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Mangrove forests are highly productive coastal ecosystems in which microbial
communities drive key biogeochemical processes, such as sulfur and carbon
cycling. Lucinid clams and their bacterial symbionts, commonly found in
organic-rich habitats such as mangrove fringes, can perform chemosynthesis
driven by the oxidation of sulfide and can further modify sediment characteristics
through their chemosymbiotic and burrowing activities. However, the impact of
these activities on sedimentary microbial communities remains unclear. In this
study, we collected sediment samples from areas with varying lucinid densities
and conducted amplicon sequencing to examine microbial community
structure. Our findings demonstrated that microbial diversity and community
composition varied considerably with lucinid density. Among the dominant
microbial taxa, sulfur-reducing groups such as Desulfobacterales were
significantly more abundant in samples from lucinid-rich regions. Furthermore,
the abundance of sulfur-reducing functional genes was higher in lucinid-rich
regions. These results indicate that the sulfur cycle is more active in these areas,
possibly due to the high organic matter content and the presence of
chemosymbiotic lucinids. The accelerated sulfur cycle can enhance carbon
fixation by lucinid symbionts, highlighting the ecological importance of
chemosymbiotic bivalves in peri-mangrove microbial communities.

KEYWORDS

mangrove ecosystem, lucinids, microbial community, sulfur cycle, amplicon sequencing

1 Introduction

Mangrove forests are unique ecosystems found in the intertidal zones of coastal
wetlands. They are characterized by high productivity and a distinct microbial
community structure (Liu et al, 2019). Mangroves play crucial ecological roles,
including maintaining biodiversity and promoting the circulation of coastal materials
and energy flow (Mattone and Sheaves, 2024). Microorganisms function as key
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components of the mangrove community, playing essential roles in
the recycling of biochemical elements, particularly in the carbon
sequestration cycle (Zhuang et al., 2020; Sunish, 2024).
Furthermore, they drive many of the complex biogeochemical
cycles essential for the high productivity of mangrove ecosystems,
accelerating processes such as carbon fixation, ammonia oxidation,
nitrogen fixation, sulfide oxidation, and Dimethyl
sulfoniopropionate (DMSP) catabolism (Lin et al., 2019). For
example, in the sulfur cycle, microorganisms link the oxidation of
sulfides and the reduction of sulfates to carbon dioxide assimilation
(Wu et al.,, 20215 Zhou et al., 2025). Meanwhile, the construction of
microbial communities is important for ecosystem function
(Bittleston, 2024), and can greatly affect their ecological functions
in biogeochemical cycles. Therefore, understanding the regulatory
factors of microbial communities in mangrove ecosystems is crucial
due to their ecological significance in coastal areas.

Sulfate reduction is the most important respiratory process in
mangrove sediments. Through this process, the microbial
community couples the sulfur and carbon cycles (Lin et al., 2019).
In one prior study, Liu et al. applied amplicon sequencing to analyze
the community structure of bacteria and archaea in mangrove
wetland soil, identifying Desulfobacterales and Syntrophobacterales
as dominant taxa, further supporting their contributions to sulfur
recycling (Liu et al., 2019). However, growing evidence indicates
that such activities may also be influenced by sediment physical
characteristics, particularly megafauna burrowing (Booth
et al., 2023).

Lucinid clams (Lucinidae) are considered dominant benthic
organisms in mangrove ecosystems, often inhabiting sediments
around peri-mangrove sediments (Rondinelli and Barros, 2010;
Lim et al, 2019). Lucinids play a dual role in shaping sediment
microbial communities. First, their gills harbor endosymbiotic
sulfur-oxidizing bacteria, which oxidize reduced sulfur
compounds, potentially influencing the sediment biogeochemistry
(Distel and Felbeck, 1987; Taylor et al., 2014; Martin et al., 2020).
Second, these microorganisms contribute to the mineralization of
organic nitrogen and phosphorus, as well as anaerobic nitrogen
fixation (Welsh, 2000). Third, their burrowing activity triggers
physical and chemical changes in the sediment (Gadeken and
Dorgan, 2022), introducing oxygen, altering nutrient gradients,
and creating microhabitats. The chemosynthetic symbiosis
involving lucinid clams can significantly impact marine benthic
ecosystems by altering sediment nutrients and influencing
surrounding biological communities (Newton et al., 2008). These
changes can influence microbial diversity, community structure,
and functional capacity, including sulfur and nitrogen cycling
(Osvatic et al., 2020). Even the interactions between
chemosynthetic lucinid bivalves and seagrass have been widely
studied (van der Heide et al., 2012; Petersen et al., 2016).
However, the impact of these interactions on microbial
communities remains a topic of debate.

The distribution of benthic organisms varies across different
intertidal zones (Zamprogno et al, 2012), and the distribution
patterns of different lucinids also differ (Taylor et al., 2014).
Herein, we investigated the role of lucinids in structuring
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sediment microbiomes and altering biogeochemical processes in
mangrove sediments. We hypothesized that this clam’s burrowing
activity and endosymbiotic relationships would considerably
influence microbial community composition and metabolic
functions, thereby highlighting an overlooked ecological
interaction in mangrove ecosystems. This study aimed to bridge
the knowledge gap in this field by elucidating the role of lucinids in
sedimentary microbial composition and potential metabolic
processes, which has implications for understanding nutrient
cycling and ecosystem functioning in mangrove habitats.

2 Materials and methods
2.1 Sampling area and sample collection

The distribution of Indoaustriella scarlatoi (Zorina, 1978,
Lucinidae) in the intertidal mangroves of Huiwen Town, Hainan
Island (19°26'N, 110°64’E) was assessed through the random
placement of sampling quadrats along transects in a mangrove
wetland region. These two independent sampling experiments were
conducted in January and September, respectively. The quadrat size
was 20x20 cm. The vertical distribution of I scarlatoi in the
sediments was estimated using pushcore-sampled columns.
Samples were collected from areas with high (the mid-tidal zone)
and low (the low-tidal zone) lucinid densities (Figure 1). In each
area, three columnar sediment samples were collected using a
pushcore sediment sampler. The sampling interval between
samples in each area was approximately 10 m. Sediment samples
from regions with high lucinid density (the mid-tidal zone) were
labeled M1, M2, and M3. Sediment samples from areas with low
lucinid density (the low-tidal zone) were labeled L1, L2, and L3.
After collection, samples were sliced to a thickness of 10 cm using a
sterile scraper, placed in sterile sampling bags, and stored on dry ice.
Among them, those collected from a depth range of 0-10 cm were
labeled as upper, while those collected from a depth exceeding 10
cm were labeled as lower (i.e. M-upper, L-upper, M-lower, and L-
lower). In the laboratory, the samples were stored at —80°C before
DNA extraction and microbial community analysis. Meanwhile, the
collected sediment samples were acidified in the laboratory, and
then the acidified samples were used for the determination of
organic matter, including total organic carbon (TOC) and total
nitrogen (TN).

2.2 DNA extraction and amplicon
sequencing

DNA was extracted from all sediment samples using the DNeasy®
PowerSoil Pro Kit (QIAGEN GmbH, Germany). DNA concentrations
were subsequently measured with a Qubit 2.0 fluorometer (Invitrogen,
Singapore). The V3-V4 region of the 16S rRNA gene was amplified
with primers 341F (5-CCTAYGGGRBGCASCAG-3’) and 806R (5-
GGACTACNNGGGTATCTAAT-3") (Youssef et al., 2009; Caporaso
et al, 2011). Each PCR reaction contained 15 pL of Phusion High-
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FIGURE 1

Schematic diagram of the sampling sites. The red square area labeled M represents the sampling points with a relatively high density of Lucinidae in
the mid-tidal zone, while the blue triangular area L indicates the sampling points with a relatively low density of Lucinidae in the low-tidal zone. The
panel in the upper left corner shows the main target species, I. scarlatoi, collected in this study. M1, M2, M3 represent three sampling points
collected in the M site. For each sampling point, one sediment sample column was collected, and each sediment sample column was divided into
two samples: upper and lower. Similarly, L1, L2, L3 represent the corresponding meaning.

Fidelity PCR Master Mix (New England Biolabs), 0.2 pM of each
primer, and 10 ng of genomic DNA template. The PCR conditions
included an initial denaturation step at 98°C for 1 minute, followed by
30 cycles of 98°C for 10 seconds, 50°C for 30 seconds, and 72 °C for 30
seconds, with a final extension step of 72°C for 5 minutes. The 16S
rRNA gene sequencing library was prepared using the NEBNext DNA
Sample Preparation Kit, quantified with a Qubit fluorometer and
qPCR, and sequenced on the Illumina NovaSeq platform with 250
bp paired-end reads.

2.3 Amplicon sequencing data processing

Cutadapt and fastp v0.23.1 software (Bokulich et al., 2013) were
employed to splice and filter the raw data. FLASH v1.2.11 (Magoc
and Salzberg, 2011) was applied to concatenate the reads of each
sample to obtain effective tags. To minimize the effect of sequencing
depth on subsequent analyses of alpha and beta diversity, the
number of sequences for all samples was reduced to 20,000, while
the average sequencing coverage for each sample still reached
99.09% following this reduction. Based on the filtered data, the
DADA2 module in QIIME2 software (Li et al., 2020) was applied
for noise reduction to obtain the final amplicon sequence variants
(ASVs) and feature list (Wang et al., 2021).

2.4 Bioinformatic analysis

The classify-sklearn algorithm of QIIME2 was applied for each
representative sequence of ASVs (Bokulich et al., 2018; Bolyen et al.,
2019) and the Silval38.1 database (Quast et al., 2013) was applied
for taxonomic annotation. Species-based abundances were
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calculated based on the taxonomic annotation. Alpha diversity
was calculated using phyloseq in R (Xia et al,, 2018), and shared
and sample-unique taxa were determined using the abundance data.
The Ade4 and ggplot2 software packages, along with R, were
applied to reduce the dimensionality of the original variables for
principal component analysis (PCA). To further explore the
differences in community compositions among grouped samples,
statistical analysis methods such as STAMP v2.1.3 (Parks et al,
2014) and Welch’s t-tests were chosen, with a significance level
threshold of 0.05. PICRUSt2 software was applied to perform
functional prediction analysis of microbial communities in the
samples (Douglas et al., 2020).

3 Results

3.1 Microbial community divergence in
lucinid-abundant and non-abundant
regions

The water temperatures at the two sampling sites are both
approximately 20°C + 2°C, and the salinities are both approximately
32%o, but their respective TOC contents differ. It can be observed that
the organic matter content of the Jan-M-upper (0.01369% + 0.00151%)
is slightly higher than that of the Jan-L-upper (0.01181% =+ 0.00416%),
although no significant difference was detected (Figure 2).

The density of I scarlatoi in the M and L sites was 437.5 + 62.5
individuals/m® and 37.5 + 12.5 individuals/m> in January,
respectively. While the clams were distributed within the top 10
cm of the sediments, primarily at depths of 4-8 cm. In September,
we also found that the density of lucinids at the M site was higher
than that at the L site, and their distribution depth was also 4-8 cm.
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The relative content of TOC and TN in sediments in January. The M-upper represents the microbial community collected from the upper layer (0—
10 cm) of the M sediments, and M-lower represents those collected from the deeper layer (> 10 cm in depth). Similarly, L-upper and L-lower
represent the microbial community samples collected from the upper and deeper layers of the L site sediments, respectively.

PCA analysis was conducted based on the relative abundance of
ASVs in January (Figure 3a). Overall, the samples were
predominantly separated along PC1 based on their sampling
depths. At depths where the clams were predominantly located,
microbial communities from the two sites were distinctly separated
along PC2 (Figure 3a). These results indicate that the higher
abundance of lucinids in the M site played a major role in
shaping the microbial communities, contributing to the observed
differentiation. We also performed non-metric multidimensional
scaling (nMDS) analysis on the sediment samples and found that
the results were consistent with the patterns revealed by the PCA
analysis (Figure 3b). We also performed PCA and nMDS analyses
on another independent experiment and found the same pattern of
conclusions (Figures 3c, d).

The o-diversity and richness of microbial communities with
abundant lucinid clams (M sites) are significantly higher than those
with fewer lucinids (L sites, Figure 4a) in both upper and lower
layers. Taken together, these results indicate that the upper and
lower layers showed significantly higher diversities in the lucinid-
abundant zone (that is, the M site), indicating that the presence of
symbiotic lucinids may contribute to the diversity of the microbial
community. Similarly, in another independent experiment, the
microbial community diversity and richness in the M site with
abundant lucinids were significantly higher than those in the L site
with fewer lucinids (Figure 4b).

3.2 Differences of microbial compositions

We subsequently compared the microbial community
compositions of the sediments in M and L site. The results
showed that 221 orders were commonly detected in the samples
from Jan-M-upper and Jan-L-upper. In contrast, the number of
common microbial orders in the samples from Jan-M-lower and
Jan-L-lower was 193 (Figures 5a, b). There were 48 unique orders in
the Jan-M-upper samples, accounting for 0.42% of the total
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abundance of the microbial community (Figure 5a). These unique
microbial orders included Thermodesulfovibrionia which was
regarded as functional group of sulfate-reducing bacteria (SRB).
In contrast, 36 unique orders were observed in the Jan-L-upper
samples, with Desulfuromonadia being a typical representative
which may be involved in SRB. These microbial orders were not
found in the Jan-M-upper samples, and they accounted for 0.26% of
the total abundance of the microbial community (Figure 5a). For
the Jan-M-lower, 20 exclusive orders were detected, representing
0.12%, while 57 orders, or 0.58%, were only found in the Jan-L-
lower (Figure 5b). The unique microbial order in Jan-M-lower
includes Syntrophomonadales which was regarded as a functional
group of strict anaerobic bacteria. In contrast, among the unique
microbial orders observed in Jan-L-lower, Nitrosopumilales was a
typical representative, and it may also be involved in the processes
related to aerobic ammonium oxidation. As the abundance of these
unique microbial communities was at a relatively low level, their
contribution to the differences in the entire microbial community
was not obvious.

We subsequently compared the abundance of dominant taxa,
represented by the top 20 abundant taxa in these samples at the
order level, between the M and L sites (Figures 5c, 6a). Microbes
belonging to these taxa were present in both regions, but showed
differences in abundance. Regarding the most abundant taxa,
Desulfobacterales accounted for a significantly higher proportion
in the Jan-M-upper samples compared with those from Jan-L-
upper (Figure 6¢), and this significance was maintained in
comparisons of deeper-layer samples from Jan-M-lower and Jan-
L-lower (Figure 6d). A sulfur-reducing-related group,
Desulfatiglandales, was more abundant in the Jan-M-upper than
in the Jan-L-upper, although without reaching significance
(Figure 6¢). Additionally, Bacteroidales exhibited a significantly
higher abundance in the Jan-M-upper compared with the Jan-L-
upper (Figure 6¢). Conversely, Actinomarinales, Flavobacteriales,
and Polyangiales were significantly more abundant in the Jan-L-
upper site (Figure 6c¢). Furthermore, Desulfatiglandales and
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Syntrophobacterales, both containing anaerobic species (Chen et al.,
20205 Zehnle et al., 2023), exhibited higher abundances in the Jan-
M-lower and Jan-L-lower sites. These results underscore the
significant compositional differences in microbial communities
between the M and L sites, and highlight the role of lucinids in
shaping the microbial structure in each area. Many of these
differentially distributed bacteria were associated with sulfur
metabolism or organic matter degradation, which are closely
linked to the sulfide-cleaning role of the lucinid clams.
Meanwhile, we also found that Chromatiales shows a slightly
higher abundance in Jan-M-upper than in Jan-L-upper samples.
However, the abundance difference of Chromatiales between the
two sample types is not statistically significant (Figure 6a). We also
observed similar conclusions in another independent experiment.
For example, the abundance of Desulfobacterales was higher at the
M site, Chromatiales showed a slightly higher abundance in the Sep-
M-upper samples than in the Sep-L-upper samples, and
Desulfatiglandales also exhibited higher abundances at the Sep-M-
lower and Sep-L-lower sites (Figure 5d).

We also performed phylum- and genus-level taxonomic
characterizations of microbial communities across different areas
and observed the same pattern in January. The phylum
Desulfobacterota, which encompasses Desulfobacterales, exhibited
higher abundances at the M site than at the L site (Figure 7a).
Meanwhile, the genera Sva0081_sediment_group and SEEP-SRBI,
which are classified under Desulfobacterales, also showed consistent
trends (Figure 7b). Similarly, both the phylum Desulfobacterota to
which Desulfatiglandales belong and the genus Desulfatiglans
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within Desulfatiglandales displayed higher abundances in M site
compared to L site (Figure 7). These findings are consistent with
those observed at the order level.

3.3 Relative abundance and functional
gene prediction of dominant populations

We next predicted the relative abundance of functional genes in
microbial communities (Figure 8), identifying significant
differences in functional genes associated with nitrogen and sulfur
cycles between the M and L sites. Among the various nitrogen cycle-
associated genes, those involved in the process of dissimilatory
nitrate reduction to ammonia (nirBD and narGHI) exhibited higher
abundance in the Jan-M-upper site.

compared with the Jan-L-upper site. However, genes associated
with the denitrification from nitrite to nitrogen (nirK and nosZ) were
less abundant in the M site. This tendency may be associated with
differences in microbial structure and sediment redox conditions. The
results suggest the nitrate respiration are important in mangrove
sediments, but were implemented by different taxa through various
pathways. For sulfur cycle-related genes, sulfur reduction-associated
functional genes (sat, aprAB and dsrAB) demonstrated a significantly
higher abundance in the M site. Moreover, sulfur oxidation genes (sqr,
fecAB and sox) also showed significantly higher abundance in the Jan-
M-upper site. These oxidation genes catalyze the conversion of sulfides
to sulfate or other oxidized sulfur compounds, suggesting the presence
of an active sulfur cycle in the M site.
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FIGURE 4

Comparisons of a-diversities in January (a) or September (b). Statistical analyses of microbial community indices in different regions (*p < 0.05, **p <
0.01) show that the species richness in the M site is higher than that in L site, and the species diversity in the M site is relatively superior.

4 Discussion

In the PCA analysis, samples from various sampling zones and
depths exhibited a distinct distribution pattern, possibly associated with
the varied distribution densities of lucinids across different sites and
depths. Meanwhile, the distribution of macrofauna such as lucinids and
the differences in sediment redox conditions influence each other (Taylor
et al,, 2014; van der Geest et al,, 2020). The M site demonstrated higher
species richness and microbial diversity, which could be attributed to the
fact that the presence of lucinids altered the geochemical characteristics of
the surrounding sediments (Distel and Felbeck, 1987; Meyer et al., 2008;
Osvatic et al,, 2020), thereby providing more favorable environmental
conditions for microbial development growth.

Desulfobacterales, which are SRB capable of reducing sulfate to H,S
(Zhang et al., 2022), exhibited a significantly higher abundance in the
M site, regardless of whether they were located in the surface or deeper
layers. This suggests that sulfate reduction may be more active in the M
site. Similarly, another group involved in sulfate reduction,
Thermodesulfovibrionia (Umezawa et al.,, 2021), was only detected in
the M site. Although the L site also contained some specific SRB, such
as Desulfuromonadia (Waite et al,, 2020; Langwig et al,, 2022), the
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estimation of the abundances of sulfur-metabolizing genes was
significantly higher in the M site than the L site, with this difference
being particularly pronounced in the surface layer. The possible reason
for this could be that L-upper is situated in the low-tide zone, where it
undergoes relatively longer immersion by seawater. The prolonged
seawater immersion leads to a more sustained anoxic state in the
sediment environment of this area, providing a more stable reducing
environment for sulfate-reducing bacteria. The Desulfuromonadia
group may possess greater competitive advantages in such an
environment characterized by long-term immersion and stable
anoxia (Aullo et al, 2013; Xie et al, 2021), resulting in a higher
relative abundance in L-upper. In contrast, M-upper is located in the
mid-tide zone, where frequent alternations between wet and dry
conditions occur. The growth of Thermodesulfovibrionia still relies
on the supply of organic carbon in the surrounding environment
(Frank et al., 2016). These results indicate that the sulfate-reduction and
organic matter-degrading bacteria, such as Desulfobacterales and
Thermodesulfovibrionia, are more abundant in the M site, where
lucinid densities were higher. Through the determination of TOC in
sediments, it was found that the organic matter concentration in Jan-
M-upper was higher than that in Jan-L-upper. High concentrations of
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Comparisons of microbial communities at the order level and abundances of the top 20 orders. (a) Venn diagram at the order level of the sediments
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FIGURE 6

Statistical analyses of differentially distributed microbes. Clustering heat maps of dominant groups in the M and L sites at the order level in January (a) or
September (b). Statistical analyses of differentially distributed microbes in Jan-M-upper and Jan-L-upper (c). Differences were calculated using T-tests.
Significant differences in the abundances of microbes in the deeper-layer (Jan-M-lower and Jan-L-lower) (d). Significances were calculated using T-test.

Clostridiales
Spirochaetales "
Aminicenantales
Synirophobacterales
Desulfatiglandales
Fusobacteriales
Bacteroidales
Desulfobacterales
Thiotrichales 3

Flavobaceriales
Thermoanaerobaculales
Pseudomonadales
Chitinophagales
Rhodobacterales
Steroidobacterales

Actinomarinales

(b)

FrTa— JanMdower JaLrlowss Sop-Mespper
(c) (d)
—— —e—i  ous [ =
— —e—i oosse
Pa—
h —e—i oonte
b ~ — Cyamotacterstes |
oo
F - —
p— - oo
r—— Y
Luesitac - aosse
- soss |
- acore
. Asseroioeios
o0ss* Jan-M-upper
| =g
—
! d mnsmss |
s |
Lachaopies | > oo
suvgroup 17 | o oo ——
Desut > |
[SS—
o > -
i s - Lre—

0155005 -
Means in grovps Di

Frontiers in Marine Science

Sep-L-upper

Burkholderiales
Fusobacteriales
Syntrophobacterales
Desulfatiglandales
Aminicenantales
Campylobacterales
Corynebacteriales
Chromatiales
Thermoanaerobaculales
Flavobacteriales
Desulfobulbales
Chitinophagales
Actinomarinales
Rhodobacierales
Steroidobacterales
Pseudomonadales
Chioroplast
Desulfobacterales

o o0s o1

Means in groups

07

015 0028

Sep-M-lower Sep-L-lower
s confidence intervals
—e—— oot
.l 0023
® 0029
{ ] 0.000%
- 0,004+
L | 0.039%
g oo £ Jan-Mclower
Jan L-lower
- 0.003+
® o0.001
® 0041
> o012+
4 oo1s*
> o021+
o oos oos

Difference between groups

frontiersin.org


https://doi.org/10.3389/fmars.2025.1606783
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Shi et al.

10.3389/fmars.2025.1606783

(a) 100
Calditrichota
Verrucomicrobiota
80+
o
S
3
% 60 Gemmatimonadota
2 Sva0485
_% Latescibacterota
< Cyanobacteria
L 404 Acidobacteriota
E Fusobacteriota
= Actinobacteriota
& Bacteroidota
Desulfobacterota
20 B Chioroflexi
B Proteobacteria
0- = per et et
~up? E oW AoW
oM URPT L ARPE Jan A
FIGURE 7

Comparisons of microbial communities at the different levels and abundances of the top 20 orders in January. The level of phylum (a) and genus (b).

niftt
nosz
nirk

nirD

norB
nir§.
narH
narl
narG

nirB

napB

napA

Jan-M-upper Jan-L-upper Jan-M-lower Jan-L-lower

Sep-M-upper

Sep-L-upper Sep-M-lower Sep-L-lower

FIGURE 8

Clustering heat maps of functional gene prediction in M site and L site. Functional genes associated with nitrogen (a) and sulfur (b) in January.

Functional genes associated with nitrogen (c) and sulfur (d) in Septembe

(b) 25

Relative Abundance (%)

norC N

r.

B Marinobacterium
unidentified_Gammaproteobacteria
Vibrio

Actibacter

SCGC-AB-539-J10
Candidatus_Thiodiazotropha
Clostridium_sensu_stricto_1

Bl Candidatus_Thiobios

[ unidentified_Sandaracinaceae
[ Robiginitalea
Sva0081_sediment_group
unidentified_Chloroplast
Desulfatiglans

Woeseia

B Propionigenium

i

‘a“_N\-“V"e‘ » PRt !a“_M.\cW‘ ‘a“_\:\""'e‘

dsrd
dsrB
aprB
aprd
soxC
feed

soxZ
sox¥
soxB
sox¥
soxd

sqr

fecB

Jan-M-upper Jan-L-upper Jan-M-lower Jan-L-lower

dsrd
aprB 1
dsrB

aprd

fecd
soxB -1
soxZ

soxY.

soxA
sqr

JfecB

sat

Sep-M-upper Sep-L-upper Sep-M-lower Sep-L-lower

organic matter can drive the sulfur cycle process. Desulfobacterales can
use organic matter as both a carbon source and an energy source
(Higashioka et al., 2013), so an increase in organic matter
concentration could promote the growth and reproduction of this
group. In turn, the sulfide produced by these bacteria through sulfate
reduction could provide an important energy source for lucinid clams
(Higashioka et al., 2013).

The symbiotic bacteria of lucinids are primarily sulfur-oxidizing
gamma-proteobacteria (Zauner et al,, 2022; Alcaraz et al,, 2024). The
same taxonomic groups of the symbiotic bacteria were also existed in
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the environment. As a symbiotic bacterium of lucinids, Chromatiales
exhibits a slightly higher abundance in the Jan-M-upper sample
compared with that in the Jan-L-upper sample. However, the
difference in abundance is not statistically significant. Symbiotic
bacteria can utilize physiological processes such as chemosynthesis to
supply essential nutrients to the host organisms, playing a crucial role
in the survival and metabolism of the hosts (Ratinskaia et al., 2024).
These endosymbiotic bacteria oxidize H,S to fix CO, and synthesize
organic matter (Powell and Somero, 1986), thereby providing energy
and nutrients to hosts. The interaction between SRB and the symbiotic
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bacteria of lucinids promotes sulfur cycling in the environment. When
SRB abundance is high and lucinid density is large, sulfur cycling
efficiency is significantly enhanced, likely due to an increase in organic
matter input. The increased organic matter stimulates active sulfate
reduction, producing substantial amounts of H,S (Zhou et al,, 2025).
This H,S provides abundant substrates for the symbiotic bacteria of
lucinids, thereby sustaining the high lucinid density. Furthermore, the
highly activated sulfur cycle may accelerate the carbon fixation driven
by the sulfide-oxidizing process of the lucinid symbiont (Osvatic et al,,
2021). Meanwhile, the results of functional genes also showed that
high-abundance sulfur reduction genes (sat, aprAB and dsrAB) can
facilitate the reduction of sulfate to sulfides, which may lead to an
increase in sulfide concentration in sediments (Yu et al., 2021) and
provide energy for the chemosynthesis of symbionts in lucinid.

The abundance of genes associated with denitrification of nitrite to
nitrogen gas (nirK and nosZ) were lower in the M site, a trend that may
be related to differences in microbial community structure and sediment
redox conditions. In the environment, the presence of lucinid clams,
such as through processes like bio-irrigation, alters the redox
environment of sediments, which in turn influences denitrification.

Specifically, the feeding and excretion activities of lucinid may
introduce organic matter into sediments, which can then serve as a
carbon source for SRB (Lebata, 2001). Research has also shown that the
respiration of lucinids may deplete dissolved oxygen in the sediments,
creating locally anoxic conditions in their activity zones. These
conditions are favorable for the growth and metabolic activities of
SRB (Zhang et al,, 2023). Therefore, the consumption of sulfur by
lucinid symbiotic bacteria could be regarded as an ecological
disturbance factor with the potential to trigger changes in microbial
community structure (Breusing et al,, 2020). Meanwhile, behaviors
such as bioturbation by lucinids can cause bioturbation in sediments
(Mermillod-Blondin et al., 2004; Volkenborn et al., 2007), enhancing
sediment aeration and redox potential, reducing the accumulation of
harmful substances like H,S in sediments, and improving the substrate
environment. Over time, these changes may drive the succession of
microbial communities and are beneficial for the growth of mangrove
plant roots and the survival of microorganisms.

Although this study observed similar phenomena in two
different sampling sites, which include the high abundance of
Desulfobacterales in areas with more lucinid clams, it would be
more robust to incorporate additional manipulative experiments to
control and investigate the effects of lucinids on environmental
microbes. Additionally, as numerous environmental factors
influence microbial communities under field conditions, and this
study cannot comprehensively cover all environmental variables
and factors, manipulative experiments can further elaborate on the
regulatory relationship between lucinid clams and microbial
communities based on the patterns discovered in this study.

5 Conclusion

In this study, we demonstrated that the diversity and structure of
microbial communities vary with varied lucinid density. Specifically,

Frontiers in Marine Science

10.3389/fmars.2025.1606783

microbial groups involved in sulfur and nitrogen cycling, such as
Desulfobacterales, are more abundant in sediments rich in lucinids,
highlighting the role of lucinid clams in reshaping microbial
communities through bioturbation and chemosymbiotic activities.
The coexistence of SRB and lucinid holobiont, likely driven by
higher organic matter input, actively drives the sulfur cycle and
enhances carbon fixation in these mangrove ecosystems.
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