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Abstract 

Background Bacteria, Archaea, and Microeukaryotes comprise taxonomic domains that interact in mediating 
biogeochemical cycles in coastal waters. Many studies have revealed contrasting biogeographic patterns of com-
munity structure and assembly mechanisms in microbial communities from different domains in coastal ecosystems; 
however, knowledge of specific biogeographic patterns on microbial co-occurrence relationships across complex 
coastal environmental gradients remains limited. Using a dense sampling scheme at the regional scale, SSU rRNA 
gene amplicon sequencing, and network analysis, we investigated intra- and inter-domain co-occurrence relation-
ships and network topology-based biogeographic patterns from three microbial domains in coastal waters that show 
environmental gradients across the inshore-nearshore-offshore continuum in the East China Sea.

Results Overall, we found the highest complexity and connectivity in the bacterial network, the highest modularity 
in the archaeal network, and the lowest complexity, connectivity, and modularity in the microeukaryotic network. 
Although microbial co-occurrence networks from the three domains showed distinct topological features, they exhib-
ited a consistent biogeographic pattern across the inshore-nearshore-offshore continuum. Specifically, the nearshore 
zones with intermediate levels of terrestrial impacts reflected by multiple environmental factors (including water 
temperature, salinity, pH, dissolved oxygen, and nutrient-related parameters) had a higher intensity of microbial 
co-occurrence for all three domains. In contrast, the intensity of microbial co-occurrence was weaker in both the 
inshore and the offshore zones at the two ends of the environmental gradients. Archaea occupied a central position 
in the microbial inter-domain co-occurrence network. In particular, members of the Thaumarchaeota Marine Group 
I (MGI, now placed within the Family Nitrosopumilaceae of the Phylum Thermoproteota) appeared to be the hubs 
in the biogeographic shift between inter-domain network modules across environmental gradients.

Conclusions Our work offers new insights into microbial biogeography by integrating network features into biogeo-
graphic patterns, towards a better understanding of the potential of microbial interactions in shaping biogeographic 
patterns of coastal marine microbiota.
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Background
The surface marine microbiota is a pivotal foundation 
of global biogeochemical cycles (Falkowski 2012; Loga-
res et  al. 2020). Marine planktonic domains of Bacte-
ria, Archaea, and eukaryotic microorganisms (hereafter 
Microeukaryotes) have diverse interspecific interactions, 
including mutualism, competition, or predation, (or 
none) (Abreu et  al. 2022; Faust and Raes 2012), which 
structure marine microbial food webs (Lima-Mendez 
et  al. 2015). Uncovering microbial association patterns 
within and among these three domains can provide 
insights into mechanisms governing community assem-
bly and maintaining biodiversity in the complex microbi-
ome (Fuhrman et al. 2015).

Over recent decades, a surge in marine microbial ecol-
ogy research has provided a wealth of understanding of 
the patterns and determinants of microbial commu-
nity dynamics over time and space (Deutschmann et al. 
2024). These highlight the importance of characterizing 
biogeographic patterns of microbial diversity to under-
stand microbial contributions and regulation of eco-
system function at or beyond the regional scale. This is 
particularly true for coastal microbiota as they play criti-
cal roles in regulating biogeochemical cycling at the land-
sea interface (Trevathan-Tackett et  al. 2019). Primary 
and secondary production in inshore environments are 
enhanced by organic matter and nutrients derived from 
river discharge, terrestrial/anthropogenic emissions, and 
the resuspension of sediments (Bauer et  al. 2013; Wang 
et al. 2019b). Further, these resources often are exported 
to the open ocean, forming an inshore-to-offshore con-
tinuum, which may show environmental gradients in 
primary production, nutrients, salinity, etc. (Bauer et al. 
2013). Recent investigations have supported the clas-
sic biogeographic patterns in microbial diversity (such 
as distance-decay and species-area relationships) across 
environmental gradients of coastal waters and the factors 
that shape these patterns (Chen et al. 2023; Wang et al. 
2015; Zhang et  al. 2018; Zinger et  al. 2014). However, 
regional variability and specific biogeographic patterns 
of microbial association (co-occurrence) features either 
within each domain of life or across the three domains 
along coastal environmental gradients remain elusive.

Network analyses have been extensively used to 
describe microbial co-occurrence relationships (Fath 
et  al. 2007; Faust and Raes 2012; Kishore et  al. 2023). 
Although the relationship between statistically inferred 
co-occurrence and exact ecological interactions is still 
poorly understood (Blanchet et  al. 2020; Kishore et  al. 
2023), inferring microbial co-occurrence networks from 
large microbiome sequencing datasets is a powerful tool 
to explore hidden patterns of microbial consortia that 
cannot be directly observed (Fath et  al. 2007; Kishore 

et  al. 2023; Liu et  al. 2023). By unveiling ecologically 
meaningful associations and identifying hub/keystone 
species, co-occurrence networks have the potential to 
help infer the functional roles or environmental niches 
occupied by uncultured microorganisms (Barberán 
et al. 2012). Some previously undiscovered microbial co-
occurrence relationships in marine environments have 
been detected by employing network analysis to micro-
biota datasets (Needham and Fuhrman 2016; Parada 
and Fuhrman 2017; Reji et al. 2019). However, efforts to 
depict marine microbial biogeographic patterns in light 
of co-occurrence relationships are rare. Therefore, we 
propose that integrating network features with micro-
bial biogeography can aid understanding the significance 
of interspecific associations in shaping the distribution 
and assembly of the complex microbiome in coastal 
ecosystems.

The coastal area of northern Zhejiang Province, China, 
is an interconnected marine ecosystem in the East 
China Sea covering over 250-km and consisting of vari-
ous ecological zones spanning from inshore to offshore. 
These include Hangzhou Bay, which is one of the most 
eutrophic bays in China that is highly influenced by the 
runoff from the Qiantang River and agricultural and 
industrial discharges; Xiangshan Bay and Sanmen Bay, 
which are two semi-enclosed bays having excess nutrient 
loads due to terrestrial emissions, extensive mariculture, 
and poor water exchange; Zhoushan Islands, located 
at the mouth of Hangzhou Bay, which are barriers from 
the estuary to the ocean; the coastal eastern Xiangshan, 
which contains fishery hot spots; Yushan Islands, which 
is a reserve area; and the boundary of the Island Chain, 
which comprises the east boundary of this coastal water 
area (Fig. 1) (Wang et al. 2015, 2019a). These diversified 
marine functional zones form a subtropical coastal con-
tinuum with multiple environmental gradients (Fig. S1), 
serving as a model to explore biogeographic patterns of 
microbial co-occurrence features across complex envi-
ronmental gradients. In this study, using an integrated 
16S/18S rRNA microbiome dataset from three domains 
at the regional scale, we aim to address three major ques-
tions: (1) How do the topological features of microbial 
co-occurrence networks vary across the three domains? 
(2) Is there a consistent biogeographic pattern of micro-
bial co-occurrence networks features across the three 
domains? (3) Which taxa or environmental factors drive 
biogeographic shifts of co-occurring microbial assem-
blages across the environmental gradients?

Methods
Study area, sampling, and physicochemical analyses
Surface water samples were collected from 99 stations 
along the coastal waters of northern Zhejiang in the East 
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China Sea, during March 6–20, 2015. These stations 
are distributed in seven representative zones, includ-
ing Hangzhou Bay (HZ), Xiangshan Bay (XS), Sanmen 
Bay (SM), Zhoushan Islands (ZS), the eastern Xiangshan 
(XSE), Yushan Reserve (YS), and the boundary of the 
Island Chain (IC; Fig. 1). To make comparisons along this 
coastal continuum, we further classified the seven zones 
into three major categories based on geographic prox-
imity and similarity of environmental conditions. Three 
bays (HZ, XS and SM) near the mainland subject to the 
strongest terrestrial impacts were classified as ‘inshore 
zones’. Two zones (YS and IC) located towards the open 
sea at greater distances from the shore (> 45  km), in 
deeper water depths (> 25 m), and subject to less terres-
trial impacts were classified as ‘offshore zones’. The other 
two geographically and environmentally intermediate 

zones (ZS and XSE) located between the inshore and off-
shore zones were classified as ‘nearshore zones’.

Water samples were collected from the surface layer 
(0.5-m depth) using a 5-L Niskin sampler on the boat 
deck. Approximately 600  mL of seawater were pre-fil-
tered using a 100-μm sterilized nylon filter, and then 
were filtered through a 0.2-μm polycarbonate membrane 
(Millipore, USA). The membranes were frozen at −20 °C 
on board and then at −80  °C after being transported to 
the laboratory. To prevent cross contamination, water 
samplers and filtration systems were washed with sterile 
water and thoroughly rinsed with the local water at each 
station before water collection and filtration. Water tem-
perature, salinity, and pH of water samples were meas-
ured in  situ. Chlorophyll-a, chemical oxygen demand 
(COD), dissolved oxygen (DO), total organic carbon 
(TOC), total nitrogen, total phosphorus, suspended 

Fig. 1 Map of sampling stations. The 99 sampling stations were distributed in seven zones: three inshore zones including Hangzhou Bay (HZ, 
32 stations), Xiangshan Bay (XS, 8 stations), Sanmen Bay (SM, 8 stations); two nearshore zones including the Zhoushan Islands (ZS, 18 stations), 
the eastern Xiangshan (XSE, 8 stations); and two offshore zones including the boundary of the Island Chain (IC, 20 stations) and Yushan Reserve (YS, 
5 stations)
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particles, phosphate, silicate, nitrate, nitrite and ammo-
nium were measured using standard methods (AQSIQ 
2007). The Eutrophication index (EI) was calculated as 
follows: EI = ρ(COD) × ρ(DIP) × ρ(DIN) ×  106/4500, where 
ρ(COD), ρ(DIP), and ρ(DIN) are the concentrations of 
COD, phosphate, and inorganic nitrogen (the sum of 
nitrite, nitrate, and ammonium) (Jiang et al. 2015).

DNA extraction, PCR amplification, and Illumina 
sequencing
Total DNA from the membranes was extracted using the 
Power Soil DNA Isolation Kit (MOBIO, USA). An aliquot 
of 10  ng purified DNA template from each sample was 
amplified in triplicate with a 20-μL PCR reaction system. 
The hypervariable regions of the bacterial and archaeal 
16S rRNA genes and eukaryotic 18S rRNA genes were 
amplified with the primer sets and PCR conditions in 
Table  S1. An equimolar amount of PCR product for 
each sample was mixed into one pooled sample for each 
primer set and purified using the PCR fragment purifi-
cation kit (TaKaRa, Japan). Sequencing libraries were 
generated using  TruSeq™ DNA PCR-Free Library Prepa-
ration Kit, and the 2 × 250 bp paired-end sequencing was 
performed on the Illumina MiSeq platform (Illumina, 
USA).

Processing of sequence data
Paired reads of Bacteria, Archaea, and Microeukaryotes 
were joined using FLASH with default settings (Magoč 
and Salzberg 2011) and then processed using QIIME 
v1.9.1 (Caporaso et  al. 2010), respectively. Briefly, the 
sequences were quality filtered at a Phred quality score 
(Q) < 20 using the script split_libraries_fastq.py. After 
detection and removal of chimeras using UCHIME 
(Edgar et al. 2011), Operational Taxonomic Units (OTUs) 
were clustered with 97% sequence similarity cutoff using 
UCLUST (Edgar 2010). Regarding the choice of meth-
ods for denoting microbial taxa, recent studies often 
found that the use of Exact Sequence Variants (ESVs, 
also known as amplicon sequence variants (ASVs) or 
Zero-radius OTUs (ZOTUs)) or OTUs (97% sequence 
similarity cutoff) showed similar ecological patterns 
across large field-based datasets (García-García et  al. 
2019; Glassman et  al. 2018; Grady et  al. 2019; Kerrigan 
and D’Hondt 2022). Since using ESVs may overestimate 
microbial richness, especially for Microeukaryotes that 
have high intraspecific variability in 18S rRNA gene cop-
ies (Caron and Hu 2019; Lavrinienko et al. 2021), which 
were often clustered at 97% sequence similarity (Aslani 
et  al. 2022; David et  al. 2021; Mo et  al. 2021), we used 
OTUs for Microeukaryotes. For consistency and inte-
gration of the three domains, Bacteria and Archaea 
were also analyzed based on OTUs. The representative 

sequence of each OTU was taxonomically assigned using 
the SILVA 128 database (Quast et  al. 2013). To further 
improve microbial taxonomic annotation, prokary-
otic (mainly for Archaea) and microeukaryotic OTUs 
were complementarily assigned using the Genome 
Taxonomy Database (GTDB) (Parks et  al. 2021) and 
the Protist Ribosomal Reference  (PR2) database (Guil-
lou et al. 2012). Any OTU containing less than 0.0001% 
of the total sequences for each domain was removed to 
avoid potential spurious OTUs (Bokulich et  al. 2013). 
Chloroplast, mitochondria and unassigned OTUs were 
removed, as were Metazoa from the microeukaryotic 
OTU table. After the above procedures, 2,722,454 (read 
range 19,105–39,458, mean = 22,499.5 per sample), 
3,236,337 (read range 25,496–39,899, mean = 32,690.3 
per sample), and 2,925,841 (read range 15,204–38,818, 
mean = 29,553.9 per sample) high-quality clean reads 
resulted for the bacterial, archaeal, and microeukary-
otic OTUs tables, respectively. The three OTU tables 
were rarefied at 10,000 reads per sample for downstream 
analyses to normalize differences in sequencing depth. 
Rarefaction curves showed that sampling was sufficient 
to capture the trend of α-diversity in the samples among 
the three microbial domains (Fig. S2). The α-diversity for 
the three microbial domains was calculated using QIIME 
with multiple indices including Chao 1, observed species, 
phylogenetic diversity (PD) whole tree and the Shannon–
Wiener index.

Microbial intra‑domain network
The intra-domain co-occurrence networks were con-
structed separately for Bacteria, Archaea, and Microeu-
karyotes to visualize the interspecies associations within 
each domain. To increase network sensitivity, each OTU 
table was restricted to those OTUs that comprised > 100 
total reads and were present in > 25% of samples (Need-
ham and Fuhrman 2016). For each domain, OTUs cor-
relations were calculated using SparCC based on 10 
iterations and 100 bootstrap replications whilst account-
ing for their inherent sparsity and compositionality 
(Friedman and Alm 2012). Only significant correlations 
(P < 0.01) with SparCC |r|> 0.6 were used for the network 
using the R package ‘igraph’ (Csárdi and Nepusz 2006) to 
reduce spurious correlations. Networks were visual-
ized using Gephi (Bastian et  al. 2009) and the modules 
were detected using the Louvain algorithm (Blondel et al. 
2008). Ternary plots were used to identify the geographic 
distribution of each network module in the inshore, 
nearshore, and offshore zones. A set of network-level 
topological features (as listed and defined in Table  S2) 
was calculated as previously described (Newman 2003). 
Higher average degree, the clustering coefficient, graph 
density, and lower average path lengths suggest a more 
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connected network (Ma et  al. 2016). Furthermore, we 
generated sub-networks for each station from three intra-
domain networks and then calculated the topological 
features for each sub-network as described by Ma et  al. 
(2016). The spatial distribution of station-based topologi-
cal features was visualized using Kriging interpolation in 
ArcGIS 10.6. Scatter diagrams were used to analyze the 
relationships between topological features and environ-
mental factors across the sampling zones.

Microbial inter‑domain network
The inter-domain network was constructed to visualize 
the co-occurrence relationships of taxa across the three 
domains and their correlations with environmental fac-
tors. Here we used stricter criteria than intra-domain 
networks to narrow the scope of focus and to reduce 
any compositional effects (Weiss et al. 2016). The OTUs 
that comprise > 500 total reads in all samples and were 
present in > 25% of samples in each domain (account-
ing for 72.2%, 97.1%, and 91.1% of bacterial, archaeal, 
and microeukaryotic reads, respectively) were included 
in the SparCC calculations. Only significant correla-
tions (P < 0.01) with SparCC |r|> 0.75 were visualized in 
the networks using Cytoscape 3.10.1. Node-level topo-
logical features (as listed and defined in Table  S2) were 
further calculated using the NetworkAnalyzer plugin in 
Cytoscape (Assenov et al. 2008). Nodes with a core posi-
tion in the network tend to have higher values for degree, 
betweenness centrality, clustering coefficient and lower 
values for average shortest path length (Ma et al. 2016). 
The generation of the inter-domain sub-networks and the 
calculation of the station-based topological features were 
performed in the same way as for the intra-domain sub-
network. The Zi-Pi plot was used to distinguish the roles 
that each node played in the network by analyzing two 
parameters including within-module connectivity (Zi) 

and among module connectivity (Pi). The roles of nodes 
can be classified into four different categories, includ-
ing peripherals (Zi < 2.5, Pi < 0.62), connectors (Zi < 2.5, 
Pi > 0.62), module hubs (Zi > 2.5, Pi < 0.62), and network 
hubs (Zi > 2.5, Pi > 0.62) (Guimerà and Nunes Amaral 
2005; Olesen et al. 2007).

Results
Environmental gradients from inshore to offshore zones
Multiple environmental gradients along the inshore-
nearshore-offshore continuum were visualized using 
boxplots (Fig. S1). Suspended particles concentrations 
showed the greatest variation among zones, ranging 
from 1,109 mg/L in the inshore zones to only 63 mg/L 
in the offshore zones. Nutrient-related parameters, 
including total nitrogen (0.77–1.31  mg N/L), nitrate 
(0.61–1.00  mg N/L), phosphate (0.026–0.046  mg P/L), 
silicate (1.01–1.53  mg Si/L), COD (0.92–1.77  mg/L), 
and TOC (1.45–1.59  mg/L), as well as DO (8.86–
9.29  mg/L), showed a similar pattern to suspended 
particles, with a gradual decrease along the inshore-
nearshore-offshore continuum. Furthermore, the spa-
tial variation of eutrophication status in this coastal 
area was also assessed using a eutrophication index 
(EI), which integrates several nutrient parameters, 
including nitrate, nitrite, ammonium, phosphate, and 
COD. The results showed a clear decreasing trend of EI 
from the inshore to the offshore zones. Both the inshore 
(EI = 22.11) and nearshore (EI = 9.67) zones were heav-
ily eutrophic (EI > 9), especially some stations located in 
HZ with EI values above 50. Conversely, natural factors, 
including water temperature (8.88–11.05  °C), salin-
ity (20.76–29.13 psu), and pH (8.08–8.17) significantly 
increased from the inshore to the offshore zones.

An overview of the bacterial, archaeal, 
and microeukaryotic communities
We obtained 29,275 bacterial OTUs (ranging from 
544 to 6,618 OTUs), 2,818 archaeal OTUs (ranging 
from 120 to 962 OTUs), and 9,027 microeukaryotic 
OTUs (ranging from 345 to 2,088 OTUs) from 99 sea-
water samples. The most abundant bacterial Phyla 
and proteobacterial Classes were the Gammaproteo-
bacteria (average relative abundance of 37.4 ± 23.4%), 
Alphaproteobacteria (10.7 ± 7.0%), Betaproteobacteria 
(9.2 ± 6.0%), Actinobacteriota (6.8 ± 3.9%), Deltapro-
teobacteria (5.8 ± 4.0%), Chloroflexota (5.8 ± 4.5%), and 
Bacteroidota (5.2 ± 3.5%). Thaumarchaeota Marine 
Group I (MGI, now placed within the Family Nitros-
opumilaceae of the Phylum Thermoproteota in the 
GTDB taxonomy, 92.1 ± 5.4%), primarily Nitrosopumi-
lus (80.5 ± 8.3%), dominated the archaeal community. 

Table 1 Comparisons among the topological features for the 
intra-domain co-occurrence networks of the three microbial 
domains

Topological features Bacteria Archaea Microeukaryotes

Number of nodes 718 123 207

Number of edges 31433 1843 875

Positive edges 23889 1263 829

Negative edges 7544 580 46

Modularity 0.85 1.28 0.70

Graph density 0.122 0.246 0.041

Average degree 87.56 29.97 8.45

Betweenness centrality 464 57 205

Clustering coefficient 0.81 0.78 0.65

Average path length 2.32 1.94 3.49
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Microeukaryotic communities were dominated by 
the TSAR Supergroup (88.2 ± 7.1%), comprising the 
Divisions Telonemia (0.3 ± 0.3%), Stramenopiles 
(6.6 ± 7.0%), Alveolata (71.4 ± 14.3%, mainly Dinoflagel-
lata (40.5 ± 24.1%) and Ciliophora (27.3 ± 26.7%)), and 
Rhizaria (9.9 ± 8.2%).

Archaeal α-diversity (including Chao 1, observed spe-
cies, PD, and Shannon–Wiener index) was the lowest 
among the three domains, while the α-diversity was the 
highest for the Bacteria (Fig. S3). The α-diversity in all 
three domains was always significantly lower in the off-
shore zones than in the inshore and nearshore zones. 
Moreover, the inshore and nearshore zones had similar 
microbial diversity by most indices, with a few exceptions 

(e.g. the Shannon–Wiener index for Archaea, PD and the 
Shannon–Wiener index for Microeukaryotes peaked in 
the nearshore zones).

Topological features of microbial intra‑domain 
co‑occurrence networks
Microbial intra-domain networks were constructed 
(Fig.  2) and the network-level topological features 
(Table  S2) were calculated to examine taxa correla-
tions within each domain. Intra-domain networks cap-
tured 31,433, 1,843, and 875 edges among 718, 123, and 
207 nodes for Bacteria, Archaea, and Microeukary-
otes, respectively (Fig.  2, Table  1). The bacterial net-
work was the most complex among the three domains, 

Fig. 2 Intra-domain networks showing co-occurrence patterns within each domain. The size of each node is proportional to its degree. Pairwise 
SparCC |r|> 0.6 with P < 0.01 is shown as edges of the networks. In the left panels, nodes are colored by module. In the right panels, nodes are 
colored according to taxonomy
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having the highest values for node number, average 
degree, betweenness centrality, and clustering coefficient 
(Table  1). The microeukaryotic network had the lowest 
values for density, average degree, betweenness central-
ity, and clustering coefficient as well as the highest value 
for average path length. Although the archaeal network 
had the minimum node number, its edge number and 
average degree were 2.11- and 3.55-fold higher than in 
the Microeukaryotes.

The station-based topological features (e.g. aver-
age degree, betweenness centrality, numbers of node 
and edge) of the intra-domain sub-networks for the 
three domains showed similar geographic patterns. Sig-
nificantly higher values of topological features were 

observed for the nearshore zones (XSE and most ZS sta-
tions) than for the inshore (HZ, XS, and SM) and offshore 
zones (YS and IC) (Figs. 3 and S4). Furthermore, the val-
ues of average degree and betweenness centrality of the 
intra-domain sub-networks generally peaked at inter-
mediate levels for the environmental factors, including 
water temperature, salinity, pH, DO, and nutrient-related 
parameters (including suspended particles, silicate, total 
nitrogen, and EI; Fig. S5).

Modularity of microbial intra‑domain co‑occurrence 
networks
Modularity analysis showed that the bacterial co-occur-
rence network could be divided into three primary 

Fig. 3 Geographic patterns of topological features (average degree and betweenness centrality) of intra-domain sub-networks for the three 
microbial domains. A Kriging maps visualizing the spatial distribution of degree and betweenness centrality across sampling zones. B Boxplots 
showing the differences of these two topological features in the inshore, nearshore and offshore zones. The lower and upper hinges of the boxes 
correspond to the 25th and 75th percentiles. The lines and asterisks (*) in the boxes correspond to median and mean. The upper whisker extends 
from the hinge to the value no further than 1.5IQR (inter-quartile range). The lower whisker extends from the hinge to the smallest value at most 
1.5IQR. Data beyond the end of the whiskers are “outlying” points (multiple comparisons after Kruskal–Wallis test, *P < 0.05, **P < 0.01, ***P < 0.001)
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modules (Fig.  2). The majority of Module I were mem-
bers of Gammaproteobacteria (node proportion 29.3%), 
Chloroflexota (13.9%), and Alphaproteobacteria (11.4%); 
Module II was mainly composed of Gammaproteobacte-
ria (52.1%) and Alphaproteobacteria (21.9%); Members 
of Alphaproteobacteria (43.3%), Gammaproteobacteria 
(21.7%), and Bacteroidota (21.7%) constituted Module 
III. The archaeal network had the highest modularity of 
the three domains (Table 1). The two main modules were 
dominated by Nitrososphaeria (43.8% in Module I) and 
Poseidoniia (54.6% in Module II), respectively (Fig.  2). 
The microeukaryotic network had the lowest modular-
ity (Table  1) and was clustered into four primary mod-
ules (Fig.  2). All four of those modules were dominated 
by Alveolata (ranging from 40.6 to 100%). In addition, 
Module I was co-dominated by Rhizaria (29.0%) and 
Stramenopiles (17.4%). Chlorophyta was the dominant 
member of Module II (16.7%) and Module III (20.6%) 
after Alveolata.

Module I of the co-occurrence networks for the 
three domains were distributed in both the inshore and 
nearshore zones (Fig. S6). Module II tended to be dis-
tributed in the offshore zone, although some taxa were 
shared among the three zones. Module III of the micro-
eukaryotic network was almost evenly distributed among 
three zones, while its Module IV and bacterial Module III 
occurred in the offshore and inshore zones, respectively.

Topological features of microbial inter‑domain 
co‑occurrence network
The microbial inter-domain network had 198 nodes 
(including 139 bacterial OTUs, 35 archaeal OTUs, and 24 
microeukaryotic OTUs), linked by 1,103 edges (includ-
ing 627 positive edges and 476 negative edges; Fig.  4). 
The nodes belonging to the Bacteria and Archaea and the 
edges between these two domains accounted for 87.9% 
and 86.4% of the entire network, respectively (Fig.  4A), 
illustrating the predominant role of bacterial-archaeal 
associations in the microbial inter-domain network. 

Moreover, the node-level topological features (e.g. 
degree, betweenness centrality) for the archaeal nodes 
were significantly greater than those for the bacterial or 
microeukaryotic nodes (Fig. 4D).

In addition, the station-based sub-networks generated 
from the inter-domain network showed a similar geo-
graphic pattern in topological features (including average 
degree, betweenness centrality, and numbers of node and 
edge; Fig. S7) as those of the intra-domain sub-networks 
(Figs.  3 and S4). That is, the nearshore zones had sig-
nificantly higher values of the topological features above 
than the inshore and offshore zones (Fig. S7).

Modularity of microbial inter‑domain co‑occurrence 
network
Modularity analysis revealed two primary modules in the 
inter-domain microbial co-occurrence network (Fig. 4B). 
Module A consisted of 78 nodes and 207 edges (positive: 
176 vs. negative: 31), and Module B had 72 nodes and 
247 edges (positive: 237 vs. negative: 10). Both modules 
exhibited clear geographic patterns (Figs.  4C and S8). 
Approximately 70% of Module-A-OTUs were distributed 
in the inshore and nearshore zones (referred as Inshore 
zones enriched and Inshore & Nearshore shared), while 
more than 78% of Module-B-OTUs were solely distrib-
uted in the offshore zones (referred as Offshore zones 
enriched).

The topological roles of nodes in the inter-domain co-
occurrence network are shown in the Zi-Pi plot (Fig. 4E). 
All nodes identified as hubs (including 3 network hubs 
and 5 module hubs) are archaeal OTUs, mainly belonging 
to MGI and the Euryarchaeota Marine Group II (MGII, 
now placed in the Order Poseidoniales of the Phylum 
Thermoplasmatota in the GTDB taxonomy). Two MGII 
archaeal OTUs (Poseidonia [Arc_11] and MGIIb-O1 
[Arc_21]) and one MGI OTU (Nitrosopumilus [Arc_14]) 
were classified as network hubs in our analysis. Two 
groups of MGI OTUs (that we defined as MGI_hubs_A 
and MGI_hubs_B) were respectively identified as module 

Fig. 4 Co-occurrence patterns and ecological roles of three microbial communities in inter-domain network across the study area. Inter-domain 
co-occurrence network with nodes are colored according to three microbial domains (A), modules (B), and zones (C), respectively. The connection 
indicates a strong (SparCC |r|> 0.75) and significant (P < 0.01) correlation. The width of the lines indicates correlation strength. The size of each node 
is proportional to its degree. A summary of node (or node-edge) statistics is provided at the bottom of each network. Specifically, A numbers 
in the solid circles represent the number of nodes belonging to the corresponding microbial domains and the numbers adjacent to edge 
connections represent the number of cross-domain associations; B a doughnut chart shows the proportion of each module in the entire network, 
and the numbers represent the number of nodes belonging to the corresponding modules; C the bar chart shows the proportion of nodes 
belonging to the corresponding category in the entire network and each module according to nodes categories in Figure S8. D Node-level 
topological features associated with different microbial domains (multiple comparisons after Kruskal–Wallis test, *P < 0.05, **P < 0.01, ***P < 0.001). 
E Zi-Pi plot showing the module-based topological role of each node in the inter-domain network. The threshold values of Zi (within-module 
connectivity) and Pi (among-module connectivity) for categorizing were 2.5 and 0.62, respectively. The taxonomic information of network hubs, 
module hubs and connectors are listed in Table S3

(See figure on next page.)
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hubs in two network modules (Figs. 4E, 5, and Table S3). 
The MGI_hubs_A members (JACEMX01 [Arc_6], 
Nitrosopumilus [Arc_8], and Nitrosopelagicus [Arc_10]) 
showed positive correlations with bacterial OTUs 
mainly containing Woeseiaceae, Nitrosomonadaceae, 

Nitrospiraceae, and Trueperaceae (Fig. 5A). Additionally, 
some bacterial OTUs (members of Halieaceae, Rhodo-
bacteraceae, and Alteromonadaceae), microeukaryotic 
OTUs (members of Prymnesiaceae), and archaeal MGIIb 
OTUs showed negative relationships with MGI_hubs_A. 

Fig. 4 (See legend on previous page.)
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Fig. 5 The co-occurrence relationships of the three-domain microbes in Module A (A) and Module B (B) detected in the inter-domain network 
in Fig. 4B. Boxes enclose OTUs of major groups that appeared affiliated to the same bacterial and microeukaryotic family or archaeal genus. 
Triangular nodes represent module hubs. The width of the lines indicates correlation strength, and the solid and dashed lines indicate positive 
and negative correlations, respectively
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Compared with MGI_hubs_A, members of MGI_hubs_B 
(Nitrosopumilus [Arc_5 and Arc_9]) had positive corre-
lations with a greater number of microeukaryotic OTUs 
(mainly affiliated to Dino-Group-I and II of the Class 
Syndiniales; Fig.  5B). In addition, the MGI_hubs_B, 
together with MGII OTUs (members of Poseidonia), 
were positively correlated with bacterial OTUs, mainly 
from Alteromonadaceae, Moraxellaceae, Actinomari-
naceae, Rhodobacteraceae, Rhodospirillaceae, and 
Flavobacteriaceae.

Correlations between microorganisms and environ-
mental factors (mainly suspended particles and salinity) 
were seen in both modules (Fig. 5). Suspended particles 
and salinity in Module A were significantly positively cor-
related with a MGI archaeal OTU (JACEMX01 [Arc_7]) 
and negatively correlated with a bacterial OTU (Chloro-
flexota [Bac_38]), respectively (Fig. 5A). These two envi-
ronmental factors were significantly correlated with a 
greater number of microbial taxa in Module B (Fig. 5B). 
Salinity was negatively correlated with two bacterial 
OTUs (Psychromonadaceae [Bac_7] and Alteromona-
daceae [Bac_13]) and positively correlated with a MGI 
archaeal OTU (Nitrosopumilus [Arc_9]), while sus-
pended particles were negatively correlated with mul-
tiple OTUs from three domains, including members of 
Moraxellaceae [Bac_5 and Bac_70], Puniceispirillaceae 
[Bac_6], Poseidonia [Arc_11], and Chlorellales [Euk_28] 
(Fig. 5B).

Discussion
Topological features of microbial co‑occurrence networks 
varied among the three domains
Network analysis can potentially provide valuable per-
spectives on complex microbial communities beyond 
diversity and community composition by evaluating 
interspecific linkages within and among the three micro-
bial domains. Our research found the highest α-diversity 
for the bacterial community among the three domains, 
as well as the highest complexity and connectivity for 
the bacterial intra-domain network, suggesting that the 
density of network connections might be affected by 
the diversity of interconnected OTUs, as was previously 
reported for a coastal water microbial network (Reji et al. 
2019). Archaea had the lowest α-diversity and minimum 
network nodes among the three domains. However, 
Archaea’s higher network connectivity and complexity 
than the Microeukaryotes indicated that some other fac-
tors besides diversity affected their network’s structure.

Modularity is another key structural feature of com-
plex networks (Newman 2006). Identification of mod-
ules has revealed not only that structured organization 
can be tightly linked, but perhaps more importantly, a 
link between this organization and function and stability 

(Lurgi et  al. 2019). In our study, both intra-domain and 
inter-domain co-occurrence networks were partitioned 
into distinct modules, potentially representing shared 
ecological/functional niches or common metabolic 
interactions among taxa (Reji et  al. 2019). The archaeal 
co-occurrence network showed the highest modularity 
among the three domains, which might suggest coop-
erative behavior within Archaea and the development 
of diverse mechanisms for archaeal colonization under 
a wide variety of environmental conditions (Gianetto 
and Heydari 2015; Takemoto and Borjigin 2011). This 
appeared coincident with high environmental adapt-
ability and broad niche breadth of Archaea that we pre-
viously reported in coastal waters of southern Zhejiang 
Province, China (Wang et al. 2020). It was also found that 
each module of the co-occurrence networks contained 
members from the same or a restricted number of Phyla/
Class/Division(s), suggesting possible taxonomic speci-
ficity for microbial module assembly. In addition, the dis-
tribution of all modules in this study revealed geographic 
patterns. For instance, the primary module for the bacte-
rial co-occurrence network across the inshore-nearshore-
offshore continuum showed a shift from Module III to 
Module I, and then to Module II. The taxonomic speci-
ficity and geographic patterning of the network modules 
suggest that phylogenetically related microorganisms 
may co-occur, possibly as a result of niche overlap among 
them (Cheung et al. 2018; Friedman and Alm 2012).

A consistent biogeographic pattern of microbial 
co‑occurrence features for the three domains
Network topological features (including average degree, 
betweenness centrality, numbers of node and edge) for 
the three domains showed a consistent biogeographic 
pattern. At two ends of the environmental gradients, 
the inshore zones (especially HZ) and offshore zones 
had relatively weaker microbial associations, while the 
nearshore zones with intermediate terrestrial impacts 
(as indicated by multiple environmental factors includ-
ing water temperature, salinity, pH, DO, and nutrient-
related parameters) had stronger microbial associations 
(Fig.  6). Connell proposed an ecological theory termed 
the “intermediate disturbance hypothesis (IDH)” in 1978, 
which conceptualized the relationship between biodiver-
sity and different levels of habitat disturbance, predicting 
that species richness is highest at an intermediate level 
of disturbance (Connell 1978). The consistently observed 
relationship between network topological features 
and terrestrial impacts, regardless of three microbial 
domains, appeared similar to the IDH theory. Thus, a 
modified IDH describing the relationship between the 
strength of microbial associations and different levels of 
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terrestrial disturbance can be proposed as an open ques-
tion for future verification.

In the present study, the offshore zones having mini-
mal terrestrial impacts showed the weakest microbial 
associations, which could be largely determined by their 
lower microbial α-diversity compared with the other 
zones. However, high microbial α-diversity does not 
necessarily mean strong microbial associations. Notably, 
in the inshore zone HZ, we found the highest prokary-
otic diversity, but relatively weak microbial associations. 

This zone has been very eutrophic for a long time, with 
its seawater quality worse than Grade IV (the worst 
grade; Bulletin of Marine Ecology and Environment Sta-
tus of China in 2015) according to the Seawater Quality 
Standard of China (GB 3097–1997 and HJ 442–2008). 
Such eutrophic environments provide diverse inorganic 
nutrients and organic materials, and the abundant sus-
pended particles also comprise diversified micro-spatial 
and resource niches for microorganisms. These may 
mitigate competition for nutrients and ecological niches, 

Fig. 6 Conceptual diagram showing the geographic patterns of microbial co-occurrence relationships across complex environmental gradients 
in subtropical coastal waters. Across a scale of about 250-km, as the intensity of terrestrial impacts decreased from inshore to offshore zones, 
dissolved oxygen (DO), chemical oxygen demand (COD), total organic carbon (TOC), total nitrogen (TN), suspended particles (SP), silicate, nitrate, 
phosphate, and eutrophication showed a gradually decreased gradient, while water temperature, salinity, and pH exhibited an opposite trend. 
Three microbial domains exhibited consistent network topology-based geographic patterns along environmental gradients. The inshore zones 
and offshore zones showed relatively weaker microbial associations, while the nearshore zones with intermediate terrestrial impacts had stronger 
microbial associations. Additionally, archaeal MGI OTUs were hubs for structuring inter-domain network, and the network had a structural shift 
from Module A to Module B along environmental gradients from inshore to offshore zones
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leading to weaker associations among the microorgan-
isms (Faust and Raes 2012; Ma et  al. 2016). Compared 
to the inshore zones with the most intense terrestrial 
impacts and the offshore zones with the lowest microbial 
diversity, the strongest microbial associations were found 
in the nearshore zones with intermediate levels of terres-
trial impacts. The trade-offs among community diversity, 
environmental conditions, ecological niches, and species 
interactions may contribute to this biogeographic pattern 
of microbial associations. The validity and universality of 
this pattern across various biomes and ecosystems are 
worthy of future testing.

Archaeal taxa were the hubs in the biogeographic shift 
between inter‑domain network modules
Bacteria have long been considered the key players of 
the marine microbial food web owing to their sheer 
abundance and activity (Bunse and Pinhassi 2017). Our 
research confirmed that Bacteria had the highest pro-
portion of nodes in inter-domain network, as well as the 
greatest intra-domain network complexity and connec-
tivity, all of which could help stabilize community in the 
face of external disturbances (Dunne et al. 2002; Tilman 
et  al. 1997). Compared to Bacteria, our knowledge of 
archaeal biology is limited. Nevertheless, important find-
ings about Archaea in recent decades, such as the discov-
ery of anaerobic methane oxidation (Boetius et al. 2000), 
thaumarchaeal ammonia oxidation (Leininger et  al. 
2006), globally distributed metabolic generalists Bathyar-
chaeota (Zhou et al. 2018), and the evolutionarily impor-
tant Asgardarchaeota (Eme et al. 2023; Spang et al. 2015), 
are revolutionizing our understanding of Archaea and 
implying their importance as key interactive components 
in complex microbiomes (Moissl-Eichinger et  al. 2018). 
Notably in this study, the nodes for Archaea rather than 
Bacteria had the highest degree and betweenness cen-
trality in the inter-domain network, and archaeal OTUs 
(mainly MGI) were identified as module hubs or even 
network hubs, indicating that Archaea occupy a central 
position in the network.

MGI is a major archaeal group across the marine (par-
ticularly coastal) water column and its members are the 
predominant ammonia-oxidizers in the marine nitrogen 
cycle (Francis et  al. 2005; Hugoni et  al. 2013; Wuchter 
et al. 2006). Previous studies found that MGI appears to 
have distinct phylotypes segregated in different oceanic 
provinces (Massana et al. 2000), depths (Reji et al. 2019), 
or seasons (Parada and Fuhrman 2017), which could be 
associated with their differentiated physiological char-
acters (Luo et  al. 2014), life history strategies (Hugoni 
et  al. 2013), and/or microbial co-occurrence patterns 
(Reji et al. 2019). In our survey, the MGI OTUs fell into 
two different groups (MGI_hubs_A and MGI_hubs_B), 

which were identified as the hub species of the two mod-
ules (Module A and Module B) in the inter-domain net-
work. Along the inshore-nearshore-offshore continuum, 
the microbial inter-domain co-occurrence relationships 
shifted from Module A-dominated to Module B-domi-
nated (Fig.  6), suggesting divergent biogeographic pat-
terns for the microbial assemblages centered on the hub 
species in the two modules.

The MGI_hubs_A group in Module A had positive cor-
relations with Nitrosomonadaceae and Nitrospiraceae 
OTUs, which are known as ammonia-oxidizing bacte-
ria and nitrite-oxidizing bacteria, respectively (Kuypers 
et  al. 2018). The co-occurrence of these taxa in Module 
A may be related to the fact that high nitrogen loads in 
the inshore and nearshore zones provided sufficient sub-
strate for these nitrifiers, which have the potential to be 
partners for complete nitrification. The MGI_hubs_A 
also co-occurred with a group of OTUs affiliated with 
Woeseiaceae (formerly classified in the JTB255 marine 
benthic group), which are ubiquitous microbial members 
in diverse marine benthic environments, with hypoth-
esized roles in carbon and sulfur metabolism (Bowman 
et  al. 2005; Dyksma et  al. 2016; Mußmann et  al. 2017). 
Their occurrence in the surface waters of this study 
might be due to the resuspension of the coastal sedi-
ments. Trueperaceae (in the Phylum of Deinococcota) in 
Module A is likely involved in the degradation of organic 
matter (Qian et  al. 2017). Therefore, the co-occurrence 
of MGI_hubs_A and the members of the above micro-
bial groups having versatile metabolic roles in processing 
organic materials and inorganic nutrients, might interact 
to mediate the element cycles in nutrient-rich inshore 
and nearshore zones.

The MGI_hubs_B OTUs in Module B commonly co-
occurred with the archaeal OTUs affiliated with the 
Poseidonaceae (aka. MGIIa) Genus Poseidonia. MGII is 
an abundant planktonic archaeal group in global oceans 
(Rinke et  al. 2019), with indications of a photohetero-
trophic lifestyle that combines proteorhodopsin-based 
phototrophy with the remineralization of high-molec-
ular-weight organic matter (Tully 2019). In addition to 
MGII members, we also found some other presumed 
heterotrophs (e.g., Rhodobacteraceae, Actinomarinaceae, 
and Flavobacteriaceae) co-occurring in Module B, for 
which a rhodopsin-based photoheterotrophic lifestyle 
was indicated in previous investigations (Torre et  al. 
2003; Newton et al. 2010; Yoshizawa et al. 2014). In addi-
tion, more phototrophic microeukaryotes (e.g., Chlorel-
lales, Prorocentraceae, and Cymatosiraceae) occurred in 
Module B. Some of these phototrophic taxa (e.g., Chlorel-
lales, Poseidonia) were significantly negatively correlated 
with suspended particles (Fig. 5B). These results suggest 
that high light intensity due to more light penetration in 
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the offshore zones having fewer suspended particles was 
one of the potential drivers of the associations among 
these phototrophic assemblages. Collectively, our work 
suggests that Archaea, particularly MGI taxa, serve as 
hubs in inter-domain microbial co-occurrence networks 
in coastal waters, potentially mediating biogeographic 
shifts of microbial assemblages from inshore to offshore 
zones. Nevertheless, it remains uncertain whether the 
hub species identified by the network algorithms act as 
keystones in actual ecological communities (Faust 2021). 
Further experimental evidence, such as experiments that 
involve the removal/addition of hub species and ran-
domly selected control species in a simplified synthetic 
community (Berry and Widder 2014), should be con-
ducted to evaluate the roles of the inferred hub species.

Conclusions
Here we depicted microbial biogeography in terms of 
complex co-occurrence relationships by conducting 
high-coverage sampling across multiple environmental 
gradients of subtropical coastal waters, and integrated 
a dataset covering Bacteria, Archaea and Microeukary-
otes. Network analysis for inferring co-occurrence pat-
terns from large environmental datasets provides a new 
perspective for microbial biogeography beyond diversity 
and composition. However, we note that network-based 
microbial co-occurrences should not be uncritically 
assigned to biological interactions. Comparing co-occur-
rence networks and real-world interactions remains a 
major unresolved challenge, which requires the develop-
ment of more accurate network inference algorithms and 
further experimental validation of predicted co-occur-
rence relationships.
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