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ABSTRACT Wood-fall micro-ecosystems contribute to biogeochemical processes in the
oligotrophic deep ocean. However, the community assembly processes and biogeo-
chemical functions of microbiomes in wood fall remain unclear. This study investiga-
ted the diversity, community structure, assembly processes, and functional profiles of
bacteria and fungi in a deep-sea wood fall from the South China Sea using physicochem-
ical indices, amplicon sequencing, and metagenomics. The results showed that distinct
wood-fall contact surfaces exhibit habitat heterogeneity. The bacterial community of
all contact surfaces and the fungal community of seawater contact surface (SWCS)
were affected by homogeneous selection. In SWCS and transition region (TR), bacterial
communities were influenced by dispersal limitation, whereas fungal communities were
affected by homogenizing dispersal. The Venn diagram visualization revealed that the
shared fungal community between SWCS and TR was dominated by Aspergillaceae.
Additionally, the bacterial community demonstrated a higher genetic potential for sulfur,
nitrogen, and methane metabolism than fungi. The sediment contact surface enriched
modules were associated with dissimilatory sulfate reduction and methanogenesis,
whereas the modules related to nitrate reduction exhibited enrichment characteristics in
TR. Moreover, fungi showed a stronger potential for lignocellulase production compared
to bacteria, with Microascaceae and Nectriaceae identified as potential contributors
to lignocellulose degradation. These results indicate that environmental filtering and
organism exchange levels regulated the microbial community assembly of wood fall.
The biogeochemical cycling of sulfur, nitrogen, and methane was mainly driven by the
bacterial community. Nevertheless, the terrestrial fungi Microascaceae and Nectriaceae
might degrade lignocellulose via the combined action of multiple lignocellulases.
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micro-ecosystems, enhancing our comprehension of the ecological impacts of organic
falls on deep-sea oligotrophic environments.

KEYWORDS deep-sea wood fall, microbial community assembly, biogeochemical
process, cellulose metabolism, bacteria, fungi

E xtreme climatic events (e.g., floods and typhoons) (1, 2) and anthropogenic activities
(e.g., shipwrecks and deforestation) (3, 4) can transport terrestrial wood debris into
the ocean. Once waterlogged, the wood debris sinks to the seabed, promptly establish-
ing a wood-fall micro-ecosystem that serves as a habitat for chemosynthetic organisms
in the deep sea (5). In contrast to hydrothermal vents, cold seeps, and seamounts, wood
falls are transient, island-like habitats with irregular spatial and temporal distribution
(3, 5). The deep seafloor is characterized by extreme oligotrophy due to limited energy
and nutrient influx (6, 7). In such conditions, organic falls, such as wood and whale
falls, serve as essential energy sources for benthic ecosystems (8, 9). The settling of
organic matter on nutrient-poor seafloors can rapidly create biodiversity hotspots (10),
facilitating the formation of highly productive ecosystems by attracting benthic animals
and microorganisms (11). In addition, the decomposition of wood and woody debris
on the seafloor is a major ecological process in wood falls, primarily driven by benthic
organisms and microorganisms (12). Degradation rates on different contact surfaces of
wood are not synchronized, as they depend on immersion duration and the surrounding
biomass (13-15). Moreover, anaerobic degradation of wood supports chemoautotrophic
species and creates habitat heterogeneity on the deep seafloor, which can persist for
extended periods (15, 16), and contributes to maintaining species diversity in wood-fall
micro-ecosystems (17). Therefore, wood falls are vital sources of material and energy in
deep-sea oligotrophic environments, offering an ideal system for investigating microbial
community assembly processes and ecological functions.

Exploring community assembly processes is crucial for enhancing our understanding
of the composition, structure, and function of microbial communities on wood falls
(18). Deterministic and stochastic processes are the two key ecological mechanisms
that govern microbial community assembly (19, 20). Deterministic processes are mainly
the result of environmental and biological filtering (e.g., interspecific competition and
intraspecific functional trait variation), including homogeneous and heterogeneous
selection. In contrast, stochastic processes, including dispersal limitation, homogenizing
dispersal, and drift, primarily reflect random fluctuations in species relative abundance
(21). Environmental filtering has been proposed as a key factor influencing the structure
of microbial communities in sunken wood (8). However, its significance varies with both
time and microhabitats (22), suggesting that the effects of environmental filtering on
microbial communities may differ across distinct contact surfaces of wood falls. Despite
this, our knowledge about the driving patterns of microbial community assembly
at distinct contact surfaces of wood-fall micro-ecosystems remains limited. Therefore,
distinguishing among different contact surfaces to explore the underlying mechanisms
of microbiome community assembly could provide a foundation for further assessing the
enrichment effects of wood-fall micro-ecosystems on surrounding microorganisms.

The efficiency of wood degradation has a closed association with the presence and
activity of microbial communities, which may further affect biogeochemical cycling
within wood-fall micro-ecosystems (23), including the cycling of carbon, sulfur, and
nitrogen. Wood-fall microbial communities typically consist of two main components: a
wood-degrading heterotrophic community and a chemosynthetic community. Carbon
in wood exists mainly in the form of lignocellulose, which is composed of cellulose,
hemicellulose, and lignin (24). Of these, hemicellulose and cellulose are more easily
degraded, whereas lignin is more resistant to degradation and difficult to break down
into simpler compounds (25). Wood-degrading microorganisms in wood-fall decom-
pose lignocellulose in wood (26, 27), while chemoenergetic microorganisms utilize the
by-products of wood degradation, such as H,S or CH,, as energy sources (5, 12, 16).
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Moreover, due to the extremely low nitrogen content of wood (28), certain microor-
ganisms in wood fall may exhibit strong nitrogen-fixing capabilities (29), allowing
them to survive under nitrogen-limited conditions. However, the contribution of
specific microorganisms on biogeochemical processes and lignocellulose degradation in
wood-fall micro-ecosystems remains unclear. As global warming progresses, the intensity
and frequency of extreme climatic events are projected to increase (30), potentially
leading to more frequent deep-sea wood-fall events. Therefore, exploring how the
wood-fall microbiome drives biogeochemical cycling and lignocellulose degradation is
crucial for revealing the ecological functions of wood-fall micro-ecosystems.

This study was based on deep-sea wood fall collected by the manned submersible
“Shenhaiyongshi” at the Zhongnan seamount in the South China Sea (SCS) in Decem-
ber 2021 (Fig. 1). Using amplicon and metagenomic sequencing, we analyzed the
diversity, community composition, community structure, and biogeochemical functions
of the wood-fall microbiome. Physicochemical indices were simultaneously combined
to analyze the driving pattern of community assembly, biogeochemical processes,
and lignocellulose degradation. Our results provide new insights into the microbiome
dynamics and functional profiles of wood falls, contributing to a deeper understand-
ing of the ecological impacts of wood-fall micro-ecosystems in deep-sea oligotrophic
environments.

RESULTS
Physicochemical indices of wood fall

The analysis of physicochemical indices revealed significant differences among distinct
contact surfaces of wood fall (Kruskal-Wallis H test, P < 0.05; Fig. 2; Table S1), with the
exception of total sulfur (TS). Specifically, the contents of cellulose and hemicellulose
were significantly lower in the seawater contact surface (SWCS) compared to both the
sediment contact surface (SDCS) and the transition region (TR). Conversely, the lignin
content was significantly higher in SWCS than in either SDCS or TR. Additionally, the total
carbon (TC) and total nitrogen (TN) contents were significantly higher in SDCS than in
SWCS and TR.

Alpha diversity, community composition, and community structure of
bacteria and fungi

The results of the amplicon sequence variant (ASV) analyses showed that the 16S and
ITS2 reads of wood fall could be clustered into 2,212 and 365 valid ASVs, respectively,
after flattening the samples with a minimum number of sample sequences (bacteria: n =
18,528; fungi: n = 12,078), which were used in the subsequent assessment of differences
in alpha diversity and community structure. Analyses of alpha diversity revealed no
significant differences in the Shannon diversity index of bacteria (Kruskal-Wallis test, P
= 0.597 > 0.05; Fig. S1a) or fungi (Kruskal-Wallis test, P = 0.189 > 0.05; Fig. S1b) among
distinct contact surfaces (Table S2). At the phylum level, the bacterial community of
wood fall was mainly dominated by the Proteobacteria (30.8% + 18.3%), Firmicutes
(24.1% =+ 11.4%), Bacteroidota (18.8% =+ 13.8%), and Desulfobacterota (7.9% + 7.4%;
Fig. 3a). At the family level, Clostridia vadin BB60 group (9.2% =+ 8.4%), Prolixibactera-
ceae (7.5% =+ 7.6%), and Christensenellaceae (6.9% + 9.1%) dominated in the bacterial
community (Fig. 3b). Notably, the types of bacteria that dominated the distinct contact
surfaces were different. The bacterial community in SDCS had a higher abundance
of Christensenellaceae (SDCS: 17.3%; SWCS: 0.5%; TR: 2.9%), and Prolixibacteraceae
dominated the bacterial community of SWCS (SDCS: 2.0%; SWCS: 16.1%; TR: 4.4%),
whereas that from TR was dominated by Clostridia vadin BB60 group (SDCS: 8.4%;
SWCS: 1.2%; TR: 18%). In terms of fungi, the predominant fungal phyla were Ascomycota
(66.2% + 23.0%), unclassified Fungi (20.5% =+ 29.9%), Basidiomycota (12.2% + 8.5%), and
Chytridiomycota (1.4% * 1.9%; Fig. 3d). Ascomycota were ubiquitous and dominated
fungal communities among distinct contact surfaces, with relative abundances ranging
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FIG 1 Sampling locations and distinct contact surfaces of deep sea wood fall. (a) Sampling location of deep-sea wood fall in the northern slope of Zhongnan
seamount in the SCS. (b) In situ imaging of deep-sea wood fall was generated by the human-occupied vehicle “Shenhaiyongshi.” (c) The distinct contact surfaces
of the deep-sea wood fall. Sediment contact surface (SDCS), seawater contact surface (SWCS), and transition region (TR). The distinct contact surfaces of the
wood-fall sample exhibited varying signs of decay. The SWCS appeared smoother, while the TR showed macroscopic shipworm burrows. In contrast, the SDCS
displayed blackened areas, indicating significant sulfate reduction processes in that region. Therefore, it is presumed that the wood-fall sample was likely in the
sulfophilic stage at the time of discovery.

from 40.7% to 85.5%. However, the unclassified Fungi had a high relative abundance in
TR (55.0%), whereas it was rare in SDCS (3.30%) and SWCS (3.20%). At the family level, the
dominant fungi among distinct contact surfaces were unclassified Ascomycota (29.6% +
34.9%), unclassified Fungi (20.5% + 29.9%), Sordariomycetes fam Incertae sedis (10.6% =+
18.3%), and Ophiostomataceae (6.7% + 10.8%; Fig. 3e). Ophiostomataceae was identified
in SDCS (19.1%) and TR (0.9%) but not in SWCS and Sordariomycetes fam. Incertae sedis
was only distributed in SDCS (31.8%). Furthermore, the results of principal co-ordinates
analysis (PCoA) revealed significant differences in the community structure of bacteria
(permutation multifactorial analysis of variance [PERMANOVA], F = 4.255, R* = 0.3956, P =
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FIG 2 The physicochemical indices among distinct contact surfaces of wood fall. (a) Cellulose, (b) hemicellulose, (c) lignin, (d) total carbon (TC), (e) total nitrogen

(TN), and (f) total sulfur (TS). Kruskal-Wallis test.

0.0001 < 0.05; Fig. 3¢) and fungi (PERMANOVA, F = 3.596, R? = 0.3562, P = 0.0003 < 0.05;
Fig. 3f) among distinct contact surfaces.

Community assembly processes of bacteria and fungi

Bacterial community assembly in wood fall was influenced by both deterministic (41.5%
+ 20.2%) and stochastic (58.5% + 20.2%) processes, whereas the fungal community
assembly was mainly controlled by stochastic processes (96.7% =+ 5.8%; Fig. 4a and b).
Specifically, the bacterial community was primarily affected by drift (SDCS: 40%; SWCS:
60%; TR: 41.67%), followed by homogeneous selection (SDCS: 60%; SWCS: 20%; TR:
44.4%), with dispersal limitation occurring only in SWCS (20%) and TR (13.89%). Drift
was the most important assembly process for the fungal community (SDCS: 100%; SWCS:
70%; TR: 91.7%). Homogenized dispersal affected the fungal community only in SWCS
(20%) and TR (8.33%), and only the fungal community structure in SWCS was affected
by homogeneous selection. The shared and unique numbers of bacteria and fungi at the
family level were identified using Venn diagrams. Venn diagram visualization revealed
that 66 bacterial families and five fungal families were shared between SWCS and TR
(Fig. 4c and d). Further analysis revealed that the shared community of bacteria was
predominantly composed of Marinifilaceae (38.84%), Peptostreptococcaceae (11.85%),
Lachnospiraceae (8.57%), and Granulosicoccaceae (7.28%; Fig. 4e), while the shared
fungal community was dominated by Aspergillaceae (89.45%; Fig. 4f).
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FIG 3 The bacterial and fungal community composition and structure among distinct contact surfaces of wood fall. (a and b) The relative abundance of bacteria

at the phylum and family level. (c) The PCoA of Bray-Curtis distances of bacteria ASV compositions associated with three contact surfaces. (d and e) The relative

abundance of fungi at the phylum and family level. (f) The PCoA of Bray-Curtis distances of fungi ASV compositions associated with three contact surfaces.

Others represent the phyla and family with a relative abundance of less than 1%.

Sulfur, nitrogen, and methane metabolism functions and the relative
contribution of bacteria and fungi

The Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation identified 3 sulfur
metabolism modules, 6 nitrogen metabolism modules, and 13 methane metabolism
modules in bacterial genomes (Table S3). In contrast, fungal genomes exhibit two sulfur
metabolism modules and three methane metabolism modules (Table S4). Selection
modules with relative abundance of more than 1% in at least one wood-fall contact
surface for visualization (Fig. 5; Table S5). For sulfur metabolism, M00176 (assimilatory
sulfate reduction) exhibited the highest abundance in bacterial (72.8% + 9.3%) and
fungal (85.4%) communities (Fig. 5a and d). In nitrogen metabolism, M00530 (dissimila-
tory nitrate reduction; 32% + 5.3%) and M00529 (denitrification; 30.2% =+ 5.0%) were the
primary modules involved in nitrogen metabolism in bacteria. As for methane metab-
olism, methanogenesis (M00357, M00563, M00567, and M00356) and formaldehyde
assimilation (M00344, M00345, and M00346) were the primary pathways which bacteria
potentially participate in methane metabolism, whereas only formaldehyde assimilation
modules are detected in fungal communities.

Linear discriminant analysis (LDA) effect size (LEfSe) analysis demonstrated that a
total of 10 modules associated with sulfur, nitrogen, and methane metabolism exhibi-
ted enrichment characteristics in the bacterial communities among distinct contact
surfaces (LDA > 4; P < 0.05; Fig. 6a; Table S6), while no modules were enriched
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FIG4 The community assembly process among distinct contact surfaces of wood fall and the shared microbiome composition of the bacteria and fungi among

SWCS and TR at the family level. Contributions of deterministic processes and stochastic processes on (a) bacterial and (b) fungal community assembly processes.

Venn diagrams at the family level showing the number of unique and shared (c) bacterial and (d) fungal families among the three contact surfaces of wood fall.

The shared (e) bacterial families and (f) fungal families in SWCS and TR.

in fungal communities. Among them, SDCS enriched M00596 (dissimilatory sulfate
reduction), M00528 (nitrification), M00804 (complete nitrification), and modules related
to methanogenesis (M00563, M00567, and M00356). In addition, M00530, M00531, and
MO00346 were enriched in TR, whereas only M00935 (methanofuran biosynthesis) was
enriched in SWCS. Moreover, we evaluated the completeness of the enriched sulfur,
nitrogen, and methane metabolism modules within the bacterial community based
on the KEGG orthology (KOs) information (Fig. S2; Table S3). The results indicate that
the modules associated with dissimilatory sulfate reduction, nitrate reduction, methano-
furan biosynthesis, and formaldehyde assimilation could be considered complete. In
contrast, deletions of KOs were identified in pathways related to nitrification (M00528
and M00804) and methanogenesis (M00563, M00567, and M00356). Thus, the wood-fall
bacterial communities may only participate in the intermediate steps of nitrification and
methanogenesis.

To visualize the association between microbiomes and metabolic functions, the
contributions of the top 10 families in relative abundance to sulfur, nitrogen, and
methane metabolism modules enriched at distinct contact surfaces were chosen and
analyzed. For sulfur metabolism (Fig. 6b), unclassified Deltaproteobacteria and Rhodo-
bacteraceae were the main contributors to M00596. Specifically, unclassified Deltapro-
teobacteria made the highest contribution in SDCS (SDCS: 33.7%; SWCS: 6.2%; TR: 6.3%),
whereas Rhodobacteraceae mainly contributed in SWCS and TR (SDCS: 0.1%; SWCS:
26.6%; TR: 13.5%). As for the fungi, Herpotrichiellaceae contributed 100% to M00596 in
TR. In terms of nitrogen metabolism (Fig. 6¢), the dominant contributors to M00530 were
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FIG 5 Functional characteristics of pathways for sulfur, nitrogen, and methane metabolism among distinct contact surfaces of wood fall. (a) Sulfur, (b) nitrogen,
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modules with a relative abundance of less than 1%.

unclassified Bacteroidetes (contribution: 15.1%) and to M00531 were Flavobacteriaceae
(contribution: 8.9%). The relative contributions of unclassified Deltaproteobacteria to
M00528 and M00804 were 28.6% and 25.3%, respectively. For methane metabolism
(Fig. 6d), unclassified Deltaproteobacteria was the main contributor to the intermediate
processes of methanogenesis in wood fall, and its relative contribution to these methane
metabolism modules ranged from 23.7% to 37.5%. Furthermore, M00935 was mainly
contributed by Desulfarculaceae (SDCS: 31.42%; SWCS: 0.24%; TR: 0.82%) and unclassi-
fied Planctomycetes (SDCS: 0.65%; SWCS: 28.96%; TR: 9.33%). For M00346, Rhodobacter-
aceae made the most significant contribution in TR (SDCS: 0.02%; SWCS: 3.76%; TR
11.77%). Notably, the fungal community consisting of Clavicipitaceae, Microascaceae,
Nectriaceae, Hypocreaceae, and Chaetomiaceae contributed to M00346.

Lignocellulose degradation function and the relative contribution of bacteria
and fungi

Analyses of a diversity showed that the Shannon diversity index of the bacterial
CAZymes gene at family levels in TR was significantly higher than that in SDCS (Krus-
kal-Wallis test, P = 0.0167 < 0.05; Fig. 7a), while the Shannon diversity index of the
fungal CAZymes gene at family levels did not differ significantly among distinct contact
surfaces (Kruskal-Wallis test, P = 0.2 > 0.05; Fig. 7b). Families that contain lignocellulases
and with a relative abundance >5% in at least one contact surfaces were selected to
perform functional composition analysis. For bacterial community, only CE1 met the
screening criteria, and its relative abundance among distinct contact surfaces ranged
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from 3.0% to 5.5% (Fig. 7¢; Table S7). In terms of fungal community, a total of four families
were identified that met the criteria and were only present in SWCS and TR (Fig. 7d; Table
S7). Among these, GH45 (SWCS: 9.70%; TR: 1.09%) and GH152 (SWCS: 5.97%; TR: 0.30%)
exhibited higher abundances in SWCS, whereas the TR was dominated by AA9 (SWCS:
2.88%; TR: 14.48%) and AA7 (SWCS: 3.18%; TR:13.22%). Thus, wood-fall fungi have a
higher genetic potential for lignocellulose degradation than bacteria, and SWCS and TR
may be the main regions where fungi secrete lignocellulases. Species and functional
contribution analyses showed that Flavobacteriaceae and unclassified Bacteroidetes
were the primary potential contributors to CE1, with relative contributions of 11.5% +
6.6% and 8.8% =* 2.4%, respectively. Notably, Microascaceae (contribution: 22.9%) and
unclassified Xylariales (contribution: 15.8%) also contributed to CE1 in TR. Additionally,
Microascaceae and Nectriaceae were the primary contributing fungi for lignocellulose
degradation. Of these, Microascaceae was the primary contributor to the AA9, AA7, and
GH45 families, accounting for 100% of these families in SWCS. In TR, Microascaceae
contributed 88.3%, 85.0%, and 40.7% to these families, respectively. The relative
contribution of Nectriaceae to GH152 was 100%. Moreover, fungi with lignocellulose
degradation potential in wood-fall micro-ecosystem also included Clavicipitaceae,
Plectosphaerellaceae, Glomerellaceae, unclassified Xylariales, and Aspergillaceae.

DISCUSSION

Environmental filtering and organism exchange levels regulated the
microbial community assembly in deep-sea wood-fall micro-ecosystem

Physiochemical analyses revealed significant differences in physicochemical indices
across distinct contact surfaces, with the exception of TS. PCoA further showed
significant differences in the bacterial and fungal community structures among distinct
contact surfaces. Homogeneous selection influenced the bacterial communities among
the three contact surfaces, but it only occurred in the fungal community of SWCS.
These results demonstrate that distinct contact surfaces of wood fall exhibit habitat
heterogeneity, which in turn shapes the assembly processes of microbial communities.
This may result from varying sensitivities of bacteria and fungi to environmental filtering
within wood-fall micro-ecosystem. Previous studies have indicated that non-homogene-
ous wood degradation can create multiple micro-niches, decrease competition among
community members (8), and thereby facilitate species colonization and coexistence
within communities (31, 32). Thus, habitat heterogeneity may enhance the impact of
environmental filtering on regulating the community structure of microbiomes among
differential contact surfaces of wood fall (33). In addition, Kalenitchenko et al. (22)
demonstrated that only specific microorganisms are able to colonize and persist in wood
substrates during the early stages of microbial community assembly, illustrating that
environmental filtering plays a selective role in the microbial community. In this study,
physicochemical indices on the same contact surface demonstrated greater homogene-
ity compared to those between the distinct contact surfaces, which may be the primary
reason for the influence of homogeneous selection on microbial community assembly
in wood-fall ecosystems. However, the observed differences in homogeneous selection
between bacterial and fungal communities suggest that bacterial communities may be
more sensitive to environmental changes among distinct contact surfaces in wood-fall
micro-ecosystem.

In terms of stochastic processes, dispersal limitation and homogenizing dispersal
were observed only in SWCS and TR, respectively, affecting the assembly processes of
bacterial and fungal communities. The Venn diagram visualization revealed that the
shared fungal community between SWCS and TR was predominantly composed of
Aspergillaceae. Previous studies have shown that the level of environmental filtering
decreases over time (22), which establishes a foundation for microbial migration.
However, the theory proposed by Stegen et al. (34) suggests that dispersal limitation
arises from limited organism exchange among communities, whereas homogenizing
dispersal occurs when there are high levels of organism exchange. These results imply
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that dispersal limitation and homogenizing dispersal may be driven by differences in
organism exchange levels within the shared bacterial and fungal communities of SWCS
and TR. Previous research has indicated that the Aspergillus (Aspergillaceae) is widely
distributed in marine environments and secretes a variety of secondary metabolites with
antibacterial activities (35, 36). For example, Xiang et al. (37) reported that secondary
metabolites from Aspergillus flavus SCSIO F025, isolated from deep-sea sediments in the
SCS, exhibit antimicrobial activity against various bacteria. Similarly, Aspergillus jensenii
LW128, isolated from deep-sea sediments in the northwestern Pacific Ocean, produces
secondary metabolites with broad-spectrum antibacterial activity, inhibiting the growth
of bacteria such as Escherichia coli and Bacillus species (38, 39). Thus, the dominant
Aspergillaceae within the shared microbial communities might inhibit the growth and
dispersal of bacteria by secreting secondary metabolites with bacteriostatic activities,
leading to a restricted exchange of bacterial communities between SWCS and TR.
Additionally, as terrestrial plant pathogens, Aspergillaceae exhibit extremotolerance and
grow on a wide range of carbon sources (40). For instance, Damare et al. (41) found
that spores of a deep-sea isolate of Aspergillus terreus were capable of germinating at
200 bar, confirming that terrestrial fungi can adapt to the extreme conditions of the deep
sea and remain viable in high-pressure environments. Furthermore, some Aspergillus
species were characterized by high conidia production, rapid growth, and distributions
that support the “everything is everywhere” theory (42, 43). Therefore, Aspergillaceae
could achieve a high level of organism exchange in SWCS and TR due to their strong
adaptability and dispersal capability.

Our findings indicate that both environmental filtering and organism exchange levels
shape the microbial community assembly in deep-sea wood-fall micro-ecosystems.
Distinct contact surfaces of wood fall exhibit habitat heterogeneity, which causes a
strong environmental filtering process. Stable environmental factors within the same
contact surface resulted in microbial community assembly influenced by homogeneous
selection. However, bacteria and fungi among distinct contact surfaces may display
different sensitivities to habitat heterogeneity. The appearance of dispersal limitation
and homogenizing dispersal in SWCS and TR might be associated with variations
in organism exchange level between bacteria and fungi within the shared microbial
communities.

Bacteria drive the biogeochemical cycling in deep-sea wood-fall micro-eco-
system through diverse metabolic pathways

Functional composition analyses revealed that bacteria displayed a higher metabolic
potential for sulfur, nitrogen, and methane metabolism, whereas fungi displayed limited
pathways for these processes, restricted to specific contact surfaces in wood fall.
Additionally, 10 modules related to sulfur, nitrogen, and methane metabolism were
enriched in bacterial communities of SDCS and TR, with no enrichment observed in
fungal communities. These results indicated that bacteria may drive biogeochemical
cycling in wood-fall micro-ecosystems through diverse metabolic pathways. Primary
production in deep-sea chemosynthetic ecosystems is driven by chemosynthetic
communities that rely on reduced compounds, such as sulfide and methane (44). The
sulfur cycle plays a crucial role in driving microbial life and biogeochemical cycling
on the seafloor and is tightly interwoven with other important element cycles, such
as carbon and nitrogen (45). Previous studies have suggested that bacteria alone can
establish the chemical basis of wood-fall micro-ecosystems by facilitating the develop-
ment of sulfidic niches (5, 12). In this study, the enrichment of M00596 in SDCS indicates
that bacteria have the potential to produce a large amount of hydrogen sulfide in this
area through the process of dissimilatory sulfate reduction. In contrast, in SWCS and
TR, sulfide production is sustained by the degradation of lignocellulose in wood, which
provides low molecular weight organic compounds to sulfate-reducing prokaryotes (46).
Therefore, highly efficient sulfate reduction processes occur in all contact surfaces of
wood fall, which may explain the lack of significant differences in the TS content among

Month XXXX Volume 0 Issue 0

Applied and Environmental Microbiology

10.1128/aem.02165-24 12

Downloaded from https://journals.asm.org/journal/aem on 06 December 2024 by 240e:355:574:fa00:2017:be55:dba9:2735.


https://doi.org/10.1128/aem.02165-24

Full-Length Text

distinct contact surfaces. Notably, unclassified Deltaproteobacteria contributed the most
to M00596 in SDCS, possibly because most sulfate-reducing bacteria are members of
the Deltaproteobacteria (47). Additionally, the TC level in SDCS was significantly higher
than that in both SWCS and TR, and the Shannon diversity of CAZyme genes in bacterial
communities was significantly higher in TR compared to SDCS. As the degradation of
wood can lead to carbon enrichment in the surrounding sediment of wood falls (15), the
SDCS of wood-fall micro-ecosystems can be considered a high-carbon environment. It
is believed that sulfate reducers and methanogens are spatially or temporally separa-
ted from each other (48). In marine environments, sulfate reduction is preferred over
methanogenesis for the degradation of organic matter (48, 49). Nevertheless, Fager-
vold et al. (8) demonstrated the first evidence of the co-occurrence of sulfate-reduc-
ing bacteria and methanogens in wood-fall micro-ecosystems, suggesting that sulfate
reduction and methanogenesis can occur simultaneously in high-carbon environments
(50, 51). This was supported by the simultaneous enrichment of modules related to
sulfate reduction (M00596) and methanogenesis (M00563, M00567, and M00356) in
SDCS in our study. However, metabolic pathway maps of enriched modules indicate that
bacteria have the potential to participate only in intermediate steps of methanogenesis,
as they lack the Methyl-coenzyme M reductase (EC 2.8.4.1), which catalyzes the final step
of methanogenesis and mediated only by methanogenic archaea (52, 53).

As for nitrogen cycling, the results showed that bacteria can drive nitrogen cycling
through a variety of pathways, including nitrate reduction, nitrification, denitrification,
and nitrogen fixation. Among them, M00530 and M00529 dominated the distinct contact
surfaces, suggesting that both closed and open nitrogen cycling exist in wood-fall
micro-ecosystems. The LEfse analysis revealed that M00530 and M00531 were differen-
tially enriched in TR, whereas M00528 and M00804 exhibited enrichment characteristics
in SDCS. Given that the TN content of SDCS was significantly higher than that of
TR, the TR can be considered a nitrogen-limited area. Thus, these results imply that
under nitrogen-limited conditions, bacteria tend to engage in closed nitrogen cycling
in wood-fall micro-ecosystems. In natural ecosystems, denitrification and dissimilatory
nitrate reduction compete with nitrate as an electron acceptor (54). Unlike denitrifica-
tion, dissimilatory nitrate reduction preserves bioavailable nitrogen in the system and
produces soluble ammonium instead of unreactive dinitrogen gas (55). Consequently,
nitrate reduction can prevent nitrogen loss and is important for maintaining nitrogen
levels and primary productivity in wood-fall micro-ecosystems. Thus, a closed nitro-
gen cycle facilitates the efficient conservation and recycling of nitrogen in wood-fall
micro-ecosystems.

Accordingly, bacteria serve as the primary drivers of sulfur, nitrogen, and methane
metabolism in wood-fall micro-ecosystems and are essential for facilitating biogeochem-
ical cycling in wood-fall micro-ecosystems through their diverse metabolic pathways.
While both sulfate reduction and methanogenesis can occur in high-carbon environ-
ments (SDCS), bacteria possess only the genetic potential to participate in intermedi-
ate steps of methanogenesis. Under nitrogen-limited conditions (TR), the bacterial
community tends to maintain nitrogen levels through a closed nitrogen cycle.

Terrestrial fungi may efficiently degrade cellulose and hemicellulose in the
wood-fall micro-ecosystem by secreting diverse lignocellulases

The CAZy annotation results revealed that the fungal community could secrete a wider
range of lignocellulases than the bacterial community. Four families within the fungal
community were identified as possessing lignocellulases, whereas bacteria secreted
lignocellulases only through CE1 family. This suggests that lignocellulose degradation
in wood-fall micro-ecosystems may potentially be driven by fungi. It is widely known
that fungi have the ability to utilize a broad spectrum of organic substrates for growth
and can degrade a variety of organic substrates in deep sub-seafloor sediments (56, 57).
Since most lignocellulases are derived from fungi (58, 59), they are consequently major
decomposers of woody substrata in marine ecosystems (60) and possibly play a crucial
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role in the decomposition of wood substrates in deep-sea wood-fall micro-ecosystems
(61). Although lignocellulolytic bacteria exist, they are not aggressive degraders of wood
substrates (62). In this study, fungal communities in the wood fall have the potential
to secrete various lignocellulases. For example, important cellulases Endo-—1,4-gluca-
nase (EC 3.2.1.4) was found in GH45 (63), while the hemicellulases xyloglucan-specific
endo-f3—1,4-glucanase (EC 3.2.1.151) (64) and Endo-—1,3-glucanase (EC 3.2.1.39) (65)
were identified in GH152. Moreover, the cellooligosaccharide dehydrogenase in AA7 can
fuel cellulose degradation by lytic polysaccharide monooxygenase in AA9 (66). Thus,
fungi break down lignocellulose in wood fall through the synergistic collaboration of
the aforementioned enzymes. Notably, the CE1 from bacterial communities contains
acetylxylan esterase (EC 3.1.1.72), an essential hemicellulose degradation enzyme (67,
68). However, the complete degradation of hemicellulose relies on the synergistic action
of multiple hemicellulases (69). Therefore, the potential contribution of bacteria to
lignocellulose degradation in wood-fall micro-ecosystems is limited.

The species and functional contribution analyses indicated that the fungal commun-
ities in wood fall contributed to lignocellulose degradation only in SWCS and TR. In
SWCS, Microascaceae contributed 100% to AA9, AA7, and GH45 families containing
cellulases, while Nectriaceae contributed 100% to GH152, which contains hemicellula-
ses. Moreover, the cellulose and hemicellulose levels in SWCS were significantly lower
than in SDCS and TR. The above results suggest that Microascaceae and Nectriaceae
may have the potential to degrade cellulose and hemicellulose effectively in wood-fall
micro-ecosystems by secreting a variety of lignocellulases. Previous studies have shown
that cellulases are typically produced by saprophytic microorganisms that thrive on dead
or decaying organic matter, and certain plant pathogens also possess the ability to
express cellulases (70, 71). Most members of the Microascaceae are found in terrestrial
environments, primarily acting as saprobic in soil and rotting vegetation (72). Some
of these species can act as saprobes or pathogens (73). However, Microascaceae has
also been found to exhibit a broader geographic distribution in marine environments,
inhabit diverse habitats, and play various ecological roles (74). Studies on Nectriaceae
have revealed their widespread presence in various terrestrial environments, including
woody substrates and soil (75, 76). Nectriaceae have been identified as plant pathogens
(77), causing a variety of symptoms such as fruit rot, canker disease, and dieback disease
(78), which can lead to tree death in severe cases (79). Additionally, Song et al. (80)
further discovered that Nectriaceae are capable of breaking down cellulose and lignin in
soil, probably due to the presence of genes encoding both cellulose- and lignin-degrad-
ing enzymes (81). Nevertheless, our results indicate that Nectriaceae possess genetic
potential for cellulase production in the deep-sea environment as well.

In summary, this study revealed that lignocellulose degradation in wood-fall
micro-ecosystems is potentially mediated by fungi. Fungal communities in wood fall
appear to possess the genetic potential to secrete a wide range of lignocellulases, in
contrast to the limited potential of bacteria. Moreover, the terrestrial fungi Microascaceae
and Nectriaceae may efficiently degrade cellulose and hemicellulose in deep-sea wood
fall through the secretion of diverse lignocellulases.

Conclusion

This study found that all other physicochemical indices differed significantly among
different wood-fall contact surfaces, except TS. Among them, TC and TN contents were
significantly higher in SDCS than in TR, whereas cellulose and hemicellulose contents
were significantly lower in SWCS than in SDCS and TR, suggesting that cellulose and
hemicellulose were effectively degraded in SWCS of wood fall. The SDCS was considered
a high-carbon environment, whereas the TR was a potentially nitrogen-limited area.
Notably, the bacterial and fungal community structures differed significantly among
distinct wood-fall contact surfaces. Thus, the habitat heterogeneity of distinct contact
surfaces may influence the structure of microbial communities and lays the founda-
tion for environmental filtering to shape microbial community assembly in deep-sea
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wood-fall micro-ecosystems. The community assembly results showed that dispersal
limitation and homogenizing dispersal only occurred in SWCS and TR, affecting the
community assembly processes of bacterial and fungal communities, respectively.
Additionally, the Venn diagram visualization revealed that the shared fungal community
between SWCS and TR was predominantly composed of Aspergillaceae, which have
strong dispersal capabilities and might inhibit the growth and dispersal of bacteria by
secreting secondary metabolites with bacteriostatic activities. These findings suggest
that environmental filtering and organism exchange levels regulate the assembly of
wood-fall microbiomes. Functional analysis showed that bacteria displayed a higher
metabolic potential for sulfur, nitrogen, and methane metabolism. Functional profiles
associated with dissimilatory nitrate reduction and denitrification were dominant among
distinct contact surfaces, suggesting that both closed and open nitrogen cycling existed
in wood-fall micro-ecosystem. In addition, dissimilatory sulfate reduction and metha-
nogenesis were enriched in SDCS, whereas TR-enriched processes related to nitrate
reduction. The above results indicate that bacteria may play an important role in
sulfur, nitrogen, and methane metabolism in wood-fall micro-ecosystems, potentially
contributing to biogeochemical cycling through diverse metabolic pathways. However,
under nitrogen-limited conditions, bacteria tend to participate in closed nitrogen cycles.
Moreover, fungi exhibit greater genetic potential for secreting lignocellulases than
bacteria, suggesting that lignocellulose degradation in wood-fall micro-ecosystems
is primarily mediated by fungi. The terrestrial fungi Microascaceae and Nectriaceae
may efficiently degrade both cellulose and hemicellulose in wood-fall micro-ecosys-
tems through the synergistic action of multiple lignocellulases. Accordingly, our study
illustrates the microbiome dynamics and functional profiles of distinct contact surfaces
in wood fall and provides new insights into the driving pattern of community assem-
bly, biogeochemical processes, and lignocellulose degradation in deep-sea wood-fall
micro-ecosystems. Furthermore, this study advances our understanding of the ecological
impacts of organic falls on deep-sea oligotrophic environments.

MATERIALS AND METHODS
Sample collection

Cruise TS2-10-2 was carried out by the R/V Tansuo 2 in the SCS in December 2021.
During a dive of the human-occupied vehicle “Shenhaiyongshi” (Dive SY420, December
23,2021), a natural deep-sea wood fall was found at a depth of 2321.6 m on the northern
slope of the Zhongnan seamount in the SCS (Fig. 1a) and collected using a remotely
operated vehicle (ROV). To avoid the loss of organisms, the wood log was put by the ROV
manipulator into a separate box closed with a lid. The entire wood-fall sample (length:
125 c¢m, width: 38 c¢cm, height: 14 cm; 115°30°5.76” E; 14°0179.95” N) was subdivided
into SDCS, SWCS, and TR, which had different signs of decay (Fig. 1b and c). Sixteen
wood chip samples were cut from the distinct contact surfaces (four from SWCS, four
from SDCS, and eight from TR) on board the ship using sterilized tools and transferred
to 50 mL cryotubes in liquid nitrogen. Any visible organisms (macro- and megafauna)
were removed from the wood chips, and wood samples were stored at —80°C until DNA
extraction.

Physicochemical indices measurement of wood fall

The samples were dried in 101-4A digital blast drying oven (BOZHEN, China) at 80°C
until a consistent weight was achieved. Once dried, they were ground using a pul-
verizer, passed through a 40 mesh sieve, and sealed for preservation. The cellulose,
hemicellulose, and lignin contents of wood-fall samples were extracted and detected
using the Cellulose Content Assay Kit (JC0415-M, JC DTECT, China), Hemicellulose
Content Assay Kit (JC0416-M, JC DTECT, China), and Lignin Content Assay Kit (BC4205,
Solarbio, China), respectively, following the methods described in the kits’ instructions.
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Cellulose content was determined using an anthrone chromogenic agent under strong
acidic conditions. Hemicellulose is converted into reducing sugars after acid treatment,
forming a reddish-brown substance with 3,5-dinitrosalicylic acid, exhibiting a character-
istic absorption peak at 540 nm, then the absorbance value reflects the hemicellulose
content. The phenolic hydroxyl groups in lignin have a characteristic absorption peak
at 280 nm after acetylation, and the light absorption value at 280 nm is positively
correlated with the lignin content. Therefore, wavelengths of 620, 540, and 280 nm were,
respectively, used for the cellulose, hemicellulose, and lignin content measurements via
Infinite 200 Pro M Nano (Tecan Trading AG, Switzerland). Distilled water (for cellulose
and hemicellulose) and glacial acetic acid (for lignin) were used as blank controls to
measure absorbance and determine the content of cellulose, hemicellulose, and lignin.
The Kjeldahl method was used to determine the TN content. The TC and TS contents
were measured using an Elemental Analyzer (Vario EL Cube, Hanau, Germany).

DNA extraction, amplicon, and metagenome sequencing

Prior to DNA extraction, each wood sample was homogenized using a FastPrep-24
5G instrument (MP Biomedicals, CA, USA). Total microbial DNA was extracted and
purified from the wood powder with the FastDNA Spin Kit for Soil (MP Biomedicals,
CA, USA) following the manufacturer’s protocol. Then the concentration and purity of the
extracted DNA were determined with TBS-380 (Turner BioSystems, Sunnyvale, CA, USA)
and NanoDrop 2000 (Thermo-Fisher, Waltham, MA, USA) fluorometry and spectropho-
tometry, respectively, and quality was checked by 1% agarose gel electrophoresis. Only
high-quality DNA was selected as the template for PCR amplification. The samples were
sequenced using an lllumina System (Majorbio Bio-Pharm Technology Co. Ltd., Shanghai,
China). For the amplicon sequencing, the hypervariable region of the bacterial 16S rRNA
gene (V3-V4 region) was amplified with the primer pairs 338F (5'-ACTCCTACGGGAGGC
AGCAG-3’) and 806R (5-GGACTACHVGGGTWTCTAAT-3’) (82, 83). Meanwhile, the primer
pairs ITS3F (5-GCATCGATGAAGAACGCAGC-3") and ITS4R (5-TCCTCCGCTTATTGATATGC
-3’) (84) were used to amplify the fungal ITS2 region. PCR products were purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according
to the manufacturer’s instructions and quantified using the QuantiFluor -ST system
(Promega, USA). Amplicons were pooled at equimolar concentrations, and paired-end
sequencing (2 x 300 bp) was performed on the lllumina MiSeq platform (lllumina, San
Diego, CA, USA). For metagenome sequencing, the extracted DNA was fragmented to
an average size of approximately 350 bp using the ultrasonicator Covaris M220 (Gene
Company Limited, China) for paired-end library construction. A paired-end library was
constructed using the NEXTFLEX Rapid DNA-Seq Kit (Bioo Scientific, Austin, TX, USA).
Adapters containing the full complement of the sequencing primer hybridization sites
were ligated to the blunt ends of the fragments. Paired-end sequencing was performed
on Illlumina NovaSeq PE150 platform (lllumina Inc., San Diego, CA, USA) using NovaSeq
Reagent Kits (lllumina, San Diego, CA, USA) according to the manufacturer’s instructions
(www.illumina.com).

16S rRNA gene and ITS2 sequences analysis

Microbiome sequences were processed using Quantitative Insights Into Microbial
Ecology 2 (QIIME 2, v2022.2). After rigorous quality control and filtration using the
denoise-paired method in the DADA2 algorithm, the bacterial and fungal reads were
clustered into ASVs. The SILVA 138/16S bacteria and Unite 8.0/ITS fungi databases were
used to annotate the ASVs of bacteria and fungi, respectively. Sequences assigned to
chloroplasts and mitochondria were removed. The -nearest taxon index (3NTI) and the
Bray-Curtis-based Raup-Crick metric (RCbray) were used to determine contributions from
deterministic and stochastic processes (34). |BNTI| > 2 indicates that the deterministic
process shapes the microbiome community, in which BNTI > 2 denotes heterogeneous
selection while BNTI < —two denotes homogeneous selection. A BNTI value less than
2 and greater than -2 indicates a stochastic process that affects the community. The
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fractions of |BNTI| < 2 were differentiated by the RCbray value. A value of RCbray > 0.95
indicates that the observed turnover is dominated by the dispersal limitation, RCbray <
-0.95 indicates homogenizing dispersal, and |[RCbray| < 0.95 indicates the effect of drift.

Metagenomic assembly, annotations, and data processing

Fastp (https://github.com/OpenGene/fastp, version 0.23.0) was used for quality control.
Sequencing was performed using MEGAHIT (https://github. com/voutcn/megahit,
version 1.1.2). All sequences with an identity cutoff of 95% were clustered, and
redundancy was reduced to construct a nonredundant gene set using CD-HIT (http://
www.bioinformatics.org/cd-hit/, version 4.6.1) (85). Using SOAPaligner software (https://
github.com/ShujiaHuang/SOAPaligner, version 2.21), the high-quality reads of each
sample were compared to the nonredundant gene set to determine information on
the abundance of genes in the corresponding samples (86). The amino acid sequences of
the non-redundant gene sets were compared to the non-redundant (NR) database using
Diamond (https://github.com/bbuchfink/diamond, version 0.8.35, blastp, e-value <1e™),
and the taxonomic information corresponding to the NR library database was used to
obtain species annotations (87). Then, the abundance of the species was calculated using
the sum of gene abundances corresponding to the species. The amino acid sequences
of the non-redundant gene sets were aligned with the KEGG (https://www.genome.jp/
kegg) (88) database using Diamond (blastp, e-value <1e™) for functional annotation.
The information on KO groups was obtained through function genes annotations
using KOBAS 2.0 software (89). The carbohydrate-active enzyme (CAZymes) annota-
tion was performed using hmmscan (v3.1b2, e-value <1e™®, https://www.ebi.ac.uk/Tools/
hmmer/search/hmmscan) based on the carbohydrate-active enzyme database (http://
www.cazy.org/) (90). The abundance of a module or CAZymes family was calcula-
ted by summing the abundances of the corresponding genes. For further analysis,
the functional gene sets of bacterial and fungal, including sulfur, nitrogen, methane
metabolism, and carbohydrate degradation, were constructed based on the results
of NR, KEGG, and CAZy annotations, respectively. To investigate the role of microbial
communities in driving the sulfur, nitrogen, and methane cycles in deep-sea wood-
fall micro-ecosystem, we analyzed the composition of sulfur, nitrogen, and methane
modules among different contact surfaces of wood fall. In this study, we focused on
the sulfur, nitrogen, and methane metabolism though annotation of KEGG modules,
which represent a functional unit and is a collection of multiple KO numbers (https://
www.kegg.jp/kegg/module.html). A KEGG module is considered present as long as 1 KO
genes has been identified within it (gene count >2; Tables S3 and S4). To establish a
potential link between microbial carbohydrate metabolism and the degradation rate of
wood falls, we analyzed the alpha diversity of CAZyme genes and the composition of
families that containing lignocellulases among different contact surfaces of wood fall. To
explore the relative contribution of bacteria and fungi (at family level) to the enriched
modules and lignocellulases family, the taxonomic information for each functional gene
sets was extracted, and their relationships were calculated using the method described
by Ofek-Lalzar et al. (91). All analyses were performed on marker abundances normalized
to reads per kilobase per million reads.

Statistical analysis

Taxonomic alpha diversity was estimated by calculating the Shannon diversity index.
Based on R, the Kruskal-Wallis tests were used to determine the differences in the
taxonomic alpha diversity and physicochemical indices among distinct contact surfaces
of wood fall (significance level threshold of 0.05), and a post hoc test was performed
using the Tukey-Kramer tests. Using the vegan package in R (version 3.3.1), PCoA analysis
based on the Bray-Curtis distance was performed to visualize changes in the community
structure among samples. PERMANOVA was performed to test for significant differen-
ces in microbial structure among distinct contact surfaces of wood fall. Venn diagram
visualization was performed using the Venn Diagram package to analyze the common
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numbers of bacteria and fungi at the family level between the SWCS and TR of the
wood fall. To investigate the differences in sulfur, nitrogen, and methane metabolism
among different contact surfaces of wood fall, the enrichment characteristics of the
KEGG modules were analyzed using LEfSe (LDA > 4.0, P < 0.05) (92). Then, we evaluated
the completeness of the enriched modules. KEGG module completeness was evaluated
based on the total number of blocks in a module, the KOs required for each block, and
the KOs present in each genome (Tables S3 and S4). The enriched module is consid-
ered complete only when all blocks have corresponding KO genes (Fig. S2). The alpha
diversity of CAZymes genes was estimated by calculating the Shannon diversity index.
The Kruskal-Wallis test was used to determine the differences in the CAZyme genes alpha
diversity among distinct contact surfaces of wood fall (significance level threshold of
0.05), and a post hoc test was performed using the Nemenyi tests.
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