.50bc 509.00 ± 168.62b 3.35 ± 0.04cd 0.09 ± 0.04b

DW7 438.00 ± 54.99bc 525.33 ± 51.68c 527.67 ± 72.22b 2.68 ± 0.166d 0.19 ± 0.01a

DW6 464.00 ± 38.74bc 578.00 ± 84.295bc 573.00 ± 79.00b 3.35 ± 0.38cd 0.08 ± 0.04bc

DW1 712.00 ± 81.90b 807.67 ± 67.87b 808.33 ± 69.04b 4.21 ± 1.04bc 0.02 ± 0.01cd

DW8 1232.33 ± 148.50a 1424.67 ± 144.00a 1450.33 ± 160.72a 5.46 ± 0.26ab 0.01 ± 0.00cd

DW3 1372.33 ± 49.36a 1564.67 ± 52.20a 1602.00 ± 72.55a 5.67 ± 0.11a 0.01 ± 0.00d

F (n = 18) 47.70 65.06 57.11 20.19 24.81

p (n = 18) <0.01 <0.01 <0.01 <0.01 <0.01
Note: Same letters indicate statistically significant differences (lowercase letter: p < 0.05) within each column; n means samples number; DW: Decaying
wood
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Additionally, we calculated the number of specific and shared bacterial OTUs among all samples. A
network-like Venn diagram indicated that the six different decaying degree level samples shared 730
OTUs with the majority of OTUs identified to Proteobacteria (46.58%) and Actinobacteria (15.48%),
suggesting that these two phyla were the core microorganisms in decaying wood (Fig. 1). We observed
the highest number of samples specific bacterial OTUs (1370) in DW3 + DW8, suggesting that these two
samples harbor the highest bacterial diversity. Shared OTUs (455) between the DW3 + DW8 and DW1 +
DW6 accounted for the 15.03% of total OTUs, followed by 145 and 141 OTUs shared across DW1 +
DW6 and DW4 + DW7, DW4 + DW7 and DW3 + DW8, respectively.

3.3 Comparison of Microbial Community Composition
Bacterial community structures in the investigated samples were shown in Figs. 2 and 3. The majority of

the obtained sequences, accounting for over 80% of the total sequences, belonged to the phyla Firmicutes,
Proteobacteria, Bacteroidetes, Actinobacteria, Acidobacteria and Verrucomicrobia. Although those phyla
were present in all samples, Chloroflexi, Chlamydiae, Parcubacteria, Planctomycetes and
Saccharibacteria were most highly detected in DW8 and DW3. Firmicutes exhibited the highest
abundance in the DW7 decaying wood (66%–70% of the total sequences), whereas it was less than 10%
of the total sequences in DW8 and DW3 (Fig. 3A). Firmicutes belonged to the genera Lactococcus and
Bacillus and constituted 5%–20% of the total sequences in the DW1, DW4, DW6, DW7, but less than
3% in DW3 and DW8 (Fig. 3B). The majority of Protecbacteria belonged to genus Dyella in DW4 (6%–

19% of the total sequences), Pseudomonas and Stenotrophomonas in DW7 (10% and 5%, respectively),
Burkholderia in DW6 (>6%) and DW1 (1%–11%), Xanthomonadales, Hyphomicrobium,
Nitrosomonadaceae and Methylobacteriaceae in DW3 (<10% each), Acidibacter and Caulobacteraceae

Figure 1: Venn analysis showing the number of specific and shared bacterial OTUs among all samples.
Early stage means DW4 and DW7, middle stage means DW1 and DW6, and late stage means DW3 and
DW8. Each dot represents bacteria phylum. Number means shared or unique OTU. DW: Decaying wood
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in DW8 (<6% each) (Fig. 3B). Bacteroidetes were the most dominant bacterial genus in DW3 (1%) but were
rarely detected or absent in the others. Of the total acidobacterial sequences, Terriglobus were mainly
encountered in DW4 and DW6, which made up over 2% of the total sequences. Actinobacteria-related
sequences of the genus Acidothermus were detected in DW3 and DW1. The actinobacterial sequence was
affiliated with the genus Microbacteriaceae, which was just found in DW8 (1%–4% of the total
sequences). The bacterial group Verrucomicrobia belonging to genus Methylacidiphilum was detected in
DW8 and DW3, with 3% and 0.7% of the total sequences, respectively (Fig. 3B). The remaining
bacterial groups Chloroflexi, Parcubacteria, Planctomycetes and Saccharibacteria were detected only in
DW8 and DW3 (Fig. 3A). The remaining, less dominant phylum Cyanobacteria was distributed in all
samples with a low percentage (<1%).

Moreover, three complementary non-parametric statistical methods (Adonis, ANOSIM andMRPP) further
revealed that the bacterial communities in different decomposition levels were significantly different (p < 0.05),
except for comparison between early andmiddle (Tab. 3). These results indicated a positive correlation between
decomposition levels and bacteria diversity. To support the non-parametric multivariate statistical test results
and further ascertain which OTUs are responsible for the observed community differentiation among
different decomposition level samples, we used species indicator analyses to discover significant
associations between OTUs and decomposition levels. Here, we listed the first three species with highest
indicator value in each decomposition levels. We found 3 indicator OTUs in the early stage
(Rhodospirillales, Peptoniphilus, Flavobacterium, p < 0.05), 3 in the middle stage (Acetobacteraceae,
Burkholderia, Burkholderia, p < 0.05), and 3 in the late stage (Reyranella, Bradyrhizobium, Starkeya, p <
0.01) (Tab. S1). Species indicator analysis revealed all indicator species with a low relative abundance
(<1%), suggesting the potentially important role of rare groups in the community.

The OTUs obtained from sequencing were used to construct the bacterial community networks in three
stages. The topological traits of each network showed a total of 313, 424, and 1414 nodes connected by dense
connections with 2199, 1365 and 82304 edges in early, middle, and late stages, respectively, indicating that
the composition of nodes and edges differed strikingly within each network (Tab. S2 and Fig. 4). The average
path distance and clustering coefficient of all networks were significantly greater than that their

Figure 2: Bacterial community compositions in decaying wood presented as relative abundance of taxa at
the phylum level. Wood samples were grouped according to MRT analysis based on OTUs and wood
characteristics. DW: Decaying wood
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corresponding random network, indicating that the observed networks have small-world properties. The
values of network modularity in early and middle stages showed more modular structure due to their
larger modularity values (Tab. S2). The modularity values of the three networks were all higher than the
corresponding random networks, indicative of the modular feature. The node betweenness and degree
were significantly lower and larger, respectively, for the late stage network than the other two networks,
suggesting lower centrality and connectedness in the early and middle networks. Each network had a
much higher number of strongly positive correlations (85.90%, 61.68%, and 74.13% in early, middle, and
late stage network), respectively, than their negative correlations.

Figure 3: Heatmaps representing a comparison of the relative abundance of bacterial phylum (A) and the
major bacterial genera (B) in the most dominant bacterial phylum among the different samples. The right
number in B corresponds to phylum in A. Each box represents phylum or genera, and its color represents
the relative abundance. DW: Decaying wood

Table 3: Bacterial community dissimilarity comparison using three different statistical approaches

Adonis ANOSIM MRPP
F p R p δ p

Early vs. Middle vs. Late 3.634 0.001 0.4391 0.001 0.1537 0.003

Early vs. Middle 0.9719 0.403 0.0370 0.274 0.0094 0.263

Early vs. Late 4.5325 0.003 0.6381 0.001 0.3071 0.001

Middle vs. Late 4.3481 0.003 0.6759 0.003 0.1365 0.004
Note: Bold: p < 0.05. Early stage means DW4 and DW7, middle stage means DW1 and DW6, and late stage means DW3 and DW8. DW: Decaying
wood

Phyton, 2021, vol.90, no.1 213



In the topological role of nodes, most of them were in the peripheral area (Pi < 0.62, Zi < 2.5), and most
have no connection with the external modules (Pi = 0) (Fig. 4). In addition, a total of 5, 5, and 4 module hubs
(Pi < 0.62, Zi > 2.5) were found in early, middle, and late stages, respectively. A total of 3, 0, and 22
connectors (Pi > 0.62, Zi > 2.5) were found in early, middle, and late stages, respectively. However, no
network hubs (Pi > 0.62, Zi > 2.5) were detected in these three networks.

We also used redundant analysis, which examines relationships in ecologic communities, to test for
significant differences among the microbial communities and decaying wood traits. Results revealed that
the samples markedly partitioned into two distinct groups along the RDA1 axis (Fig. 5). DW3 and DW8
samples were clustered together, revealing that the identified specific bacterial signatures in this group
were different than the rest of the samples and formed a completely separate cluster, which was
consistent with the dissimilarity comparison analysis (Tab. 3). Except for Acidobacteria and Firmicutes,
all bacterial phyla were negatively correlated with most of the wood components, which indicated that
the relative abundance of bacteria was higher with higher decay level and lower wood component
contents. Meanwhile, Acidobacteria and Firmicutes were positively correlated with most of the wood
components, implying that initial stage of wood degradation might induce an increase in the abundance
of these two phyla. Furthermore, most of bacterial phyla were mainly distributed in higher-moisture areas.

Figure 4: Polygenetic molecular ecological networks based on microbial communities in decayed wood and
the topological roles of nodes. Green edge represents a negative interaction between two nodes, red edge
represents a positive interaction. Each dot indicates an OTU. The color of dot means module. A, B and C
represent the network in early (DW4 + DW7), middle (DW1 + DW6) and late (DW3 + DW8) stages,
respectively. E, F and G represent the keystone taxa in early (DW4 + DW7), middle (DW1 + DW6) and
late (DW3 + DW8) stages, respectively
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4 Discussion

Bacteria were considered to be closely associated with wood decay [19,27]. It has been clearly shown
that bacterial communities of decaying wood in forests presented an unexpectedly high diversity [5,17]. In
our study, the bacterial community composition of the DW3 and DW8 samples was obviously different from
others, which could be reflected by richness estimators and diversity indices, cluster analysis, heatmap and
RDA analysis (Tab. 2, Figs. 1–5). The main reason for this difference could relate to the physicochemical
properties in each sample. Wood cannot be colonized by microorganisms unless its moisture content is
above 25%–30% (as a percentage of oven-dry weight) [20]. At and above this point, the wood cell wall
is fully swollen but below this point the wall is less swollen and this poses a greater constraint on
accessibility than that at higher moisture contents [28]. Here, the moisture content in our decaying wood
pieces ranged with large amplitude from 30% to 85%, suggesting that all samples harbored different
bacterial richness and diversity (Tabs. 1 and 2).

In this study, the decay degree of DW3 and DW8 samples was the highest with the content of ash,
cellulose, hemicellulose and lignin in these two samples was the lowest, suggesting that the long-term
impact of microbial invasion had bad impacts on wood components (Tab. 1). Other researchers suggested
that bacterial community assembly were a result of the changes in wood properties during decomposition
[5]. The great heterogeneity of microenvironment determined different bacterial diversity of decaying
deadwood, these difference includes moisture content and wood density in the dead standing tree and
fallen decaying wood [5,29]. In general, wood decay begins with the bacterial invasion then increases the
permeability and the moisture uptake of the wood, and then the subsequent fungal degradation can easily
go on. In fallen or standing dead tree trunks, the cell lumens at higher moisture contents are filled with
water and poor gaseous exchange could create a low oxygen tension, which resulted in the development
of a diverse community of microorganisms [30]. Additionally, the moisture content might limit wood

Figure 5: Redundant analysis based on wood parameters and the relative abundance of bacterial phylum
depicting the relationship among all samples. Solid circles represent the decaying wood sample. Arrows
indicated the direction and magnitude of variables. DW: Decaying wood
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decay as in the low moisture content region where decomposer organisms required water for metabolism,
whereas decomposition was apparently limited due to poor aeration in the high moisture content region
[31]. Therefore, all the evidences could be attributed to the fact that moisture content could indirectly
affect the species richness of decaying wood. Except for moisture content, the bulk density of lignin also
effect on bacterial degradation, would further reduce the movement of water within the wood cell wall
[32]. In addition, wood ash content affected the organic layer, microbial biomass, and microbial activity
or community [33].

Here, our study reported the microbial communities of decaying wood was the distinct difference among
samples even collected in the same place (Fig. 3). For example, despite the detection of Proteobacteria in all
sample pieces, Alphaproteobacteria mainly found in DW3 and DW8 with a higher percentage of total
sequences than the other samples, whereas Gammaproteobacteria exhibited the opposite. This was
mainly because of the relative moderate humidity in the DW4 and DW7 during the decaying wood,
which consequently promoted the growth of bacteria from Gammaproteobacteria. McEldowney et al.
[34] have been previously reported the effect of relative humidity was less marked and varied with
species and temperature, however, the relative humidity and temperature was 75% and 4°C for the
growth of Gammaproteobacteria. In previous reports, Proteobacteria was shown to be members with
degrading cellulose, lignocellulose and lignin capabilities [26]. Among the detected proteobacterial genera
that potentially contain cellulose-degrading species in our samples were Acidibacter and Pseudomonas.
Interestingly, sequences related to Bacillus were prevalent genera in all samples, suggesting that their vast
distribution and adaptation to the environmental condition. This genus was frequently isolated from
rainforest soils with the ability of lignin degradation [35], which enhanced the release of fermentable
sugars from plant cell walls. In addition, cellulose is the most abundant biopolymer in plant biomass;
however, it must first be hydrolyzed to a simple soluble substrate that can be used by bacteria. Some
researchers have described genus Methylacidiphilum within the phylum Verrucomicrobia with a role in
cellulose degradation [36]. In our experiment, Methylacidiphilum mainly detected in DW3 and DW8,
which were decaying significantly, demonstrating that different stages of degradation caused by
microorganisms could change the components of wood, which further stressed a strong selective pressure
on the diversity and distribution of bacteria population in wood. Actinomycetes were considered the
efficient cellulose degraders [37,38]. Among the detected lignocellulose-degrading actinobacterial genera
in our samples were Acidothermus and Microbacteriaceae, which were consistent with the reports of
Svetlitchnyi et al. [39] and Sighania et al. [40]. Most of the sequences detected in our decaying wood
samples were related to wood-degrading strains that could contribute to the degradation of three major
parts of plant biomass and play a key role in the bioconversion technology of plant cell walls.

Researches established a complex microbial system using five different bacterial genera, including
Pseudomonas and Stenotrophomonas [41]. Their results showed that this system could produce different
types of cellobiase with the ability to effectively degrade natural cellulose. Therefore, these strains have
great potential in cellular-related pollution and waste utilization. Although high cellulase activity was
detected in Brevundimonas, including carboxymethyl cellulose and filter paper enzyme, few studies used
this strain to handle cellulose [42]. Compared to the bacterial community in the stomach of a different
ruminant, researchers isolated a variety of species with the ability of cellulose degradation, such as
Pseudomonas aeruginosa, Bacillus, Micrococcus and Streptococcus [43]. Chryseobacterium was isolated
from mangrove soil and identified its cellulose ability [44]. All the above bacteria strains could be
detected in DW1, DW4, DW6 and DW7 samples with the relatively high abundance, which showed
significantly different compared with the abundance in DW3 and DW8 (Figs. 2 and 3). This finding
speculated these genera mainly existed in the early or middle stages of wood degradation. In the late
stages of degradation, the variety and abundance of wood-rotting bacteria reduced due to decreased wood
components and fewer nutrients. Interestingly, we detected some wood-degrading strains in other
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samples, such as Burkholderia in DW6, which has the catalytic capacity of cellulose with effectively catalyze
cellulose into reducing sugar [45]. Cytophagaceae, a family of gliding bacteria with dissolving plant fibers
and hydrolyzing cellulose, were mainly found in DW3 samples (Fig. 3). Furthermore, various cellulolytic
genus Acidothermus, Caldibacillus, Cellvibrio, Cellulomonas and Erwinia mainly produced
endoglucanase, which also detected in our all samples with relatively low dominance.

Network analysis could infer the possible microbial associations in specific samples and detect the
complexity of microbial associations [46]. In this study, we found that almost all nodes had a negative or
positive relationship, indicating the potential ability of extensive cooperative and competitive interactions
in the decaying wood microenvironments (Fig. 4). Note that the negative feedback between nodes in the
network tends to stabilize the bacterial community assembly process, while the positive feedback
enhances the changes of the ecosystem and destroys the current network structure [47]. All three
networks were non-random and possessed topological features of complex systems such as scale-free,
small-world and modularity features, which could enable system stability and resilience (Tab. S2).
However, those networks exhibited distinct topological features. Similarly, this has been observed in other
microbial networks [25,48,49]. In addition, Actinobacteria, Proteobacteria and Bacteroidetes were the
keystone taxa, suggesting that these bacteria played an important role in maintaining the structure and
function of ecological communities and had a large impact on the community composition [50]. Similar
results were found in wood decay of pine, in which the majority of key nodes were Acidobacteria,
Actinobacteria and Proteobacteria.

Each ecological network is composed of a certain number of nodes, and the topological role of each
node reflects the potential importance of OTU in the bacterial community. Although module hubs or
connectors are essential in a network, they do not always exist together [51]. Here, a different number of
module hubs and connectors were detected in the networks of the three decomposition stages (Fig. 4).
Studies have confirmed that more module hubs can maintain and stabilize the orderliness of microbial
community structure [52]. In the late stage network, the highest number of module hubs and connectors
were detected, indicating that the bacteria network in the late stage was more orderly. More connectors
could organize a series of modules into a complete community, thus improving the efficiency of energy
metabolism, nutrient cycling and material transformation in the environment [48]. In addition, the
bacterial community based ecological network of decaying wood exhibited a highly modular structure.
One possible explanation for these structural characteristics was the absence of key taxa, i.e., no network
hub was detected in any network structure. In other taxa, network hubs play a disproportionately
important role in maintaining network structure, and therefore, the disappearance of these key taxa might
divide the network into more modules [25]. Under certain conditions, modules in the network can be
regarded as functional units due to different niche division [53]. The modularization values of the
bacterial network in early and middle stages were higher than the late stage network, which might be due
to limited available niches in late decomposition stage, resulting in more clustered network structures.

In this study, we estimated the bacterial diversity in decaying wood of B. platyphylla. These findings
revealed that moisture content in samples could indirectly affect the bacterial richness of decaying wood.
All three networks exhibited distinct topological features, indicating the potential ability of extensive
cooperative and competitive interactions in the decayed wood microenvironments. The microbiota of
decaying wood remains a lively and underexplored area of ecological research that needs further focus on
bacterial-fungi interactions and on assessing the role of these communities in lignocellulose recycling.
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Supplementary Files

Figure S1: Rarefaction curves based on the 16S rRNA gene sequencing of the decayed wood samples. DW:
Decaying wood

Table S1: Indicator species analysis in decaying wood samples

OTU (genus or higher) Sample source Indicator value p value Relative abundance (%)

Rhodospirillales Early 0.674 0.02* 0.003

Peptoniphilus Early 0.661 0.03* 0.017

Flavobacterium Early 0.646 0.04* 0.030

Acetobacteraceae Middle 0.640 0.02* 0.187

Burkholderia Middle 0.635 0.02* 0.045

Burkholderia Middle 0.621 0.03* 0.003

Reyranella Late 0.958 0.01** 0.293

Bradyrhizobium Late 0.923 0.01** 0.078

Starkeya Late 0.898 0.01** 0.430
*: p < 0.05; **: p < 0.01. Early stage means DW4 and DW7, middle stage means DW1 and DW6, and late stage means DW3 and DW8.
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Table S2: Key topological properties of the bacterial communities in the decaying wood samples

Network properties Early Middle Late

Observed network

Number of nodes 313 424 1414

Number of edges 2199 1365 82304

Average degree 14.051 6.439 116.413

Average clustering coefficient 0.407 0.323 0.365

Centralization of betweenness 0.085 0.286 0.062

Average path distance 3.957 11.554 3.007

Modularity 0.476 0.740 0.178

Random networks

Average clustering coefficient 0.174 ± 0.008 0.046 ± 0.006 0.250 ± 0.001

Centralization of betweenness 0.047 ± 0.006 0.050 ± 0.006 0.008 ± 0.001

Average path distance 2.621 ± 0.019 3.390 ± 0.033 2.277 ± 0.003

Modularity 0.188 ± 0.004 0.346 ± 0.005 0.106 ± 0.003
Early stage means DW4 and DW7, middle stage means DW1 and DW6, and late stage means DW3 and DW8.
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