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Most studies on the genesis of polymetallic nodules suggested that nodules in
the South China Sea (SCS) are hydrogenetic; however, the complexity and the
heterogeneity in hydrology and geochemistry of the SCS might cause different
processes of nodule formation, impacting their application and economic value.
Microbial-mediated ferromanganese deposition is an important process in
nodule formation, but the related microbial potentials are still unclear in the
SCS. In this study, we sampled in three typical regions (A, B, and C) of the SCS
enriched with polymetallic nodules. Firstly, we investigated environmental and
microbial characteristics of the water columns to determine the heterogeneity of
upper seawater that directly influenced deep-sea environments. Then, microbial
compositions and structures in sediment cores, overlying waters, and nodules
(inside and outside) collected within the same region were analyzed for inferring
features of nodule environments. Microbial interactions between nodules and
surrounding environments were estimated with collinear network analysis. The
microbial evidence indicated that geochemical characteristics in deep sea of the
SCS that were key to the polymetallic nodule formation were severely affected by
organic matter flux from upper water column. The sediment in region A was sub-
oxic due to the large input of terrigenous and phytoplankton-derived organic
matter, potentially enhancing the overflow of reduced metals from the
porewater. The intense microbial interaction between nodules and surface
sediment reinforced the origin of metals for the ferromanganese deposition
from the sediment (diagenetic type). Contrarily, the sediments in regions B and C
were relatively rich in oxygen, and metal ions could be majorly supplied from
seawater (hydrogenetic type). The large discrepancy in microbial communities
between nodule inside and remaining samples suggested that nodules
experienced a long-term formation process, consistent with the feature of

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1430572/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1430572/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1430572/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1430572/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1430572/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1430572&domain=pdf&date_stamp=2024-11-11
mailto:liuqian@sio.org.cn
https://doi.org/10.3389/fmars.2024.1430572
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1430572
https://www.frontiersin.org/journals/marine-science

Lai et al.

10.3389/fmars.2024.1430572

hydrogenetic nodules. Overall, distributions and interactions of microbial
communities in nodules and surrounding environments significantly
contributed to the nodule formation in the SCS by manipulating
biogeochemical processes that eventually determined the source and the fate

of metal ions.
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1 Introduction

Polymetallic nodules are important metal sinks in the ocean,
tremendously impacting on global ocean metal chemistry (Hein and
Koschinsky, 2014; Shiraishi et al., 2016; Chen et al., 2018). They
contain rich Mn, Cu, Ni, Co, rare earth elements, and platinum group
elements, being considered as economically significant metal sources
(Hein et al,, 2013, 2015; Hollingsworth et al., 2021). The nodule
formation mechanism has been studied since the 1960s (Ehrlich,
1963). Polymetallic nodules usually form at the water-sediment
interface, where the sedimentation rate is low (Jiang et al., 2020).
They grow slowly (several to hundreds of mm myr ") via concentric
accumulation of iron and manganese oxides around nuclei (Shiraishi
etal,, 2016; Jiang et al., 2020). Although inorganic processes are often
emphasized with respect to the nodule formation, the evidence for
the significance of the microbial role in nodule formation is
accumulating (Li et al., 2021). Recent studies on micromorphology
and microbial community structure reveal microbial contribution to
the nodule formation in marine environments; for example, a high
abundance of nodule-specific Mn-cycling bacteria (e.g., Shewanella,
Colwellia, and Pseudoalteromonas) were identified in nodules from
an abyssal plain (Wu et al, 2013; Blothe et al, 2015), and the
microbial communities of the nodules were significantly distinct
from the communities in surrounding sediments (Tully and
Heidelberg, 2013). These results provide some clues to the
biologically driven metal cycle associated with the nodule
formation in the seafloor environment.

Generally, polymetallic nodules are classified based on the
source of metal ions in the ocean (Chen et al., 2018). A Mn-(Cu
+Co+Ni)-Fe ternary diagram is used to divide ferromanganese
deposits into three types: hydrogenetic, diagenetic, and
hydrothermal types (Halbach et al., 1981). Nodules are solely
hydrogenetic when all constituents are derived from seawater
(e.g., Cook Islands; Hein et al., 2015) or solely diagenetic when
metal ions originate from sediment porewaters (e.g., Peru Basin;
von Stackelberg, 2017). Most nodules acquire metals from both
sources (Hein and Koschinsky, 2014). Hydrothermal nodules often
precipitate in the vicinity of vent sites from fluids with temperatures
higher than ambient bottom waters (Gonzalez et al., 2016).
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Polymetallic nodules in the Pacific Ocean have been studied
extensively with hydrogenetic type in the north-equatorial region
and diagenetic type in the east Pacific. Nodules from the Clarion-
Clipperton Zone (CCZ) located in the northeast equatorial Pacific
Ocean and Central Indian Ocean Basin represent mixed
hydrogenetic-diagenetic nodules (Kuhn et al.,, 2018; Hein et al,
2020), while those from the Peru Basin are mainly diagenetic origin
(von Stackelberg, 1997; Zhong et al., 2017).

Marginal seas have been regarded as unfavorable for the
formation of ferromanganese nodules, as the large influx of
terrigenous sediments can easily dilute Fe and Mn oxides and
bury any potential precipitates that may form polymetallic
nodules (Zhang et al., 2013). However, the exploration progress
in marginal sea shows enriched nodules and crust distributions,
such as Galicia Bank at the northwest Atlantic Iberia margin
(Gonzalez et al., 2016), the Gulf of Cadiz (Gonzalez et al., 2012),
the California continental margin (Hein et al., 2005), and Canary
Island Seamount Province (Marino et al., 2017), where Fe-Mn
deposits are mostly hydrogenetic. As the third largest marginal sea
of the world, the investigation of the metallogenic and exploration
potentials of polymetallic nodules in the South China Sea (SCS) has
been in progress (Zhang et al., 2013; Guan et al., 2017; Zhong et al.,
2020; Ren et al,, 2023). Increasing detection of Fe-Mn polymetallic
deposits in the central basin of the SCS in recent years (Hang and
Wang, 2006; Guan et al., 2017, 2019) has suggested that nodules in
the SCS are mainly hydrogenetic in terms of the ore composition
and the ratio of iron to manganese (Guan et al., 2017; Ren et al,,
2023). However, the recognition of nodule types and formation still
remains limited in the SCS due to the shortage of nodule
exploration and lack of the understanding of microbial
contributions. In this study, we selected three typical regions in
the SCS where the nodules were ubiquitously distributed and
intended to investigate the impact of environmental heterogeneity
on geochemical and biological characteristics at the interface of
nodules and surrounding environments to understand the
mechanisms of polymetallic nodule formation in the SCS. The
hypothesized models of the nodule formation were proposed based
on the microbial-derived interactions between nodules and

surrounding environments.
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2 Methods and materials

2.1 Sample collection

The survey was conducted in the SCS during the cruise DY38 by
RV Xiangyanghong 9 from 7 April to 13 May in 2017. We sampled
at regions A, B, and C where the nodules were detected (Figures 1A,
B; Table 1). Region A was located on the edge of the northern slope,
and regions B and C were on seamount slopes in the Xisha Sea area
and near the Luzon Strait, respectively (Figure 1A). Within each
region, seawater samples were collected from discrete depths of the
water column at stations CTDA, CTDB, and CTDC using a
conductivity-temperature-depth (CTD, SBE 911plus, Sea-Bird
Electronics, Bellevue, Washington, US) rosette sampler equipped
with 24 10-L sampling bottles (Table 1). Temperature and salinity
were monitored with sensors on CTD. The samples for measuring
concentrations of particulate organic carbon (POC), dissolved
oxygen (DO), chlorophyll-a (Chl-a), and dissolved inorganic
nutrients (NO5;~, NO,~, and NH,") in the water column were
collected on board and analyzed following the standard methods
for the specification for marine monitoring (GB 17378-2007).
Briefly, DO concentrations in seawater were measured with the
Winkler titration method onboard. Water samples (~1 L) for the

(A)

(B

10.3389/fmars.2024.1430572

analysis of Chl-a were filtered on 47 mm Whatman GF/C glass fiber
filters, and Chl-a was extracted into 90% acetone and measured
with a Trilogy Laboratory Fluorometer. Approximately 100-mL
filtrates were frozen at —20°C for each sample, and [NO; ], [NO, ],
and [NH,"] were determined by SmartChem® 600 Automated
Discrete Analyzer (KPM Analytics located in Westborough, MA,
USA) in the laboratory. Approximately 5 L water was filtered on
precombusted Whatman GF/F filter for POC concentration
measurement. The filters were frozen at -20°C until analysis. In
the laboratory, the filters were dried at 50°C for 48 h and fumigated
using HCI (12 mol/L) for 24 h. They were washed by Milli-Q water,
dried at 50°C for 48 h, and measured with an elemental analyzer
(Flash EA 2000, Thermo Fisher Scientific, Lenexa, KS, USA).
Meanwhile, we selected typical depths (surface, depth of Chl-a
maximum, bottom of epipelagic zone, mesopelagic zone, oxygen
minimum zone, bathypelagic layer, and near bottom depth) for
microbial community analysis (Table 1). A total of 5 L of seawater
was filtered through 0.22-pm pore size filters, which were stored at
—-80°C onboard until subsequent analysis. Polymetallic nodules
(n=11), sediment column (0-22 c¢m; n=33), and ~150 ml of
overlying water (n=5) of the surface sediment were aseptically
sampled from pushcores using the manned submersible
“Jiaolong” during dives A-C in regions A-C, respectively
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FIGURE 1

Study regions and specific sampling sites in the South China Sea (SCS). (A) A map showing the sampling areas of the SCS, including region A (CTDA
and DiveA), region B (CTDB and DiveB), and region C (CTDC and DiveC); (B) nodules sampled from different dives in the SCS; (C) temperature (°C)-

salinity diagram (T-S) from all CTD stations in the SCS.
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(Table 1; Supplementary Figure 1). On board, a series of sample
operations were conducted after removing the samples from the
push core. The nodules were gently cleaned with aseptic waters, and
small portions (approximately 0.5 g) of surface and interior samples
were collected using a sterile chisel and hammer. Sediment samples
were sectioned at an interval of 2 cm. Nodule and sediment samples
were sealed individually in axenic bags. The overlying water was
processed by the same approach as the seawater sample. All samples
were stored at —80°C for microbial analyses.

2.2 DNA extraction, PCR amplification, and
Illumina sequencing of 16S rRNA genes

DNA was extracted from filtered water samples, 0.5 g of nodules,
and sediment samples (n=68; Table 1) with the Fast DNA"™ SPIN Kit
for Soil (MP Bio, Carlsbad, CA, USA) following the steps
recommended by the manufacture, including the bead-beating for
additional cell disruption prior to the extraction in nodule and
sediment samples (Lindh et al, 2017; Shulse et al, 2017). The
DNA concentration and quality were assessed using a NanoDrop
ND-2000c Spectrophotometer (Thermo Scientific, Inc., USA).
Extracted DNA was stored at — 80°C for downstream sequencing.

The V3-V5 hypervariable regions of archaeal 16S rRNA genes
were amplified by the primer pair Arch344F (ACGGGGYGCA
GCAGGCGCGA)/Arch915R (GTGCTCCCCCGCCAATTCCT)
(Zheng et al., 2013), and the primer pair of 338F (5'-
ACTCCTACGGGAGGCAGCA-3")/806R (5'-GGACTACHVG
GGTWTCTAAT-3') was used to amplify the V3-V4 region of
bacterial 16S rRNA genes (Caporaso et al., 2011). The amplicon

10.3389/fmars.2024.1430572

processing was performed as described in Liu et al. (2023). Negative
(no sample) extraction controls were used for PCR amplification to
check for the presence of possible environmental contamination
(Sheik et al., 2018). Pair-end sequencing was carried out by the
Mumina Miseq PE250 platform (Majorbio Bio-Pharm Technology,
Shanghai, China).

2.3 Data analysis

Trimmomatic (Bolger et al., 2014) was used for the quality
control of raw reads following the criteria reported previously (Liu
etal., 2020). Operational taxonomic units (OTUs) were clustered in
UPARSE (Edgar, 2013) at a 97% similarity cutoff and taxonomically
assigned with the Ribosomal Database Project (RDP) naive-
Bayersian classifier against the Silva database Release 138 (http://
www.arb-silva.de). A total of 2,684,460 bacterial 16S rRNA gene
sequences were obtained from 66 samples and 2,875,089 archaeal
sequences from 67 samples (Supplementary Table S1). Specifically,
1,826 bacterial OTUs and 946 archaeal OTUs were recovered from
817,233 bacterial sequences (417 bp average length) and 953,783
archaeal sequences (265bp average length) of 18 water column
samples, respectively, and 6,371 bacterial OTUs and 4254 archaeal
OTUs were identified from 1,867,727 bacterial sequences (434 bp
average length) and 1,921,306 archaeal sequences (335 bp average
length) from samples of sediment, nodules, and overlying water.
The rarefaction curves for the observed OTUs from bacteria and
archaea showed clear asymptotes (Supplementary Figure S2),
indicating a near-complete sampling of the community. OTUs
affiliated with chloroplasts and eukaryotes were removed from

TABLE 1 The geographic information of sampling sites in the South China Sea.

Latitude
()]

Longitude

Stations CE)

Regions

Total water
depth (m)

Sample
types

Sampling depths/names

0, 10%, 30, 50%, 75, 100%, 125, 150, 200%, 300, 500%, 800,

CTDA 118.17 21.73 1,304 seawater
1000, 1303* m
A overlying water DiveA_OW1; DiveA_ OW2
DiveA 117.95 20.98 1,397 sediment 0-22 cm b.s.f.
nodule DiveA_NOI, DiveA_NO2, DiveA_NO3, DiveA_NI
0, 2%, 10, 30%, 50, 85*%, 100, 125, 150, 200*, 300, 500,
CTDB 113.09 17.96 1,957 seawater
800%*, 1000%, 1500, 1977* m
B overlying water DiveB_OW
DiveB 113.07 17.89 1,733 sediment 0-22 cm b.s.f.
nodule DiveB_NOI, DiveB_NO2, DiveB_NII1, DiveB_NI2
0, 10, 30, 50%, 75, 100%, 125, 150, 200%*, 300, 500, 800%,
CTDC 119.23 21.09 1,617 seawater
1100, 1500, 1616* m
c overlying water DiveC_OWI1, DiveC_OW2
DiveC 119.24 21.14 1,773 sediment 0-22 cm b.s.f.
nodule DiveC_NOI, DiveC_NO2, DiveC_NI

*Water samples were selected for microbial analysis.
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subsequent analyses. Sequencing depths of water column samples
were standardized to 28,429 reads for bacteria and 24,682 reads for
archaea. The sequencing depth was normalized to 4,684 reads for
the bacterial sample collected from 1,977 m of CTDB due to the low
number of reads (Supplementary Table S1); however, since the
curve of this sample on the rarefaction curve still showed a clear
asymptote (Supplementary Figure S1), the sample was included in
the analysis. The sequencing depth of each sample was equalized to
22,351 reads in bacteria and 18,195 reads in archaea corresponding
to the lowest sequence number among sediment, nodule, and
overlying water samples. The OTU tables were normalized by
dividing the number of sequences for each OTU by the total
number of sequences in each sample, i.e., normalization to
relative abundances. The results of relative abundance were
visualized in TBtools (version 0.1098765) software (Chen et al.,
2020). Statistical data processing was performed using the Origin
2022 and R (RStudio) 3.6.0 (Kronthaler and Zollner, 2021).

Based on taxonomic information, statistical analysis of
community structure was performed at various taxonomic levels.
Alpha-diversity metrics (i.e., Shannon and Chaol indices) were
calculated based on OTU relative abundances for each sample.
Beta-diversity across samples was analyzed using the Bray-Curtis
distance matrix and visualized using non-metric multidimensional
scaling (NMDS, package Phyloseq) and hierarchical clustering tree.
Nonparametric analysis of similarities (ANOSIM) was performed
on Bray-Curtis community dissimilarities in the R package vegan
(Anderson, 2006). Similarity percentage (SIMPER) in PRIMER
package V6.0 (Primer-E, UK) was used to identify the taxa that
contributed to the dissimilarity between groups (Clarke and Gorley,
2006). The difference in the diversity indices of microbial groups
among different samples were analyzed by Kruskal-Wallis H test,
and the significant level of the difference (p-value) was evaluated.

We performed collinear network analysis using the NetworkX
software (versionl.11; Hagberg et al., 2008) based on bacterial and
archaeal OTUs, respectively, to identify the interaction of four
sample types (nodule outside, nodule inside, surface sediment,
and overlying water) and key species at interfacial layers of
nodules and surrounding environments. The networks were
composed of interconnected nodes, representing the sample node
and the species node, and the connection between these two nodes
indicated the inclusion of the species in the sample. The number of
connections from a node is called the degree of the node. Degree
centrality, betweenness centrality, and closeness centrality were
studied to obtain the information contained in the network.
Degree centrality was measured as the number of direct links that
involved a given node (Yuan et al., 2011), and the higher value
meant that the node was more central. Closeness centrality is the
shortest path between a node and all other reachable nodes (Brohl
and Lehnertz, 2022). Betweenness centrality is a measure of
centrality of a node that acts as a bridge along the shortest path
between two other nodes (Wasserman and Faust, 1994). Directed
networks visualizing the OTU distribution in different samples were
generated using the preferred layout algorithm in CYTOSCAPE 3.0
(Shannon et al., 2003).
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3 Results

3.1 Environmental characteristics of the
water column

The temperature-salinity (T-S) diagram revealed that the
upper water masses (<200 m) of stations CTDA, CTDB, and
CTDC exhibited different characteristics, while the deep water
was relatively homogeneous across all stations (Figure 1C). The
water columns of stations CTDA and CTDC exhibited well-
developed surface mixed layers (SML) above 16 m and 12 m,
respectively, while SML at Sta CTDB was not obvious,
approximately at 26 m (Supplementary Figures S3A, B). Nitrate
concentrations were below detection limit above 50 m, 75 m, and 25
m at stations CTDA, CTDB, and CTDC, respectively (Figure 2A).
The depth of the Chl-a maximum (DCM) at Sta CTDB (~85 m) was
deeper than that at other two stations (~50 m), and the maximum
Chl-a concentration (CTDB: 0.45 L1g/L) was lower (CTDA: 1.13 ug/
L, CTDC: 1.10 ug/L; Figure 2B). The peak of POC concentrations in
the water column was in correspondence to that of Chl-a except at
Sta CTDB, where the highest POC concentration was in surface
water. The second peak of POC concentration at Sta CTDA
occurred in surface water as well (Figure 2C). The oxygen
minimum zone (OMZ) ranged from 800 to 1,000 m at three
stations, and stations CTDA and CTDC had a relatively narrow
OMZ in comparison to that at Sta CTDB (Figure 2D).

3.2 Microbial community composition and
diversity in the water columns

The profiles of Shannon and Chaol indices showed that the
variations in bacterial and archaeal diversity and richness in the
water column were similar at stations CTDA and CTDC, while
those at Sta CTDB were relatively higher below 200 m
(Supplementary Figures S4A, B). The NMDS analyses showed
that bacterial and archaeal communities in water column samples
of three stations were clearly divided into different groups
(Figure 3). The bacterial communities above 100 m were
clustered together, while those below 200 m at Sta CTDB were
distinctively separated from other two stations (Figure 3A). The
archaeal communities from 100 m to 200 m and deep water of three
stations (500-1,977 m) were separated except that at 800 m of Sta
CTDB (Figure 3B).

A majority of the classified bacterial sequences in water columns
of three stations were assigned to Proteobacteria (598 OTUs, 60.9% of
total bacterial sequences), followed by Cyanobacteria (9 OTUs,
14.8%), Actinobacteriota (58 OTUs, 5.2%), SAR406 clade (112
OTUs, 4.1%), and Bacteroidota (155 OTUs, 3.5%) (Figures 3A;
Supplementary Figure S5). The dominant bacterial groups varied at
different depths (Figure 3A). Cyanobacteria were most abundant
above the DCM layer (53.3 + 8.7%), and more than 97% belonged to
Prochlorococcus MIT9313 and Synechococcus CC9902 (Figure 3A).
Below the DCM layer, Proteobacteria became dominant, especially at
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stations CTDA and CTDC (>85%), but the composition was different
(Figure 3A). Alteromonas was the most abundant genus (>45% of
Proteobacteria) at 50 m of Sta CTDA, and Alcanivorax (25.6 + 16.3%)
and Marinobacter (20.3 £ 13.7%) were dominant at depths of 200-
1,303 m. At Sta CTDC, a higher proportion of Salinicola (20.2 +
12.7%) was detected below 200 m (Figure 3A). The SIMPER analysis
confirmed that Marinobacter, Alcanivorax, and Salinicola
contributed to the difference in microbial communities below 200
m between stations CTDA and CTDC (Supplementary Table S2). At
Sta CTDB, the relative abundances of the phyla SAR406 clade and
SAR324 clade exceeded 10% of total bacterial sequences below 200 m
(Figure 3A). The major groups contributing to the difference in
bacterial communities below 200 m between CTDB and other two
stations included SAR324 clade, SAR406 clade, SAR202 clade,
Marinobacter, and Sva0996 marine group (Supplementary Table S2).

The archaeal communities were mainly assigned to the phyla
Thermoplasmatota and Thaumarchaeota (Figure 3B). Marine group
IT (MGII) and marine group III (MGIII) of Thermoplasmatota were
dominant (>50%) through the water column of all stations except 800
m at Sta CTDB (Figure 3B). The relative abundance of
Thaumarchaeota increased from 50 m and occupied 29.8 + 7.5% of
total archaeal sequences below 200 m (Figure 3B). Candidatus
Nitrosopelagicus dominated above 200 m (14.0 + 10.6%), while the
relative abundance of unclassified genera in Nitrosopumilaceae
increased below 200 m (CTDA: 18.1 + 7.3%, CTDB: 31.8 *+ 7.9%,

Frontiers in Marine Science

CTDC: 18.1 + 8.1%; Figure 3B). Although there was little variation in
archaeal communities in deep water layers (=200 m) among three
stations compared to that of bacterial community (ANOSIM, bacteria:
R=0.6212, p-value=0.008; archaea: R=—0.1566, p-value=0.836;
Figure 3), the dissimilarity of archaeal community between CTDB
and other two stations below 200 m were larger (CTDB vs. CTDA:
30.4%; CTDB vs. CTDC: 29.6%) than that between stations CTDA and
CTDC (16.4%; Supplementary Table S2). MGII and MGIII that were
relatively more abundant at stations CTDA and CTDC contributed to
over 40% of the difference, followed by family Nitrosopumilaceae
(~23%) and a group of unidentified archaea (Supplementary Table S2).

3.3 Microbial community composition and
diversity in the sediment cores

The bacterial Shannon and Chaol indices decreased from the
surface of three sediment cores collected from DiveA, DiveB, and
DiveC (Supplementary Figure S4C), while those of archaea had an
opposite trend with a fluctuation below 6 cm (Supplementary Figure
$4D). The hierarchical clustering based on Bray-Curtis distance
estimation at OTU level showed that the bacterial communities in
sediment cores of all dives were divided into three clusters (similarity
within each cluster >70%; Supplementary Figure S6A). Cluster I
included bacterial communities at depths of 0-2 cm of DiveA, 0-12
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FIGURE 3

Characteristics of microbial communities in water column samples of stations CTDA, CTDB, and CTDC in the South China Sea. (A) The NMDS
analysis of bacterial community and top 30 bacterial taxa; (B) the NMDS analysis of archaeal community and the dominant archaeal taxa (relative
abundance>1%). The asterisk and hashtag indicated groups that contributed to differences between microbial communities in water column samples
of stations CTDA and CTDC and between those of Sta CTDB and other two stations below 200 m. The black circles in NMDS analyses differentiated
the clusters of bacterial and archaeal communities in water column samples of three stations.

cm of DiveB, and 0-6 cm of DiveC. Cluster II was composed of those
at 6-22 cm of DiveC, and the remaining ones of DiveA and DiveB
were grouped into Cluster III (Supplementary Figure S6A). It also
revealed that the bacterial communities in Clusters I and II were
closely related (Supplementary Figure S6A). The archaeal community
in sediment samples followed a similar pattern of clustering, but it
was noted that the archaeal community at 2-4 cm of DiveA was
grouped with that at 0-2 cm of the same dive (Supplementary
Figure S6B).

The dominant bacterial communities (>3% of total bacterial
sequences) in sediment cores were composed of the phyla
Chloroflexi (28.1%), Proteobacteria (23%), Acidobacteriota (9.5%),
Actinobacteriota (6.1%), Methylomirabilota (4.3%), NBI-j (3.9%),
Gemmatimonadota (3.6%), and Planctomycetota (3.4%; Figure 4A).
The transition from Cluster I to Cluster III occurred clearly at 2 cm
and 12 cm of DiveA and DiveB, respectively (Figure 4A). Most genera
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from Chloroflexi, such as the unclassified genera from the order S085,
family Anaerolineaceae, classes Dehalococcoidia, and JG30-KF-
CM66, were mainly distributed in sediments below the transition
layer, contributing 28.2% to the difference between Clusters I and III
(Figure 4; Supplementary Table S3). Several genera of Proteobacteria
also led to more than 15% of the difference (Figure 4B; Supplementary
Table S3); for example, a decline in relative abundances of Woeseia,
AgSI, and unclassified genera from family Kiloniellaceae, orders
MBMPE27, JTB23, and AT-s2-59, were observed with the increase
of the depth (Figure 4A). The genus Nitrospira and the phylum NBI-j
showed a similar pattern to most Proteobacteria groups and
contributed ~8% to the difference between Clusters I and III
(Figure 4; Supplementary Table S3). The unclassified genera
belonging to the order Aminicenantales of the phylum
Acidobacteriota were only present in Cluster III (Figure 4). Other
Acidobacteriota, such as the classes Subgroup 21 and Subgroup 22,
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FIGURE 4

Characteristics of bacterial communities in sediment cores of DiveA, DiveB, and DiveC in the South China Sea. (A) The distribution of top 30
bacterial taxa in sediment cores of DiveA, DiveB, and DiveC; (B) the comparisons of the means of relative abundances of bacterial taxa between
Cluster | and Cluster I, and between Cluster | and Cluster Il based on B-diversity analysis of bacterial communities shown in Supplementary Figure
S6. The asterisks highlighted the taxon that contributed over 2% to the dissimilarity of the bacterial community between two clusters by referring to

Supplementary Table S3.

decreased in relative abundances with the increasing depth
(Figure 4A). The three groups of Acidobacteriota contributed 10.5%
to the difference between Clusters I and III (Figure 4B). Genera from
phylum Desulfobacterota, a low-prevalence taxon, were enriched in
Cluster III (Supplementary Figure S7). The transition of bacterial
community from Cluster I to Cluster II only occurred at 6 cm in
DiveC (Supplementary Figure S6A; Figure 4A). The dissimilarity of
the bacterial community between Clusters I and II (36.0%) were low in
comparison to those between Clusters I and III (55.1%) and Clusters II
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and IIT (44.4%; Supplementary Table S3). The genera belonging to the
orders Defluviicoccales, S08, SAR202 clade and the class bacteriap25
were enriched at 6-22 cm of DiveC (Cluster II), which contributed
more than 18% to the difference between Clusters I and II (SIMPER
analysis; Figure 4; Supplementary Table S3).

Thaumarchaeota was the most abundant archaeal group in
sediment cores from DiveA, DiveB, and DiveC, and the genera
composing Thaumarchaeota showed different distribution patterns
among dives (Figure 5). Unidentified genera in family
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Nitrosopumilaceae were widely distributed in Clusters I and II
(Figure 5A). Ca. Nitrosopumilus and Ca. Nitrosopelagicus were
relatively abundant in Cluster I and sharply declined or disappeared
in Clusters II and IIT (Figure 5). In contrary, Marine Benthic Group
A was mainly distributed in Cluster III (Figure 5). The family
Nitrosopumilaceae, Marine Benthic Group A, and Ca.
Nitrosopumilus contributed ~61.5% to the difference between
Clusters I and III, while the rest (20.1%) were mainly received
from the family Geothermarchaeaceae, classes Lokiarchaeia and
Bathyarchaeia, and the order Hydrothermarchaeales, which were
mainly present in Cluster III (Figure 5B; Supplementary Table S3).
The distinct division between Clusters I and II occurred in DiveC,
but again, the dissimilarity was relatively low (36.3%;
Supplementary Table S3). The Simper analysis showed that the

10.3389/fmars.2024.1430572

major groups contributing to the difference (a total of 74.2%) were
Ca. Nitrosopumilus, the family Nitrosopumilaceae, the order
Woesearchaeales, and the class Deep Sea Euryarchaeotic Group
(DSEG; Figure 5B; Supplementary Table S3).

3.4 Comparison of microbial communities
in polymetallic nodules with
surrounding environments

The Shannon indices of bacterial communities in nodules were
not different from those in surface sediments (SS) and overlying
waters (OW; Kruskal-Wallis H test and post-hoc Dunn’s test, p-
value>0.05), but the archaeal community in nodules showed a lower
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index than that in OW (p-value<0.05). The Chaol index of the
microbial community showed a distinctive variation between
nodules and surrounding environments. Bacterial Chaol indices
of NO and NI samples were much lower than that of SS, while the
archaeal Chaol index of NI was lower than those of SS and OW (p-
value<0.05). There was no significant difference in bacterial or
archaeal Shannon and Chaol indices between samples of nodule
outside (NO) and inside (NT; Supplementary Figures S8A, B). There
was a relatively large discrepancy in bacterial communities of OW
or NI samples among different dives, while the archaeal community
showed large discrepancies in all samples of NO or NI. The
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microbial communities in SS samples varied rarely among
samples (Supplementary Figure S8C). The distance calculated at
OTU level among different sample groups (shown by “between”)
were relatively higher than that within each sample group
(ANOSIM; bacteria: R=0.8067, p-value=0.001; archaea: R=0.6462,
p-value=0.001; Supplementary Figure S8C). The NMDS analysis
also revealed that the sample type was the primary control of
microbial community composition in the SCS (Figure 6).
Microbial communities at OTU level in nodule samples (NO and
NI) were separated from those in SS and OW (Figure 6). The
number and the proportion of bacterial or archaeal OTUs shared by
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nodules and surrounding environments (OW and SS) or either one
were highest in samples of DiveA (Supplementary Figure S9).

SAR324 clade was the dominant group in all nodule samples,
especially at DiveB and DiveC (Figure 6A). The Proteobacteria
linages showed an enrichment in NO samples. The genus Woeseia
and the family Kiloniellaceae, which were abundant in SS, were also
dominant in NO of all dives and NI of DiveA (Figure 6A). The
family Hyphomicrobiaceae was shared by samples of NO and SS of
DiveA (Figure 6A). Bacterial communities in OW were dominated
by the phyla Proteobacteria and Cyanobacteria, representing over
60% of bacterial sequences. Prochlorococcus MIT9313 was the most
dominant cyanobacterial group, mainly distributed in OW of DiveC
and DiveB (Figure 6A). Alteromonas of Proteobacteria was enriched
at DiveA and DiveB, while Pseudoalteromonas occupied abundantly
only in OW of DiveA. The dominant genera Halomonas,
Pseudoalteromonas, Acinetobacter, Oleibacter, and Marinobacter
in OW of DiveA were relatively low in nodule and SS samples
(Figure 6A; Supplementary Figure S10). Taxa from family
Magnetospiraceae were mainly distributed in OW and nodules of
DiveC, and OW and NI of DiveB (Figure 6A).

Thaumarchaeota was also a major group in nodule samples that
both Ca. Nitrosopelagicus and Ca. Nitrosopumilus were enriched in
nodules of DiveA and DiveC. At DiveB, the order Woesearchaeale
in the phylum Nanoarchaeotas were relatively abundant in NI
(Figure 6B). In addition, it was noteworthy that a large number of
unidentified archaea were found in nodule samples of DiveB
(Figure 6B). The archaeal communities in OW were similar
among different dives and dominated by Thaumarchaeota,
Thermoplasmatota, and Nanoarchaeota (Figure 6B). Marine
Benthic Group A of Thaumarchaeota and MGII and MGIII of
Thermoplasmatota were almost exclusively distributed in
OW (Figure 6B).

3.5 Collinear network analysis of microbial
communities from polymetallic nodules
and surrounding environments

The collinear network was performed at bacterial OTU level with
all samples (SS, OW, NO, and NI) for each dive (Figure 7). The
network contained 3,361 effective nodes in DiveA, more than those in
DiveB (3,021) and DiveC (3,164). The network centralization was
0.647, 0.624, and 0.653 in networks of DiveA, DiveB, and DiveC,
respectively. In DiveA, the SS sample had 2,175 degrees, followed by
samples of NO (1,589), NI (1,382), and OW (1,252; Supplementary
Table S4). Similarly, the values of degree centrality, betweenness
centrality, and closeness centrality were highest in samples of SS
and NO (Supplementary Table S4). There were 63 dominant OTUs
(after the filtration with the total OTU abundance at one station >200)
that had the highest centrality measurement, most of which were
prevalent in both SS and nodule samples, such as OT'Us identified as
the class Subgroup 21; the orders Subgroup 17, MBMPE27, and
Actinomarinales; the families Hyphomicrobiaceae, Kiloniellaceae,
and Methyloligellaceae; and the genera Woeseia, wbl-Al2,
Nitrospira, and AqS1 (Supplementary Table S5). In networks of
DiveB and DiveC, the highest degree was also found in SS samples,
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FIGURE 7

Collinear network analysis at bacterial OTU level on samples of
surface sediment (SS), overlying water (OW), and nodules (NO,
nodule outside; NI, nodule inside) for (A) DiveA, (B) DiveB, and (C)
DiveC. Networks were analyzed based on all OTUs of each dive, but
only those with the number beyond 200 were displayed. The square
nodes represent sample types (red, SS; blue, OW; green, NO; yellow,
NI) as source nodes, and the circle nodes are key OTUs as target
nodes. The proportion of colors in the circle means the relative
abundances of the OTU in the corresponding sources.

but the degree of OW exceeded those of nodules (Supplementary
Tables S6, S7). Degree centrality, betweenness centrality, and closeness
centrality exhibited similar trends (Supplementary Table S4). The
numbers of dominant OTUs characterized by the highest centrality
were 65 and 67 in networks of DiveB and DiveC, respectively
(Supplementary Tables S6, S7). In DiveB, the taxa belonging to the
class Subgroup 21 and the genus wb1-A12 were the key species mostly
abundant in SS and OW. The classes BD2-11 terrestrial group and
Gammaproteobacteria, the orders Actinomarinales and MBMPE27,
the family Magnetospiraceae, and the genera Woeseia and Nitrospira
were enriched in both SS and nodule samples (Supplementary Table
S6). Few OTUs occurred in large numbers in nodules and OW
simultaneously (Supplementary Figure S9; Supplementary Table S6).
OTU from the family Hyphomicrobiaceae were mainly distributed in
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OW and NO (Supplementary Table S6). In DiveC, NO, SS, and OW
shared more OTUs compared to other dives, including those
belonging to the classes Subgroup 21, Gammaproteobacteria, and
BD2-11 terrestrial group, and the genera Woeseia and AqSl
(Supplementary Figure S9; Supplementary Table S7). The order
MBMPE27, the families Magnetospiraceae and Kiloniellaceae, and
the genera Woeseia and Nitrospira were prevalent in SS and nodule
samples (Supplementary Table S7).

The numbers of effective nodes of the collinear networks based on
archaeal OTUs were 1,379, 1,490, and B8 in DiveA, DiveB, and DiveC,
respectively, with the network centralization of 0.632, 0.584, and 0.447
(Supplementary Figure S11). Both degree and centrality
measurements of OW were highest among samples for each dive,
followed by SS (DiveA) or NO (DiveB and DiveC; Supplementary
Table S4). The dominant OTUs with highest centrality measurements
(DiveA: 44 OTUs, DiveB: 35 OTUs, and DiveC: 32 OTUs) majorly
belonged to the orders MGII and Marine Benthic Group A, family
Nitrosopumilaceae, and the genera Ca. Nitrosopumilus and Ca.
Nitrosopelagicus in all dives, and specifically the order
Woesearchaeales in DiveC (Supplementary Tables S8-510). Ca.
Nitrosopelagicus (OTU1026) was mainly distributed in SS and
nodule samples. OTUs from Ca. Nitrosopumilus were prevalent in
OW and SS of all dives but abundant in nodules of DiveA and DiveC
(Supplementary Tables S8-S10).

4 Discussion

4.1 Heterogeneous environments
surrounding polymetallic nodules in
the SCS

The South China Sea is hydrologically and geologically complex
and is subject to a large terrestrial input and metal flux from
continental shelf to the central deep-sea basin. It also experiences
seasonal upwelling, high primary productivity, and a well-
developed oxygen minimum zone (Guan et al., 2017; Zhong et al.,
2017). Polymetallic nodules were mostly explored in the central
basin of the SCS with low sedimentation rate (Zhong et al., 2017);
however, in this study, we detected a wide and dense distribution of
nodules in region A on the continental slope, with the morphology
different from those collected from regions B and C (Figure 1B). It
implied different formation mechanisms that could be affected by
surrounding environments.

We found that POC flux from the upper water column and
redox states in sediments were distinct among three regions, which
could determine the scavenging of metals from seawater and
porewater (Zhong et al., 2017). The quality and quantity of POC
transported from the epipelagic layer to the deep ocean were key to
determine the deep-sea sedimentary environments (Mestre et al,
2018). Although POC concentrations near the bottom of three
stations were within the similar range (Figure 2C), the differences in
POC sources could affect their fluxes and bioavailability in deep sea
of three stations, potentially influencing the oxygen concentration
and biogeochemical cycling. POC at Sta CTDB could be largely
derived from terrestrial input (Figure 2C). The microbial
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composition and structure verified that SAR406 clade, SAR324
clade, and SAR202, which have been considered as free-living
microbial groups adapted to oligotrophic environments (Boeuf
et al,, 2021; Geller-McGrath et al,, 2023), were widely distributed
below 200 m at Sta CTDB (Figure 3A). SAR406 clade and SAR202
clade indicated the refractory property of organic carbon at Sta
CTDB because they were associated with the degradation of
recalcitrant compounds (Thrash et al., 2017) and semi-labile
alicyclic alkanes (Landry et al., 2017), respectively. SAR324 clade
has been considered as particle-associated bacteria (PA) in
epipelagic environment and FL in deep waters. The intense
cluster of dominant SAR324 clade below 200 m (OTU1357) of
Sta CTDB with deep-sea FL clades (Supplementary Figure S12)
suggested that SAR324 clade were in FL mode and autotrophs
(Swan et al,, 2011; Boeuf et al, 2021). In contrast, nearly half of
bathypelagic microbiome at stations CTDA and CTDC were
dominated by PA lifestyle communities (Figure 3), including
Marinobacter (23.8%) in the order Alteromonadales (Holtzapple
and Schmidt-Dannert, 2007) and Alcanivorax (6.4-34.2%) and
Salinicola (19.4-33.1%) in the order Oceanospirillales (Mason
et al, 2012; Sebastian et al., 2021), all of which could rapidly
utilize aliphatic hydrocarbons in the deep sea. In addition, higher
proportions of Oleibacter in deep waters of stations CTDA and
CTDC (Figure 3; Supplementary Table S2) indicated abundant
aliphatic hydrocarbon (i.e., alkane; Liu et al, 2019). Thus, it
implied that organic carbon could be more bioavailable in the
deep sea of stations CTDA and CTDC, corresponding to the
contribution of high proportion of phytoplankton-derived organic
matter to total POC (Figure 2C). The relatively higher [NH,"] at the
bottom of Sta CTDA (Supplementary Figure S3C) and rapid
consumption of DO in the sediment core of DiveA (discussed
below) indicated that organic carbon sinking to the deep water of
Region A could be more abundant or labile.

The redox potential in the sediment core played a key role in
mediating biogeochemical element cycling and manipulating deep-
sea environment as a feedback (Zakem et al., 2020). Although our
study did not directly measure or infer redox potential from
geochemical parameters, we could use the microbial community
in the sediment core as an index of the redox potential based on
their well-established relationship (Wang et al., 2022) and the
intense association of microbial and environmental properties in
the water column of this study. The relative abundances of
anaerobic microbial taxa, such as unidentified genera in orders
Aminicenantales (Booker et al., 2023) and Marine Benthic Group A,
the class Dehalococcoidia (Kaster et al., 2014; Yang et al., 2020), and
the family Anaerolineae (Cai et al., 2021) of Chloroflexi, increased
in sediment cores below 2 cm and 12 cm of DiveA and DiveB,
respectively (Figures 4, 5). Aminicenantales dominated in anoxic
ocean crust and were able to use organic carbon to drive sulfur
oxides or extracellular iron oxyhydroxide reduction (Booker et al.,
2023). Marine Benthic Group A was known to be found where
nitrate was depleted (Durbin and Teske, 2011). It suggested a rapid
depletion of oxygen and nitrate in top 2 cm of DiveA and 12 cm of
DiveB. The relatively large numbers of two nitrifiers Nitrospira and
Nitrosopumilaceae above the two layers could be active by receiving
the substrate from nitrate reduction, since they have been detected
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in anaerobic marine environment (Chen et al.,, 2017; Kraft et al,,
2022; Martens-Habbena and Qin, 2022). Thus, the decrease in
nitrifiers below the layers also suggested the depletion of nitrate
(Figures 4, 5). The co-occurrence of Desulfobacterota and
Lokiarchaeota observed at depths of 2-22 cm of DiveA and 12-
22 cm of DiveB (Figure 5; Supplementary Figure S7) implied the
initiation of sulfate reduction and iron oxide reduction, which were
generally tightly linked (Jorgensen et al., 2012; Li et al., 2021). In the
sediment core of DiveC, the increase in anaerobic groups from 4 cm
(i.e., the class bacteriap25 of the phylum Myxococcota and the class
DSEG of the phylum Aenigmarchaeota; Figure 4A; Cleary et al.,
2023; Durbin and Teske, 2011) indicated the lack of oxygen starting
at ~4 cm. DSEG was used to be detected before nitrate depletion
(Durbin and Teske, 2011), suggesting enriched nitrate below 4 cm
despite oxygen deficiency. The abundant Nitrosopumilaceae
through the sediment core and consistent increase in Nitrospira
from the surface layer likely revealed the supply of nitrate from
nitrification process (Figures 4, 5; Hodgskiss et al., 2023;
Garritano et al., 2023).

Overall, in terms of characteristics of microbial distribution and
compositions in water columns and sediment cores of three regions,
the geochemical environments at the bottom of the SCS were highly
heterogeneous. As a consequence, the elemental fluxes,
biogeochemical cycling, mineral precipitation, and geological
features could be diverse and contributed to the alteration of
redox conditions at interfaces of waters, sediments, and nodules,
affecting the fate of elements involved in nodule formation.

4.2 Microbial interaction between
polymetallic nodules and
surrounding environments

The distinction of compositions and structures of the nodule
communities from those in SS and OW in each region of the SCS
(Figure 6; Supplementary Figures S8, S9) suggested that the nodule
community was indigenous and not attributed to the simple
accumulation from surrounding environments; however, the large
discrepancy of microbial community in nodules among dives
(Supplementary Figure S8) and the shared clusters with SS or
OW in the corresponding dive (Figure 7; Supplementary Figures
§9, S11; Supplementary Tables S5-510) indicated the link of
nodules and surrounding environments. Thus, the heterogeneous
characteristics of deep-sea environments of three regions could
eventually lead to the diversity in the formation of ferromanganese
deposits in the SCS (Shulga et al., 2022).

The network based on bacterial communities in samples of
DiveA showed an intense interaction between nodules (both NO
and NI) and SS (Figure 7A; Supplementary Tables S4, S5). As
discussed above, the deep sedimentary environment at DiveA likely
received the most adequate supply of organic carbon among three
regions. The high sedimentation rate and slow bottom current
(monthly average < 1 cm/s; unpublished data) might create a stable
and sub-oxic bottom environment for nodule growth, as indicated
by the microbial composition in the sediment core. As discussed in
Section 4.1, the activated reduction in Mn*" and Fe*" in shallow
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sediment layers could induce fluxes of Mn>" and Fe>" to the surface
through the porewater (Hein et al., 2020; Shulga et al.,, 2022). The
relatively abundant methanotrophs (i.e., Methyloligellaceae;
Supplementary Figure S7; Knief, 2015) and methanogens (e.g.,
Methanofastidiosales; Figure 4A; Wang et al., 2021) present
through the sediment core of DiveA, especially Methyloligeliaceae
in SS, suggested that CH, oxidation could sustain sufficient reduced
metals at the surface (Gonzalez et al., 2012). Thus, the intense link
between nodules and SS of DiveA in the network implied the
sediment as the major sources of minerals for nodule formation in
Region A. The families Magnetospiraceae, Kiloniellaceae, and
Hyphomicrobiaceae associated with metal cycling were mostly
shared by nodules and SS of DiveA, contributing significantly to
the interaction between SS and nodules (Figure 6A; Supplementary
Table S5). Hyphomicrobiaceae was functional in Mn oxidation
(Tang et al., 2016), suggesting that the sediment-originated Mn was
a major source to Fe-Mn deposits of DiveA. The NI shared most
abundant OTUs with NO, SS, and OW at DiveA (Supplementary
Figure S9), probably being caused by poor crystallization and a
rapid growth of Mn-enriched nodules (Zhang C. et al., 2023). This
was consistent with the characteristics of diagenetic Mn-enriched
nodules in a stable growth environment (Zhong et al., 2017; Ren
et al, 2023). The genus Woeseia and nitrifiers Nitrospira,
Nitrosomonas, AqSI of Nitrosococcaceae, and Nitrosopumiliceae
that had been enriched in Fe-rich deposit (Shulga et al., 2022) were
abundant in SS and nodules, and the key groups in bacterial
network of DiveA (Figure 6; Supplementary Table S5), implying
the enrichment of Fe oxides in both niches. A more pronounced
selection for Fe reducers (i.e., the family Magnetospiraceae;
Matsunaga, 1991) in nodules and SS also reflected a higher
content of an amorphous state of Fe minerals in a sub-oxic
environment (Vereshchagin et al., 2019). Fe (ie., pyrite, FeS,)
could originate from the upper water column through a large
input of terrigenous materials in Region A (Figure 2C). We found
a large number of symbiotic bacteria shared by SS and nodules, such
as Kiloniellaceae and Subgroup21 (Schauer et al., 2010; Molari et al.,
2020), which were associated with deep-sea benthic fauna (i.e.,
sponge, foraminifera; Cleary et al., 2023; Hori et al, 2013). It has
been investigated that agglutinated foraminifera play a crucial role
in nodule formation (Graham and Cooper, 1959; Greenslate, 1974).
Thus, biological debris entrapped in nodules could be a mechanism
of metal precipitation at DiveA (Molari et al., 2020; Wiese et al.,
2020). Family Kiloniellaceae also owned potential of iron
acquisition (Wang et al., 2015).

Different from DiveA, the microbial interaction between
nodules and SS became weaker at DiveB and DiveC (Figures 7B,
C; Supplementary Figures S11B, C; Supplementary Tables S6, S7,
S9, S10), possibly a result of the variation in the redox state in
sediments. The reduced metals might be oxidized before fluxing to
the surface sediment (McKay et al., 2007). At DiveB, the bacterial
network centrality was lowest among three regions and the archaeal
one was lower than that of DiveA (Supplementary Table S4),
suggesting the low association of nodules with surrounding
environments in comparison to DiveA. Organic carbon was
considered as refractory at DiveB due to much input of
terrigenous components (Figure 2C); however, it could bring Fe-
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rich waters to the deep ocean (Ziegler et al., 2008). The occurrence
of large abundance of Woeseia again suggested enriched Fe in
nodules (Figure 6A). Most of key bacterial OTUs in the network of
DiveB belonged to SAR324 clade and SAR202 clade
(Supplementary Table S6), which were abundant in nodule
samples. It indicated that the nodule environment was in shortage
of bioavailable carbon (see Section 4.1). SAR324 clade was also
dominant in nodules from oligotrophic ocean, i.e., the South Pacific
Gyre (Shiraishi et al., 2016) and the CCZ (Zhang C. et al., 2023).
The accumulation of Fe deposit from upper water layers could be
used as an energy source for autotrophic activity (Boeuf et al., 2021)
or recalcitrant organic carbon degradation (Landry et al., 2017).
SAR324 clade contained nifH gene encoding nitrogenase iron
protein (Zhang D. et al,, 2023), indicating the potential for N,
fixation in nodules. It could provide nutrients for benthic organisms
and enhance nitrogen cycling with enriched nitrifiers, i.e.,
Nitrospira, Nitrospina, Ca. Nitrosoplegicus, and family
Nitrosopumilaceae (Figure 6). They all acquired iron as energy
sources (Shafiee et al., 2021). The metal-cycling-related groups,
such as families Kiloniellaceae and Hyphomicrobiaceae, did not
share large numbers of OTUs among SS, OW, and nodules
(Supplementary Table S6), suggesting that microbial
mineralization was not the main process at interfaces of nodules.
Family Magnetospiraceae (OTU1248) related to Fe cycle was
mainly distributed in NI (Supplementary Table S6), revealing
high contents of iron mineral in the nodule. The co-occurrence of
sponge-associated bacteria Schekmanbacteria that were involved in
sulfur cycling (Cleary et al., 2023) indicated the intense coupling of
Fe-S§ cycling. Similarly, the order Puniceispirillales of SAR116 clade
involved in Fe-S cycling was also detected ubiquitously in nodules
of DiveB. They were mostly detected in eutrophic zone either in FL

10.3389/fmars.2024.1430572

status or being associated with sponges or corals (Cleary et al., 2023;
Roda-Garcia et al,, 2023), implying that the nodule composition at
DiveB (ie., Fe) was affected by materials transported from the
shallow waters. The detection of symbiotic bacteria also gave a hint
that nodules collected at DiveB entrapped coral or sponge debris as
the core of the nodule for subsequential formation. The decrease in
shared OTUs between NI and other microbial niches
(Supplementary Figure S9) and the distanced NI and NO in the
networks (Figure 7B; Supplementary Figure S11B) revealed a large
discrepancy of microbial community of NI from other
environments. The nodule formation could be a long-term
process, consistent with the record of slow growth of
hydrogenetic nodules in the northwestern SCS (Zhong et al., 2017).

The highest bacterial network centrality of DiveC indicated an
intense connectivity between nodules and surrounding
environments (Figure 7C; Supplementary Table S4). SS and OW
might co-affect the biogenic formation of nodules because they
shared most bacterial or archaeal OTUs with NO (Supplementary
Figure S9). It has been said the SCS nodules above the seamounts
contained abundant hematite (Fe,O;) due to a narrowed oxygen
minimum zone (OMZ; Zhong et al,, 2019). A narrow OMZ was
detected at Sta CTDC because the relatively high concentration of
Chl-a could cause a rapid remineralization with a sharp
consumption of oxygen at the mesopelagic zone (Figure 2D).
Thus, the nodules at DiveC could be enriched with Fe oxides. Fe-
scavenging family Magnetospiraceae was prevalent in both NI and
NO (Matsunaga, 1991), confirming a high content and an
amorphous state of Fe’" minerals in nodules of DiveC
(Vereshchagin et al, 2019; Ren et al, 2023). The presence of
SAR324 clade in NO and NI indicated a low flux of organic
carbon to the seafloor due to most degradation occurring in the
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water column. The low Woesearchaeales and the high nitrifier (e.g.,
Nitrospira and Thaumarchaeota) abundances (Figure 6) suggested
that NI was microaerobic, which could be a result of slow and loose
formation under the condition of low sedimentation rate (Yang
et al,, 2024). The large divergence of microbial communities
between NI and other three niches (Figure 6; Supplementary
Figure S9) also suggested that the nodules were formed in a
long process.

4.3 Potential mechanisms of polymetallic
nodule formation

The nodule morphology at DiveA (Figure 1B) were similar to
that collected in the northeastern SCS where the nodules were
formed by early diagenesis and hydrogenetic growth according to
the low Mn/Fe ratio and trace metal contents (Zhong et al., 2017).
In our study, the hypothesized nodule formation at DiveA deduced
from microbial compositions, functions in metal metabolisms, and
microbial interactions between nodules and surrounding
environments was consistent with previous results based on the
analysis of elemental compositions. The shallow redox boundary
(<2 cm) indicated by the microbial distribution in the sediment core
reflected the sources of Fe-Mn deposits from the sediment, while a
high input of terrigenous matter and relatively abundant Fe-
utilizing microbes suggested the origin of Fe from seawaters
(Figure 8). Although the nodules from DiveB and DiveC were
inferred to be hydrogenetic, the source of metal ions could be
different. At DiveB, the terrigenous matter fluxing into the deep-
water could contribute to Fe-Mn deposits, and the debris of fauna
from eutrophic zone of shelf waters or benthic environments
enhanced the formation of nodules. At DiveC, the narrow OMZ
induced by the intense degradation of phytoplankton-derived
organic matter caused a low concentration of organic matter and
rich oxygen in deep water, where Fe oxides were formed and
enriched (Figure 8). Overall, relatively low sedimentation rates
and strong bottom currents (monthly average < 3 cm/s and < 6
cm/s in regions B and C, respectively; unpublished data) induced by
either coastal fluxes or upwelling and mixing at DiveB and DiveC
could lead to a slow formation of the nodules.

5 Conclusion

In this study, we combined the investigations of hydrological
properties and microbial communities of upper water columns,
sediment cores, overlying waters, and polymetallic nodules for
understanding the impact of environmental heterogeneity of the
SCS on the formation of polymetallic nodules. In the water column,
we found that the spatial variations of microbial communities and
environmental characteristics in seawaters of three regions were
consistent, suggesting that the distribution of microbial
composition and diversity was a great indicator of the

environment. The redox states in sediment cores inferred from
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microbial communities were diverse among three regions,
potentially being affected by organic matter fluxes and physical
dynamics in deep waters. The dissolved oxygen concentration in
surface sediment of DiveA could be extremely low, which is
beneficial for the overflow of reduced metals from the porewater
for diagenetic formation of polymetallic nodules. Differently,
polymetallic nodules at DiveB and DiveC, where bottom currents
were relatively strong and sediments were more oxidized, could
receive nodule constitutes from upper water layers (i.e., terrigenous-
originated Fe at DiveB and Fe oxides from upper layer of seamount
of DiveC). Overall, this study focused on microbe-mediated nodule
formation process and provided a new perspective for
understanding nodule formation mechanisms.
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SUPPLEMENTARY FIGURE 1

The images of polymetallic nodules on the seabed of DiveB in Region B and
DiveC in Region C. The image was not successfully obtained by the camera
mounted on the manned submersible ‘Jiaolong’ during DiveA in Region A.

SUPPLEMENTARY FIGURE 2

The rarefaction curves based on the Shannon index for the observed bacterial
and archaeal OTUs from samples of (A) water columns and (B) sediment
cores, nodules and overlying waters in all regions.

SUPPLEMENTARY FIGURE 3
Vertical distributions of (A) temperature, (B) salinity and (C) ammonium
concentrations from 0-200 m (top row) and from 0-2000 m (bottom row).

SUPPLEMENTARY FIGURE 4

Shannon and Chaol indices calculated for (A) bacterial and (B) archaeal
communities in water column samples of stations CTDA, CTDB and CTDC,
and (C) bacterial and (D) archaeal communities in sediment cores of DiveA,
DiveB and DiveC in the South China Sea.
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