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Abstract

Background Archaea are key mediators of estuarine biogeochemical cycles, but comprehensive studies comparing
archaeal communities among multiple estuaries with unified experimental protocols during the same sampling
periods are scarce. Here, we investigated the distribution, community assembly, and cross-domain microbial
co-occurrence of archaea in surface waters across four major estuaries (Yellow River, Yangtze River, Qiantang River, and
Pearl River) of China cross climatic zones (~ 1,800 km) during the winter and summer cruises.

Results The relative abundance of archaea in the prokaryotic community and archaeal community composition
varied with estuaries, seasons, and stations (reflecting local environmental changes such as salinity). Archaeal
communities in four estuaries were overall predominated by ammonia-oxidizing archaea (AOA) (aka. Marine Group
(MG) I; primarily Nitrosopumilus), while the genus Poseidonia of Poseidoniales (aka. MGlI) was occasionally predominant
in Pearl River estuary. The cross-estuary dispersal of archaea was largely limited and the assembly mechanism of
archaea varied with estuaries in the winter cruise, while selection governed archaeal assembly in all estuaries in the
summer cruise. Although the majority of archaea taxa in microbial networks were peripherals and/or connectors,
extensive and distinct cross-domain associations of archaea with bacteria were found across the estuaries, with AOA
as the most crucial archaeal group. Furthermore, the expanded associations of MGl taxa with heterotrophic bacteria
were observed, speculatively indicating the endogenous demand for co-processing high amount and diversity of
organic matters in the estuarine ecosystem highly impacted by terrestrial/anthropogenic input, which is worthy of
further study.

Conclusions Our results highlight the lack of common patterns in the dynamics of estuarine archaeal communities
along the geographic gradient, expanding the understanding of roles of archaea in microbial networks of this highly
dynamic ecosystem.
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Background
Since recognizing the ubiquity of archaea in mesophilic
marine waters from early 1990s [1, 2], the criticality
of archaea in marine biogeochemical cycling has been
cumulatively understood [3-5]. Under certain condi-
tions, archaeal abundance in marginal seas or coastal
waters can account for ~30% of the prokaryotic commu-
nity [6]. However, due to the high diversity and dynam-
ics of coastal water environments, the understanding
of planktonic archaeal biogeography in typical coastal
habitats is insufficient. Estuaries are typical land-to-sea
transition areas [7], continuously affected by terrestrial
runoffs and anthropogenic disturbances, thus often lead-
ing to multiple environmental gradients [8—10]. Under-
standing the distribution, community assembly, and
potential microbial interactions of archaea in estuaries is
crucial to expand the cognition of archaeal biogeography
in coastal waters and to provide a baseline to monitor
impact of regional change on the archaeal community.
The abundance and diversity of archaea in the estua-
rine waters could be conditionally high [11-13], and the
main dominant groups are ammonia-oxidizing archaea
(aka. Thaumarchaeota Marine Group (MG) I, now within
the family Nitrosopumilaceae of the phylum Thermopro-
teota in the GTDB taxonomy) and heterotrophic MGIL
archaea (aka. Euryarchaeota MGII, now within the order
Poseidoniales of the phylum Thermoplasmatota in the
GTDB taxonomy) [14]. Bathyarchaeota, Woesearchaeota,
Nanoarchaeota, Thermoprofundales (MBG-D), Asgard
archaea (such as Thorarchaeota and Lokiarchaeota), and
methanogens are also commonly detected in the water
column [13]. Estuarine ecosystems are spatiotemporally
dynamic and are often twinned with bays, and numerous
studies have found that estuarine environmental gradi-
ents (such as salinity, water temperature, pH, and nutri-
ents) largely shape the spatial distribution patterns of
microbial communities in bay area [11, 12, 15, 16]. Cur-
rent studies on estuarine archaeal community are mainly
on single-estuary basis [12, 17-19]. For example, archaeal
communities in the Pearl River estuary showed a pattern
from MGI-dominated to MGII-dominated along the low-
to-high salinity and nutrient gradients [20]. Several stud-
ies based on meta-analysis have provided an overview
of archaeal community compositions in major estuaries
around the world (including Yellow River, Yangtze River,
Jiulong River, and Pearl River estuaries of China) [7, 13],
expanding the understanding of distribution patterns
of archaea in this typical ecosystem. However, integrat-
ing previous studies based on different sampling peri-
ods and/or sequencing protocols targeting archaea may

induce interfering factors that prevent direct comparison
of archaeal communities among estuaries. Correspond-
ingly, comprehensive studies comparing planktonic
archaeal communities among multiple estuaries with uni-
fied experimental protocols (including sequencing prim-
ers and platforms) during the same sampling periods are
scarce. Therefore, contemporaneous and standardized
multi-estuarine studies are needed to characterize dis-
tribution patterns and assembly of planktonic archaea in
this typical coastal ecosystem.

In addition to the crucial role of archaea in connecting
other life forms on the tree of life [21], how they inter-
play with bacteria and eukaryotic microbes in maintain-
ing structure and function of the microbial food web is
an emerging issue of microbial ecology. Archaea are
considered as key components that interact with other
microbes in complex microbiomes [22], and thus reveal-
ing their cross-domain co-occurrence patterns with
other microbes is essential for understanding their posi-
tions in the microbial interactome. Recent works based
on network analysis have shown some cross-domain co-
occurrence patterns of archaea including temporal or
spatial associations of archaea with bacteria and eukary-
otic phytoplankton across various depths of the water
column or regional ecological gradients of coastal waters,
spatiotemporal rotation of distinct assemblages of co-
occurred MGI archaea and nitrifying bacteria, common
associations of MGII archaea with (photo)heterotrophic
bacteria (such as SAR86 and SAR406) [23, 24]. However,
the common and differential patterns of archaeal cross-
domain co-occurrence relationships across multiple estu-
aries are largely unknown.

According to the Bulletin on the Status of Marine Ecol-
ogy and Environment of China (2021), the major estua-
rine and/or bay ecosystems have been suffering from
long-term eutrophication to varying degrees [25]. Typi-
cal ecosystems officially monitored by the Chinese gov-
ernment, including four major estuaries (Yellow River,
Yangtze River, Qiantang River (located in the Hangzhou
Bay), and Pearl River estuaries), are in a sub-healthy state.
To provide comprehensive profiles of archaeal communi-
ties in this typical ecosystem highly disturbed by terres-
trial and/or anthropogenic sources, we selected the four
estuaries mentioned above from north to south along
the coastline of China across climatic zones (~1,800 km)
(Fig. 1). Surface waters along the ecological gradient of
each estuary were collected during a winter cruise and a
summer one. Using 16S rRNA gene amplicon sequenc-
ing combined with quantitative ecological models and
microbial network construction, we found: (1) distinct
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Fig. 1 Map of the sampling stations in four major estuaries of China. The colors of symbols of stations present different seasons, Blue: Winter, Red: Sum-
mer. The meanings of the letters in the station IDs are as following: W, Winter; S, Summer; YE, Yellow River estuary; YA, Yangtze River estuary; Q Qiantang

River estuary; P, Pearl River estuary; L, Low salinity; M, Medium salinity

distribution patterns of archaea across the estuaries
regardless of season; (2) distinct community assembly
mechanisms of archaea across the estuaries; (3) contrast-
ing cross-domain microbial co-occurrence patterns of
archaea across the estuaries, collectively highlighting the
lack of common patterns in the dynamics of estuarine
planktonic archaeal communities along the geographic
gradient.

Materials and methods

Study sites, sampling, and physicochemical analyses of
waters in the estuaries

Four major estuaries of China along a latitude gradient,
including Yellow River, Yangtze River, Qiantang River,
and Pear] River estuaries, were investigated during the
winter and summer cruises. Three of them are the estuar-
ies of the big four rivers in China (including Yellow River,
Yangtze River, and Pearl River), and Qiantang River estu-
ary is located in the Hangzhou Bay as one of the largest

and most developed bay areas in China. Two sampling
stations were set in each estuary according to the salinity
level (low (~10 psu) and medium (~25 psu)). Due to the
seasonality in environmental conditions including water
temperature (ranging —0.1-18.4 °C and 24.6-29.7 °C in
the winter and summer cruises, respectively; Fig. S1),
the sampled stations were somewhat different in the two
cruises (winter: January 2016; summer: August-Septem-
ber 2016) (Fig. 1). The surface waters (at ~0.5-m depth)
were collected at each station with five biological repli-
cates, and a total of 80 samples were collected. The water
samples were prefiltered through a 100-mesh (~150-pm)
sterile nylon mesh and then filtered onto a 0.2-pm poly-
carbonate membrane (Millipore, USA). The filters were
stored with dry ice on board and then at -80 °C after
being transported back to the laboratory. Water tempera-
ture, pH, dissolved oxygen (DO), and salinity were mea-
sured on board using a probe (YSI550A, USA). Nitrate,
nitrite, phosphate, silicate, and chemical oxygen demand
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(COD) were determined according to the standard meth-
ods [26].

DNA extraction, 16S rRNA gene amplification, and lllumina
sequencing

Total DNA on the filters was extracted using a Power Soil
DNA Isolation Kit (MOBIO, USA). To study archaea and
their co-occurrence with bacteria from a perspective of
the whole prokaryotic community, the V4 region of 16S
rRNA genes was amplified using a archaeal-bacterial
universal primer set 515FY (5-GTGYCAGCMGCCGC-
GGTAA-3’) and 806RB (5-GGACTACNVGGGTWTC-
TAAT-3’) with dual barcodes [27, 28]. The coverage of
the primers for both archaea and bacteria has been evalu-
ated and discussed in our previous work [29]. An amount
of 10 ng purified DNA template from each sample was
amplified in triplicate with a 20-pl reaction system under
the following conditions: initial denaturation at 95 °C for
3 min; then 28 cycles of denaturation at 95 °C for 30 s,
annealing at 55 °C for 30 s, and extension at 72 °C for
45 s; with a final extension at 72 °C for 10 min. Triplicate
PCR products for each sample were pooled and purified
using a PCR fragment purification kit (TaKaRa, Japan),
quantified using a Quant-It Pico Green kit with a Qubit
fluorometer (Life Technologies, USA), and sequenced on
an [llumina MiSeq machine (Illumina, USA).

Sequence processing

Paired reads were joined with FLASH using default set-
tings [30]. The joined reads were processed using USE-
ARCH (v11.0.667) [31]. Briefly, the joined sequences
were quality-checked (maximum expected errors
(maxEE)=1.0) and de-replicated using the script use-
archll -fastx_uniques. Subsequently, de-noise, chi-
mera-check, and identification of ZOTUs (Zero-radius
Operational Taxonomic Units, also known as ASVs
(Amplicon Sequence Variants)) were processed using
UNOISE3 algorithm [32] with the script wusearchll
-unoise3 (minisize=8). A total of 17,277 ZOTUs were
yielded. To obtain ZOTU abundances, original joined
reads were mapped to ZOTU sequences at 100% simi-
larity using the script usearchil -otutab. The ZOTUs
were taxonomically assigned against the SILVA_138_
SSURef Nr99 reference database [33] using Blastn
v2.13.0+, with a percentage of identity>75%, max_tar-
get_seqs=1, and an e-value<0.0001. To further improve
the taxonomic annotation of archaeal ZOTUs, they
were also assigned against Genome Taxonomy Database
(GTDB) [34]. Sequences that cannot be assigned to bac-
teria or archaea, as well as chloroplast and mitochondrial
sequences were removed. The full prokaryotic dataset
(n=80) yield 16,546 ZOTUs comprising 2,387,656 quali-
fied reads (read range 10,633 —54,063, mean=29,846 per
sample). Relative abundances of major archaeal groups
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in prokaryotic communities and neutral model fitting
of prokaryotic communities were calculated based on
a prokaryotic ZOTU table rarefied at 10,600 reads per
sample. The archaeal ZOTU table was separated from
the unrarefied prokaryotic ZOTU table, and the archaeal
sub-dataset (n=80) yield 540 ZOTUs comprising 185,619
qualified reads (read range 4-14,742, mean=2,320 per
sample). To deal with very uneven archaeal sequence
numbers across samples, archaeal ZOTU abundances
(after discarding samples with <100 reads) were nor-
malized by cumulative sum scaling transformation [35]
for principal coordinate analysis (PCoA) and permuta-
tional multivariate analysis of variance (PERMANOVA)
that characterize the compositional variation of archaeal
communities. Three of the samples from each station in
Yellow River estuary during the winter cruise (hereinafter
referred to as WYE_L and WYE_M samples) and all five
samples from the low salinity station in Peal River estuary
during the winter cruise (WP_L samples) were excluded
prior to these analyses, due to their low read counts.

General statistical analyses

The map of sampling stations and geostatistical analyses
were performed using ArcGIS 10.4. Three-way repeated
measures analysis of variance (ANOVA) was applied to
test the influence of estuary, season, station, and their
interaction on the relative abundances of total archaea
and dominant archaeal taxa in prokaryotic communities
using SPSS Statistics 26. Heatmap was used to visualize
Spearman’s correlation of environmental and geographic
factors with the relative abundance of total archaea and
major archaeal genera in prokaryotic communities dur-
ing the winter or summer cruise using the R package
“ggplot2” [36]. Principal coordinate analysis (PCoA)
based on Bray-Curtis dissimilarity was used to visualize
the compositional variation total archaeal communities
across estuaries, seasons, and stations. Permutational
multivariate analysis of variance (PERMANOVA) was
used to test the influence of estuary, season, station, and
their interactions on the variation in archaeal community
composition. The effects of geographic distance, envi-
ronmental variables (based on Euclidean distance), and
bacterial community composition (based on Bray-Curtis
dissimilarity) on archaeal community composition were
explored with (partial-)Mantel tests and corresponding
tests were also done for bacterial community composi-
tion. These analyses were performed using the R package
“vegan” unless otherwise indicated [37].

Inferring the assembly processes of archaeal taxa

Sloan neutral model [38] was used to infer ecological
processes governing the assembly of archaeal taxa into
the prokaryotic community. Fitting of the neutral mod-
els was performed for prokaryotic communities in each
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estuary in the winter or summer cruise with the meta-
community cross all four estuaries as the source (aka.
species pool) using the R scripts previously reported [39].
The goodness of model fitting was evaluated by R% The
estimated migration rate (m), as a measure of dispersal
limitation, was calculated using the R package “minpack.
Im” [40], and higher m values indicate less dispersal-lim-
ited. The 95% confidence interval around the model pre-
diction were evaluated using the R package “Hmisc” [41].
The ZOTUs within the confidence intervals were consid-
ered as neutrally distributed, suggesting that they were
assembled into the local communities by stochastic dis-
persal and ecological drift. The ZOTUs above the upper
boundary of the confidence interval hold strong probabil-
ity of preference for certain local conditions, thus being
selected for, while the ZOTUs below the lower bound-
ary of the confidence interval are underrepresented in
certain local conditions compared to the model predic-
tion by their abundance in the source, suggesting being
selected against and/or being dispersal-limited from
the source [42]. Cumulative relative abundances of neu-
trally-distributed and non-neutrally distributed archaeal
ZOTUs were calculated to infer the relative importance
of neutral (stochastic) and selection (deterministic) pro-
cesses on governing archaeal community assembly in
each estuary. The Venn diagram was applied to analyze
the numbers of archaeal ZOTUs being unique and shared
in the four estuaries during the winter or summer cruise.

Association network analyses

To discover the across-domain co-occurrences of archaea
with bacteria and eukaryotic phytoplankton in each estu-
ary, bacteria and chloroplast reads were retained in the
unrarefied ZOTUs tables for network analyses. Chloro-
plast 16S rRNA genes are often used to profile photo-
synthetic protists (eukaryotic phytoplankton) [23, 43],
facilitating assessment of the dynamics of photosynthetic
protists without the uncertainties of distinguishing het-
erotrophic and autotrophic protists with the 18S rRNA
genes while with less variability of gene copy numbers
between taxa than for the 185 rRNA genes [43]. The
taxonomy of chloroplast ZOTUs were further assigned
against PhytoRef database [44] using Blastn. To reduce
compositional effects and spurious associations, ZOTUs
with sequence abundance>100 reads and appearing in
>15% of samples were retained for network calculations
[45, 46].

Eight sub ZOTUs tables were generated correspond-
ing to each estuary in both seasons, and microbial asso-
ciations combining environmental factors were inferred
using FlashWeave (sensitive=true, heterogeneous=false,
alpha=0.001, n_obs_min=10, normalize=true) [47].
FlashWeave was used because of its merits on detect-
ing and removing indirect (i.e., purely correlational)
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associations to construct direct association networks
based on local-to-global learning (LGL) approach pro-
posed by Aliferis et al. [48], a constraint-based causal
inference framework for the prediction of direct rela-
tionships between variables, thus reducing false or sus-
picious associations. It furthermore allows the seamless
integration of environmental factors, to estimate their
influence on microbial associations and then to remove
indirect associations driven by them. Given that Flash-
Weave does not support missing environmental data,
the environmental factors integrated here include water
temperature, salinity, and pH. The direct associations
are considered as robust and visualized using Chord dia-
grams with the R package “circlize” [49]. The topological
features of the networks were then calculated with Gephi
[50]. The bubble plot was created to summarize the cross-
domain associations between archaea and bacteria using
the R package “ggplot2” [36]. The topological role of each
node in the networks was estimated based on its within-
module connectivity (Zi) and among-module connectiv-
ity (Pi) [51] using the R package “igraph” [52]. According
to the suggested Zi and Pi degree threshold [53], all
nodes were categorized into four subcategories: periph-
erals (nodes connected in modules with few outside con-
nections, Zi<2.5 and 0<Pi<0.62), connectors (nodes
that connect modules, Zi<2.5 and Pi>0.62), module
hubs (highly connected nodes within modules, Zi>2.5
and Pi<0.62), and network hubs (highly connected nodes
within entire network, Zi>2.5 and Pi>0.62).

Results and discussion

Variability of environmental conditions across the
estuaries

In general, water temperature across the estuaries fol-
lowed a typical low-to-high gradient along the high-
to-low latitude gradient (with similar levels in Yangtze
River and Qiantang River estuaries) during the winter
cruise, while similar levels across four estuaries were
found during the summer cruise (Fig. S1). Yellow River
estuary had the highest level of DO, with a high-to-low
gradient along the high-to-low latitude gradient during
the winter cruise. Most environmental variables showed
seasonal and spatial (both intra- and inter-estuary) vari-
ability to varying degrees. There were overall similar
environmental conditions in Yangtze River and Qiantang
River estuaries because of their close geographic proxim-
ity. In addition, significant differences in other variables,
including pH, DO, and nutrients (NO,~, NO;~, SiO,*",
and PO,*"), were commonly found between stations with
low (~10 psu) and medium (~25 psu) salinity levels in
each estuary, confirming the multiple co-gradients with
salinity.
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Distinct distribution patterns of archaea across the
estuaries

Coastal marine ecosystems, especially estuaries are
diversified by varying environmental conditions (such as
those mentioned above) and distinct types and strength
of anthropogenic disturbances [10, 13, 18, 54], which
leads to the difficulty in capturing common patterns in
niche partitioning of archaea. Therefore, simultaneous
survey of major representative estuaries along the geo-
graphic gradient could provide insights into common and
distinct patterns of archaeal community in this typical
coastal ecosystem. In this study, the relative abundance of
archaea in the prokaryotic community of surface waters
drastically varied across estuaries (P<0.001) and was
significantly influenced by the interactions of Estuary,
Season, and Station (all P<0.001; Fig. 2 and Table S1).
Seasonality was more influential than station in deter-
mining the relative abundance of archaea in each estuary
(Table S1). Yellow River estuary had constantly low rela-
tive abundance of archaea (1.7% in average, ranging 0.02—
9.5%) regardless of season or station, while Qiantang
River (12.9% in average, ranging 2.1-33.2%) and Yangtze
River estuaries (9.5% in average, ranging 0.8—-27.6%) had
relatively higher archaeal abundance (Fig. 2). The rela-
tive abundance of archaea in Pearl River estuary (8.4% in
average, ranging 0.06—-39.9%) showed the most dramatic
seasonality and station-dependency cross the estuaries
(Fig. 2 and Table S1). These results reflect the importance
of unveiling the distribution pattern of archaea in the
context of the whole prokaryotic community, suggesting

Yellow River estuary

Yangtze River estuary
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the ebb and flow between archaea and bacteria in the
estuarine surface waters are highly dynamic.
Corresponding to a review meta-analyzing estuarine
planktonic archaea at the global scale [7], archaeal com-
munity in most samples of Yellow River, Yangtze River,
and Qiantang River estuaries were predominated by
ammonia-oxidizing archaea (AOA)/MGI (Nitrosopumi-
laceae, 74.3% in average, primarily Nitrosopumilus,
accounting for 60.3%), while in Pearl River estuary, Nitro-
sopumilus only dominated the archaeal community in the
low-salinity station in the summer cruise (93.6% in aver-
age) (Fig. 2). The relative abundance of Nitrosopelagicus
was also considerable in Yangtze River estuary and the
medium-salinity station of Qiantang River estuary in
the winter cruise (10.6% and 15.2% in average, respec-
tively). Nitrosopelagicus-like AOA are the major popula-
tion in open ocean surface waters globally [55], but their
distribution pattern and corresponding determinants in
coastal/estuarine ecosystem are unclear. It seems that
the bloom of Nitrosopelagicus in these two estuaries was
highly season- and salinity-dependent. MGII archaea
are ubiquitous in marine waters, and the vertical and
horizontal niche partitioning between MGII and MGI
were respectively found along the water columns in the
open ocean [3, 23, 56] and across coastal surface waters
at the regional scale [57]. However, the niche partition-
ing among MGII archaea at the finer taxonomic scales in
estuarine/coastal water remain largely unknown. Among
the MGII genera, MGIIb-O1 was only dominant in the
medium-salinity stations of Yangtze River and Qiantang
River estuaries in the winter cruise (20.0% and 15.0% in

Qiantang River estuary Pearl River estuary
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Fig. 2 Relative abundances of major archaeal genera (with relative abundance > 1% in at least one sample and average relative abundance >0.1% in all
samples) in prokaryotic communities in four major estuaries across seasons and stations. Bold taxon names are the families the genera affiliated to. Low
and medium present stations with corresponding salinity level. Refer to Fig. 1 for the meanings of the letters in the station IDs
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average, respectively), while Poseidonia was occasion-
ally dominant in Pearl River estuary across stations and
seasons. This suggests that both MGII genera tend to
be more abundant in stations with higher salinity in the
winter, with a clear estuary-specific niche partition-
ing. Also, the Poseidoniaceae (MGlla) genus Poseidonia
showed considerable abundance in Pearl River estuary in
the summer cruise (especially in the low-salinity station;
4.7% in average), likely due to its preference for warmer
waters as compared to Thalassarchaeaceae (MGIIb) taxa
[58]. However, MGIIb could also be dominant in coastal
waters during warm months [59]. In addition, Halococcus
(affiliated to Halobacteriota) was only considerable in a
single summer sample from the medium-salinity station
of Yellow River estuary (Fig. 2). Many previous studies
reported the associations of multiple environmental fac-
tors (like salinity, water temperature, inorganic nutrients,
and DO) with distribution patterns of major archaeal
groups [13, 57, 60]. We also found common associa-
tions between the relative abundance of total archaea and
dominant archaeal genera and environmental factors;
however, strong distinctions in terms of the combination
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of correlative factors and/or direction of correlation coef-
ficients of the given factors were observed between the
two cruises (Fig. S2). This inconsistency may be due to
the highly dynamic environmental conditions in the estu-
aries shaped by complex interactions of geographic loca-
tion, season, and terrestrial input via river runoff, on the
other hand, indicating potential stochasticity in archaeal
community assembly as suggested by previous studies
[57, 29]. Due to the limited seasons and stations we mon-
itored, this study mainly focused on comparing archaeal
communities among estuaries in each cruise to avoid
overstating or simplifying seasonal patterns, which are
worthy of future investigation by performing a sampling
scheme with higher spatiotemporal coverage to reveal
extensive seasonal changes.

The compositions of archaeal communities varied with
Estuary, Season, and Station (indicating salinity and
other co-gradients including NO,™, SiO,*~, and COD)
(Fig. 3). Estuary was the most influential factor shaping
archaeal community composition (R*pgryanova=0-367,
P=0.001), followed by Station and Season, and the inter-
actions of any two of them or all of them also showed
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significant effects (all P=0.001) (Table 1). On the sin-
gle-estuary basis, seasonality was more important than
station-dependent pattern in archaeal community com-
position in Yellow River (where the Station effect was
not significant) and Pearl River estuaries, while Yangtze
River and Qiantang River estuaries exhibited the oppo-
site trend. Mantel tests showed that bacterial community
composition was the strongest driver of compositional
variation of archaeal community in the winter cruise
(p=0.880, P=0.001; Table S2) even after controlled by
other key drivers including geographic distance and abi-
otic environmental factors such as water temperature,
DO, COD, SiO,*7, and NO,~ (all p>0.6, P=0.001), but
only geographic distance (p=0.628, P=0.001) and water
temperature (p=0.374, P=0.001) remained correlative
after controlled by bacteria community composition. In
the summer cruise, geographic distance was the stron-
gest determinant of archaeal community composition
(p=0.700, P=0.001), and bacterial community composi-
tion also showed a strong effect (p=0.597, P=0.001). But
NO,™ as the only abiotic environmental factor with a con-
siderable effect (p=0.499, P=0.001) turned insignificant
after controlled by bacterial community composition (p
= -0.046, P=0.754). It is worth noting that the bacterial
community composition was more constrained by envi-
ronmental divers after controlled by archaeal community
than for environmental constraints to archaeal commu-
nity controlled by bacterial community (Tables S2-S3).
This suggests that bacterial community composition was
likely more important in shaping archaeal community
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than for archaea in shaping bacterial community, via
their interactions as indicated by the common archaea-
bacteria associations presented below. Also, the key role
of geographic distance in shaping archaeal community in
both cruises was corresponding to the estuary-dependent
patterns. This explains the relatively similar compositions
of archaea in Yangtze River and Qiantang River estuar-
ies with geographic proximity, due to which the plume of
Yangtze River through the estuary can largely influence
the environmental conditions in Qiantang River estuary
[61]. The environmental determinants of archaeal com-
munity composition identified in either of the cruises,
such as water temperature, DO, salinity, and SiO,*",
were consistent with many previous reports [20, 23, 57].
Although some strong environmental drivers of compo-
sitional variation of archaeal community were identified
in the winter cruise (despite some of them likely affected
archaeal community via governing bacteria), key environ-
mental drivers remain a question for the summer cruise.
Therefore, future efforts should be made to collect typi-
cal and comprehensive environmental profiles (including
organic matters, sulfate, etc.) for unveiling the dynam-
ics in environmental determinants of estuarine archaeal
community. Collectively, we confirmed distinct distribu-
tion patterns of archaea across four major estuaries along
the geographic gradient in terms of dominant groups and
community compositions.

Table 1 Permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis dissimilarity to quantify the effects of
estuary, season, station, and their interactions on compositional variation of archaeal communities. Since all WP_L (the samples of
low salinity in Pearl River estuary during the winter cruise) samples were removed due to low archaeal read counts, the interaction of

season and station in Pearl River estuary cannot be tested

Estuary Factor R? P

All Estuary 0.367 0.001
Station 0.115 0.001
Season 0.105 0.001
Estuary x Season 0.100 0.001
Estuary x Station 0.085 0.001
Station x Season 0.019 0.001
Estuary x Station x Season 0.037 0.001

Yellow River estuary Station 0.092 0.065
Season 0432 0.001
Station x Season 0.046 0.357

Yangtze River estuary Station 0412 0.001
Season 0.255 0.001
Station x Season 0.122 0.001

Qiantang River estuary Station 0.331 0.001
Season 0.294 0.001
Station x Season 0.143 0.001

Pearl River estuary Station 0318 0.001
Season 0421 0.001

Data in bold indicate significance (P<0.05). R? values represent the proportion of variance constrained by factors or their interactions
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Assembly processes of archaeal taxa into the prokaryotic
community

The assembly of archaea in coastal waters were previously
reported to be more stochastically governed relative to
determinism at the regional scale, which is contrasting to
that of bacteria [57, 29]. A study focusing on 21 China’s
coastal wetlands also demonstrated that stochastic pro-
cesses regulated the assembly of planktonic archaea [62].
However, the variability and/or consistency in assembly
mechanisms of archaea in multiple estuaries at differ-
ent climatic zones is unclear. In this study, we found that
archaeal community compositions showed much weaker
association with water environmental factors compared
with geographic distance, and thus unveiling the assem-
bly mechanism of archaea is crucial to explain how the
estuary-specificity of archaeal compositions formed. We
evaluated the assembly mechanisms of archaea in terms
of how archaeal taxa from all-estuary- or local-estuary-
scale pool were assembled into local prokaryotic commu-
nities in each estuary. When assuming the prokaryotes
across all the four estuaries (all-estuary-scale pool) as
the source community, the assembly of prokaryotic com-
munities did not fit the neutral model in almost all the
estuaries (R?<0, except in Yangtze River estuary in the
summer cruise with R?=0.191; Fig. S3), and the num-
bers of shared archaeal ZOTUs across the four estuaries
were only 22 and 30 in the winter and summer cruises,
respectively (accounting for 4.85% and 7.21% of ZOTUs,
respectively; Fig. S4), suggesting that cross-estuary dis-
persal of archaea were largely limited and/or archaeal
communities in each estuary were likely selected by local
environmental conditions. The greatest number of shared
archaeal ZOTUs were found between Yangtze River
and Qiantang River estuaries (accounting for 86.4% and
60.6% of ZOTUs across estuaries in the winter and sum-
mer cruises, respectively), again emphasizing the effect of
geographic proximity between these two estuaries.

When assuming the prokaryotes in each estuary as
the source community, the occurrence frequency of
prokaryotic ZOTUs fit the neutral model regardless of
estuaries or seasons (but with various fitting goodness:
R?=0.105~0.736; Fig. 4). Three categories of archaeal
ZOTUs were marked, whose cumulative relative abun-
dances showed estuary-dependency in assembly mecha-
nism of archaea (Fig. 4). In the winter cruise, archaeal
assembly in Yellow River estuary was dominantly gov-
erned by neutral (stochastic) process (accounting for
63.6% of cumulative abundance), while selection (deter-
ministic) processes similarly dominated the assembly of
archaea in Yangtze River and Qiantang River estuaries
(accounting for 76.2% and 80.1% of cumulative abun-
dance, respectively). Archaeal assembly in Pearl River
estuary was nearly balancedly governed by stochas-
tic and deterministic processes (53.3% versus 46.7%
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of cumulative abundance). These results suggest that
assembly mechanisms of archaea varied with estuaries.
However, in the summer cruise, selection processes pre-
dominated archaeal community assembly in all the four
estuaries with differences in relative importance of selec-
tion for and selection against local environmental con-
ditions, indicating that the variability or consistency in
assembly mechanism of estuarine archaea could switch
with season. Our previous work has revealed seasonal
variability of the relative importance of deterministic
and stochastic assembly of bacteria, while seasonal con-
sistency of stochasticity-dominated assembly of archaea
across coastal waters at the regional scale [29]. Our cur-
rent work generally suggests the power of local environ-
mental conditions in selecting archaeal communities in
each estuary. But in Yellow River estuary with extremely
strong mixing of water masses, stochasticity-dominated
mechanism occurred seasonally. On the other hand,
the much lower relative abundance of archaea in Yellow
River estuary compared with that of the other estuaries
suggests a smaller population size of archaea, which is
more susceptible to ecological drift (as a major stochastic
process caused by random birth and death of individuals)
[63].

The role of archaea in microbial networks and their
associations with other microbes across the estuaries

With the expanding knowledge about archaeal diver-
sity [3, 64], the role of them in complex microbial com-
munities and how they function in microbial food web
has attracted broad attention [65, 66]. Although net-
work analyses were extensively used to describe co-
occurrence patterns of microbes [23, 24, 67], the role of
archaea in planktonic microbial network is less known.
Previous studies have reported co-occurrences between
MGI archaea and nitrifying bacteria (including Nitro-
spina and/or Nitrospira), MGII archaea and (photo)
heterotrophic bacteria, MGII archaea and eukaryotic
phytoplankton [23, 57, 43, 68]. But how the cross-domain
associations of archaea vary with estuaries is still an open
question. In this study, we used a local-to-global learning
framework to infer direct microbial associations. Over-
all, archaeal-related co-occurrence networks showed
certain differences in size and topology across four estu-
aries in two seasonal cruises (Fig. 5 and Table S4). Posi-
tive associations dominated co-occurrence relationships
in all the archaeal-related networks (81.41% in average,
ranging 71.34-94.95%) with intra- and cross-domain
associations of archaea dominated by positive edges
(98.02% and 79.74% in average; Table S4). The dominance
of positive archaea-related edges was also observed
across a large scale of coastal wetlands [62], suggest-
ing potential mutualistic relationships between archaea
and other microbes in coastal waters. According to the
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connectivity of network nodes, most archaeal ZOTUs
were peripherals and/or connectors in the microbial net-
works regardless of estuaries or cruises (Fig. S5). Several
Nitrosopumilus and Halococcus ZOTUs served as mod-
ule hubs in Pearl River/Qiantang River estuary, but no
archaeal ZOTUs served as network hubs. This suggests
that archaea did not likely serve as keystone taxa in the
microbial networks, though broad cross-domain associa-
tions of archaea were detected. While, the case of archaea
being keystones in planktonic microbial networks have
been found in the coastal wetlands [62] and Monterey
Bay [24]. These inconsistent observations suggest the
role of archaea in microbial networks could vary with

ecosystems.

Archaea-related associations mainly involved 10 genera
affiliated to four families including Nitrosopumilaceae,
Poseidoniaceae (MGIIa), Thalassarchaeaceae (MGIIb),
and Halococcaceae (Fig. 5). Most intra-domain asso-
ciations of archaea occurred among Nitrosopumilaceae
taxa. The Nitrosopumilaceae genera Nitrosopumilus,
Nitrosopelagicus, and JACEMXO01 generally had more

across-domain associations than other archaeal genera
did. Interestingly, we found the relative abundance of a
given archaeal genus not necessarily associate with its
cross-domain connectivity in the network (Fig. S6). For
example, Nitrosopumilus with the highest relative abun-
dance did possess the highest across-domain connectivity
(as estimated by degree of nodes) in Yellow River, Yangtze
River, and Qiantang River estuaries regardless of cruises
as well as in Pearl River estuary during the summer
cruise, but even in Pearl River estuary during the winter
cruise, Nitrosopumilus taxa with a relative abundance as
low as 0.06% also had the highest connectivity (Fig. S6),
indicating that AOA could hold a crucial position in

the microbial networks across all the estuaries. Specifi-

(primarily

cally, the Nitrosopumilus taxa commonly showed posi-
tive associations with heterotrophic bacteria affiliated to
Gammaproteobacteria
Halieaceae, and Comamonadaceae), Alphaproteobacte-
ria (primarily Rhodobacteraceae, Sphingomonadaceae,
and SAR11 Clades), Bacteroidota (primarily Flavobacte-
riaceae), and Actinobacteriota (primarily Sporichthyaceae

Methylophilaceae,
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and llumatobacteraceae) (Figs. 5 and 6) and almost posi-
tive associations with eukaryotic phytoplankton affiliated
to Stramenopiles and Hacrobia regardless of estuaries
(Fig. 5). Previous studies also report strong associations
between MGI taxa and heterotrophic gammaproteo-
bacteria and alphaproteobacteria [23, 57, 69]. These
consistent observations suggest that marine AOA as well-
known autotrophs with possible heterotrophic potentials
could have complex interactions with heterotrophic bac-
teria in processing organic matters via cross-feeding [70,
71], of which the processes and underlying mechanism
are worthy of future investigations.

The genus Poseidonia displayed higher across-domain
connectivity (degree of nodes ranging 2—43) than those
of other Poseidoniales (MGII) genera in all the estuar-
ies regardless of its relative abundance there (Fig. S6).
This speculatively indicates that the occupy of ecological
niches of Poseidonia could more rely on forming asso-
ciations with bacteria than for other MGII genera, thus
avoiding direct resource competition. In addition, the
MGII genera Poseidonia, MGlla-L1, MGIIb-O1, and/or
MGIIb-O2 showed common associations with various
bacterial taxa affiliated to Gammaproteobacteria, Alp-
haproteobacteria, Bacteroidota, and/or Actinobacteriota
(Fig. 6). Many previous works have demonstrated vari-
ous co-occurrence patterns of MGII archaea with (photo)
heterotrophic bacteria affiliated to Gammaproteobac-
teria (such as SAR86 and Oceanospirillales), Alphapro-
teobacteria (such as Rhodobacteraceae and SAR11), and
Actinobacteriota (such as Actinomarinaceae) [23, 69] in
the marine waters less eutrophic than estuarine waters.
In this study, we found expanded associations of MGII
archaea with heterotrophic bacteria, likely due to higher
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amount and diversity of organic matters in the estuaries
compared with oligotrophic waters [72, 73], which har-
bored more complex interactions of MGII archaea and
heterotrophic bacteria with higher metabolic versatility
of wider organic matter spectrum [74]. These findings
indicate that future efforts should be made to unveil how
dissolved organic matters mediate archaea-bacteria inter-
actions. Despite above common patterns, the archaea-
related microbial co-occurrences varied with estuaries,
especially in the winter cruise, when Yellow River estu-
ary had the simplest archaea-related network (with only
19 nodes and 10 edges; Table. S4), Yangtze River and
Qiantang River estuaries showed similar archaea-related
microbial co-occurrences, and Pearl River estuary pos-
sessed a unique pattern (Figs. 5 and 6). In the summer
cruise, the archaea-related microbial co-occurrences
showed more similarity among four estuaries with sub-
tle distinctions. For example, archaea-related co-occur-
rences in Yellow River estuary were more complex than
those in the winter cruise, but still simpler than those
in the other estuaries (Fig. 5). Qiantang River estuary
had the most complex archaea-related networks (with
515 nodes and 366 edges; Table. S4). These results sug-
gest the extent of distinction of archaea-related microbial
co-occurrences among the estuaries largely depended
on geographic proximity and season. In this study, we
found archaea-bacteria co-occurrences dominating the
cross-domain associations in all the networks (ranging
90.0-98.1%). A previous study has highlighted the cru-
cial role of planktonic bacteria-archaea co-occurrences
on their biogeographic patterns [62]. Therefore, the dis-
tinct patterns of archaeal distribution across the estuaries
could also be partly attributed to potential interactions
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between archaea and bacteria. Collectively, cross-domain
co-occurrence patterns of archaea with other microbes
(primarily bacteria) were contrasting across the estuaries,
but many common associations were also detected along
the geographic gradient. These findings suggest that
potential cross-domain microbial interactions may con-
tribute to shaping the biogeographic pattern of estuarine
planktonic archaea, besides abiotic environmental and
geographic factors, corresponding to our findings and
discussion about the crucial role of bacterial community
composition in shaping archaeal community above.

Conclusion

This study demonstrated distinct patterns in archaeal
community compositions, assembly mechanisms, and
cross-domain co-occurrence in the surface waters in
four major estuaries along the geographic gradient. The
results showed that the relative abundance (in the pro-
karyotic community), taxonomic distribution, and com-
munity compositions of archaea drastically varied with
estuary, season, sampling station (reflecting local envi-
ronmental conditions), and their interactions to different
degrees. This work also suggests that the cross-estuary
dispersal of archaea was largely limited, and the assem-
bly of archaea into prokaryotic communities within each
estuary was likely governed by local environmental selec-
tion. Although the major roles of archaea in microbial
networks across estuaries was peripherals and/or con-
nectors, extensive and distinct cross-domain co-occur-
rence relationships of archaea with bacteria were found
across the four estuaries, with AOA (primarily Nitro-
sopumilus) as the most crucial archaeal group. Further-
more, the expanded associations of MGII archaea with
heterotrophic bacteria observed here could be the endog-
enous demand for co-processing high amount and diver-
sity of organic matters in the estuarine ecosystem. This
study performed a geographically-extensive and unified
analysis of multiple estuaries to enhance our understand-
ing of the common and differentiated characteristics of
archaeal community in the estuarine ecosystem, provid-
ing new insights into roles of archaea in the microbial
networks of this typical coastal ecosystem.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/540793-023-00530-9.

[ Supplementary Material 1 ]

Acknowledgements

The authors thank Wei Chen and Peng Qian for their efforts on sample
collection. This work was supported by the National Natural Science
Foundation of China (41977192), Natural Science Foundation of Ningbo
(2021J060), Fundamental Research Funds for the Provincial Universities of
Zhejiang (SJLY2022001), and K.C. Wong Magna Fund in Ningbo University.

Page 13 of 15

Authors’ contributions

D.Z, KW, and R.Z. designed the study; H.H., H.Z, KW performed the studies;
K.W. proposed the data analysis strategy; X.H., YH, G.G, HH., H.Y, and KW.
analyzed the data; X.H., YH, G.G, HH. and KW. wrote the manuscript. All the
authors reviewed and approved the manuscript.

Data accessibility statement
The sequence data are available under accession number DRA016773 in the
Sequence Read Archive of DDBJ (http://ddbj.nig.ac.jp/DRASearch).

Declarations

Competing interests
The authors declare no competing interests.

Author details

IState Key Laboratory for Managing Biotic and Chemical Threats to the
Quiality and Safety of Agro-products, School of Marine Sciences, Ningbo
University, Ningbo, China

“Key Laboratory of Marine Biotechnology of Zhejiang Province, School of
Marine Sciences, Ningbo University, Ningbo, China

3Collaborative Innovation Center for Zhejiang Marine High-Efficiency and
Healthy Aquaculture, Ningbo, China

4Institute for Advanced Study, Shenzhen University, Shenzhen, China

Received: 18 July 2023 / Accepted: 27 September 2023
Published online: 07 October 2023

References

1. Fuhrman JA, McCallum K, Davis AA. Novel major archaebacterial
group from marine plankton. Nature. 1992,356:148-149. https://doi.
0rg/10.1038/356148a0.

2. Delong EF. Archaea in coastal marine environments. Proceedings of
the National Academy of Sciences of the United States of America.
1992,89(12):5685-5689. https://doi.org/10.1073/pnas.89.12.5685.

3. Santoro AE, Richter RA, Dupont CL. Planktonic marine archaea. Annual
Review of Marine Science. 2019;11:131-158. https://doi.org/10.1146/
annurev-marine-121916-063141.

4. Rinke C,Rubino F, Messer LF, Youssef N, Parks DH, Chuvochina M, Brown M,
Jeffries T, Tyson GW, Seymour JR, Hugenholtz P. A phylogenomic and ecologi-
cal analysis of the globally abundant Marine Group Il archaea (Ca. Poseidonia-
les ord. nov.). The ISME Journal. 2019;13:663-675. https://doi.org/10.1038/
$41396-018-0282-y.

5. Koénneke M, Bernhard AE, Torre JRdI, Walker CB, Waterbury JB, Stahl DA.
Isolation of an autotrophic ammonia-oxidizing marine archaeon. Nature.
2005;437:543-546. https://doi.org/10.1038/nature03911.

6. Karner MB, Delong EF, Karl DM. Archaeal dominance in the mesope-
lagic zone of the Pacific Ocean. Nature. 2001;409:507-510. https://doi.
0rg/10.1038/35054051.

7. Zou D, Liu H, Li M. Community, distribution, and ecological roles of estuarine
archaea. Frontiers in Microbiology. 2020;11:2060. https://doi.org/10.3389/
fmich.2020.02060.

8. Campbell BJ, Kirchman DL. Bacterial diversity, community structure and
potential growth rates along an estuarine salinity gradient. The ISME Journal.
2013;7:210-220. https://doi.org/10.1038/ismej.2012.93.

9. Logares R, Lindstrom ES, Langenheder S, Logue JB, Paterson H, Laybourn-
Parry J, Rengefors K, Tranvik L, Bertilsson S. Biogeography of bacterial com-
munities exposed to progressive long-term environmental change. The ISME
Journal. 2013;7:937-948. https://doi.org/10.1038/ismej}.2012.168.

10.  Xie W, Zhang C, Zhou X, Wang P. Salinity-dominated change in community
structure and ecological function of archaea from the lower Pearl River
to coastal South China Sea. Applied Microbiology and Biotechnology.
2014;98:7971-7982. https://doi.org/10.1007/500253-014-5838-9.

11. Hugoni M, Agogué H, Taib N, Domaizon |, Moné A, Galand PE, Bronner G,
Debroas D, Mary |. Temporal dynamics of active prokaryotic nitrifiers and
archaeal communities from river to sea. Microbial Ecology. 2015;70:473-483.
https://doi.org/10.1007/500248-015-0601-z.


https://doi.org/10.1186/s40793-023-00530-9
https://doi.org/10.1186/s40793-023-00530-9
http://ddbj.nig.ac.jp/DRASearch
https://doi.org/10.1038/356148a0
https://doi.org/10.1038/356148a0
https://doi.org/10.1073/pnas.89.12.5685
https://doi.org/10.1146/annurev-marine-121916-063141
https://doi.org/10.1146/annurev-marine-121916-063141
https://doi.org/10.1038/s41396-018-0282-y
https://doi.org/10.1038/s41396-018-0282-y
https://doi.org/10.1038/nature03911
https://doi.org/10.1038/35054051
https://doi.org/10.1038/35054051
https://doi.org/10.3389/fmicb.2020.02060
https://doi.org/10.3389/fmicb.2020.02060
https://doi.org/10.1038/ismej.2012.93
https://doi.org/10.1038/ismej.2012.168
https://doi.org/10.1007/s00253-014-5838-9
https://doi.org/10.1007/s00248-015-0601-z

Hu et al. Environmental Microbiome

20.

21

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

(2023) 18:75

Xie W, Luo H, Murugapiran SK, Dodsworth JA, Chen S, Sun'Y, Hedlund BP,
Wang P, Fang H, Deng M, Zhang C. Localized high abundance of Marine
Group Il archaea in the subtropical Pearl River Estuary: implications for their
niche adaptation. Environmental Microbiology. 2018;20(2):734-754. https://
doi.org/10.1111/1462-2920.14004.

Liu X, Pan J, LiuY, Li M, Gu J. Diversity and distribution of archaea in global
estuarine ecosystems. Science of the Total Environment. 2018,637:349-358.
https://doi.org/10.1016/j.scitotenv.2018.05.016.

Rinke C, Chuvochina M, Mussig AJ, Chaumeil P-A, Davin AA, Waite DW, Whit-
man WB, Parks DH, Hugenholtz P. A standardized archaeal taxonomy for the
Genome Taxonomy Database. Nature Microbiology. 2021;6:946-959. https.//
doi.org/10.1038/541564-021-00918-8.

Wang H, Chen F, Zhang C, Wang M, Kan J. Estuarine gradients dictate spatio-
temporal variations of microbiome networks in the Chesapeake Bay. Environ-
mental Microbiome. 2021;16:22. https://doi.org/10.1186/540793-021-00392-z.
CaiL, Feng C, Xie L, Xu B, Wei W, Jiao N, Zhang R. Ecological dynamics

and impacts of viruses in Chinese and global estuaries. Water Research.
2022;226:119237. https://doi.org/10.1016/j.watres.2022.119237.

Wei G, Li M, Li F, Li H, Gao Z. Distinct distribution patterns of prokaryotes
between sediment and water in the Yellow River estuary. Applied Microbiol-
ogy and Biotechnology. 2016;100:9683-9697. https://doi.org/10.1038/
541598-018-20044-6.

Mosier AC, Francis CA. Relative abundance and diversity of ammonia-
oxidizing archaea and bacteria in the San Francisco Bay estuary.
Environmental Microbiology. 2008;10(11):3002-3016. https://doi.
0rg/10.1111/j.1462-2920.2008.01764 x.

Veettil VP, Abdulaziz A, Chekidhenkuzhiyil J, Ramkollath LK, Hamza FK,

Kalam BK, Ravunnikutty MK, Nair S. Bacterial domination over archaea in
ammonia oxidation in a monsoon-driven tropical estuary. Microbial Ecology.
2015;69:544-553. https://doi.org/10.1007/500248-014-0519-x.

Liu J,Yu'S, Zhao M, He B, Zhang X. Shifts in archaeaplankton community
structure along ecological gradients of Pearl Estuary. FEMS Microbiology
Ecology. 2014,90(2):424-435. https://doi.org/10.1111/1574-6941.12404.
Williams TA, Foster PG, Cox CJ, Embley TM. An archaeal origin of eukaryotes
supports only two primary domains of life. Nature. 2013;504:231-236. https://
doi.org/10.1038/nature12779.

Moissl-Eichinger C, Pausan M, Taffner J, Berg G, Bang C, Schmitz RA. Archaea
are interactive components of complex microbiomes. Trends in Microbiol-
ogy. 2018;26(1):70-85. https://doi.org/10.1016/j.tim.2017.07.004.

Parada AE, Fuhrman JA. Marine archaeal dynamics and interactions with the
microbial community over 5 years from surface to seafloor. The ISME Journal.
2017;11:2510-2525. https://doi.org/10.1038/ismej.2017.104.

Reji L, Tolar BB, Smith JM, Chavez FP, Francis CA. Differential co-occurrence
relationships shaping ecotype diversification within Thaumarchaeota popula-
tions in the coastal ocean water column. The ISME Journal. 2019;13:1144-
1158. https://doi.org/10.1038/541396-018-0311-x.

Ministry of Ecology and Environment (MEE) of the People’s Republic of China.
Bulletin of marine ecology and environment status of China in 2021 (in
Chinese). 2022.

General Administration of Quality Supervision, Inspection and Quarantine
(AQSIQ) of the People’s Republic of China. The specification for marine moni-
toring of China-Part 4: Seawater analysis (GB 17378.4-2007) (in Chinese). 2007.
Apprill A, McNally S, Parsons R, Weber L. Minor revision to V4 region SSU
rRNA 806R gene primer greatly increases detection of SAR11 bacterioplank-
ton. Aquatic Microbial Ecology. 2015;75:129-137. https://doi.org/10.3354/
ame01753.

Parada AE, Needham DM, Fuhrman JA. Every base matters: assessing small
subunit rRNA primers for marine microbiomes with mock communi-

ties, time series and global field samples. Environmental Microbiology.
2016;18(5):1403-1414. https://doi.org/10.1111/1462-2920.13023.

Wang K, Yan H, Peng X, Hu H, Zhang H, Hou D, Chen W, Qian P, Liu J, Cai J,
Chai X, Zhang D. Community assembly of bacteria and archaea in coastal
waters governed by contrasting mechanisms: a seasonal perspective. Molec-
ular Ecology. 2020;29(19):3762-3776. https://doi.org/10.1111/mec.15600.
Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics. 2011;27(21):2957-2963. https://
doi.org/10.1093/bioinformatics/btr507.

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bio-
informatics. 2010;26(19):2460-2461. https://doi.org/10.1093/biocinformatics/
btg461.

Edgar RC. UNOISE2: improved error-correction for lllumina 16S and ITS ampli-
con sequencing. bioRxiv. 2016. https://doi.org/10.1101/081257.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

53.

Page 14 of 15

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glockner
FO.The SILVA ribosomal RNA gene database project: improved data process-
ing and web-based tools. Nucleic Acids Research. 2013;41(D1):D590-D596.
https://doi.org/10.1093/nar/gks1219.

Parks DH, Chuvochina M, Rinke C, Mussig AJ, Chaumeil P-A, Hugenholtz

P. GTDB: an ongoing census of bacterial and archaeal diversity through a
phylogenetically consistent, rank normalized and complete genome-based
taxonomy. Nucleic Acids Research. 2022;50(D1):D785-D794. https://doi.
org/10.1093/nar/gkab776.

Paulson JN, Stine OC, Bravo HC, Pop M. Differential abundance analysis for
microbial marker-gene surveys. Nature Methods. 2013;10(12):1200-1202.
https://doi.org/10.1038/nmeth.2658.

Wickham H, Chang W, Wickham MH. Package ‘ggplot2”: create elegant data
visualisations using the grammar of graphics. 2016. https://github.com/
tidyverse/ggplot2.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin
PR, O'Hara RB, Simpson GL, Solymos P, Stevens MHH, Szoecs E, Wagner H.
Package 'vegan": community ecology package. 2013. https://github.com/
vegandevs/vegan.

Sloan WT, Lunn M, Woodcock S, Head IM, Nee S, Curtis TP. Quantifying

the roles of immigration and chance in shaping prokaryote community
structure. Environmental Microbiology. 2006,8(4):732-740. https://doi.
0rg/10.1111/j.1462-2920.2005.00956 x.

Burns AR, Stephens WZ, Stagaman K, Wong S, Rawls JF, Guillemin K, Bohan-
nan BJ. Contribution of neutral processes to the assembly of gut microbial
communities in the zebrafish over host development. The ISME Journal.
2016;10:655-664. https://doi.org/10.1038/ismej.2015.142.

Elzhov TV, Mullen KM, Bolker B. Package 'minpack.Im’: R interface to the
Levenberg-Marquardt nonlinear least-squares algorithm found in MINPACK. R
version 1.2.1.2016. http://CRAN.Rproject.org/package=minpack.m.

Harrell FE. Package 'hmisc’: harrell miscellaneous. R version 4.7.0. 2019.
https://hbiostat.org/R/Hmisc/.

Venkataraman A, Bassis CM, Beck JM, Young VB, Curtis JL, Huffnagle GB,
Schmidt TM. Application of a neutral community model to assess structuring
of the human lung microbiome. mBio. 2015;6(1):e02284-14. https://doi.
0rg/10.1128/mBi0.02284-14.

Needham DM, Fuhrman JA. Pronounced daily succession of phytoplank-
ton, archaea and bacteria following a spring bloom. Nature Microbiology.
2016;1:16005. https://doi.org/10.1038/nmicrobiol.2016.5.

Decelle J, Romac S, Stern RF, Bendif EM, Zingone A, Audic S, Guiry MD, Guil-
lou L, Tessier D, Gall FL, Gourvil P, Santos ALD, Probert |, Vaulot D, Vargas Cd,
Christen R. Phyto REF: a reference database of the plastidial 165 rRNA gene
of photosynthetic eukaryotes with curated taxonomy. Molecular Ecology
Resources. 2015;15(6):1435-1445. https://doi.org/10.1111/1755-0998.12401.
Deutschmann IM, Delage E, Giner CR, Sebastian M, Poulain J, Aristegui J,
Duarte CM, Acinas SG, Massana R, Gasol JM, Eveillard D, Chaffron S, Logares R.
Disentangling marine microbial networks across space. bioRxiv. 2021. https://
doi.org/10.1101/2021.07.12.451729:451729.

Deutschmann IM, Lima-Mendez G, Krabberad AK, Raes J, Vallina SM, Faust K,
Logares R. Disentangling environmental effects in microbial association net-
works. Microbiome. 2021;9:232. https://doi.org/10.1186/540168-021-01141-7.
Tackmann J, Rodrigues JoFM, Mering Cv. Rapid inference of direct interac-
tions in large-scale ecological networks from heterogeneous microbial
sequencing data. Cell Systems. 2019;9:286-296. https://doi.org/10.1016/].
cels.2019.08.002.

Aliferis CF, Statnikov A, Tsamardinos |, Mani S, Koutsoukos XD. Local

causal and Markov blanket induction for causal discovery and feature
selection for classification part I: algorithms and empirical evaluation.
Journal of Machine Learning Research. 2010;11:171-234. https://doi.
0rg/10.5555/1756006.1756013.

Gu Z,Gu L, Eils R, Schlesner M, Brors B. Circlize implements and enhances
circular visualization in R. Bioinformatics. 2014;30(19):2811-2812. https://doi.
0rg/10.1093/bioinformatics/btu393.

Grandjean M. Gephi: Introduction to network analysis and visualisation. 2015.
http://www.martingrandjean.ch/gephi-introduction/.

Guimera R, Amaral LAN. Functional cartography of complex metabolic
networks. Nature. 2005;433:895-900. https://doi.org/10.1038/nature03288.
Csardi G. Package ‘igraph’: network analysis and visualization. 2013. https://
igraph.org/.

Olesen JM, Bascompte J, Dupont YL, Jordano P. The modularity of pollination
networks. Proceedings of the National Academy of Sciences of the United


https://doi.org/10.1111/1462-2920.14004
https://doi.org/10.1111/1462-2920.14004
https://doi.org/10.1016/j.scitotenv.2018.05.016
https://doi.org/10.1038/s41564-021-00918-8
https://doi.org/10.1038/s41564-021-00918-8
https://doi.org/10.1186/s40793-021-00392-z
https://doi.org/10.1016/j.watres.2022.119237
https://doi.org/10.1038/s41598-018-20044-6
https://doi.org/10.1038/s41598-018-20044-6
https://doi.org/10.1111/j.1462-2920.2008.01764.x
https://doi.org/10.1111/j.1462-2920.2008.01764.x
https://doi.org/10.1007/s00248-014-0519-x
https://doi.org/10.1111/1574-6941.12404
https://doi.org/10.1038/nature12779
https://doi.org/10.1038/nature12779
https://doi.org/10.1016/j.tim.2017.07.004
https://doi.org/10.1038/ismej.2017.104
https://doi.org/10.1038/s41396-018-0311-x
https://doi.org/10.3354/ame01753
https://doi.org/10.3354/ame01753
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1111/mec.15600
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1101/081257
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gkab776
https://doi.org/10.1093/nar/gkab776
https://doi.org/10.1038/nmeth.2658
https://github.com/tidyverse/ggplot2
https://github.com/tidyverse/ggplot2
https://github.com/vegandevs/vegan
https://github.com/vegandevs/vegan
https://doi.org/10.1111/j.1462-2920.2005.00956.x
https://doi.org/10.1111/j.1462-2920.2005.00956.x
https://doi.org/10.1038/ismej.2015.142
http://CRAN.Rproject.org/package=minpack.lm
https://hbiostat.org/R/Hmisc/
https://doi.org/10.1128/mBio.02284-14
https://doi.org/10.1128/mBio.02284-14
https://doi.org/10.1038/nmicrobiol.2016.5
https://doi.org/10.1111/1755-0998.12401
https://doi.org/10.1101/2021.07.12.451729:451729
https://doi.org/10.1101/2021.07.12.451729:451729
https://doi.org/10.1186/s40168-021-01141-7
https://doi.org/10.1016/j.cels.2019.08.002
https://doi.org/10.1016/j.cels.2019.08.002
https://doi.org/10.5555/1756006.1756013
https://doi.org/10.5555/1756006.1756013
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1093/bioinformatics/btu393
http://www.martingrandjean.ch/gephi-introduction/
https://doi.org/10.1038/nature03288
https://igraph.org/
https://igraph.org/

Hu et al. Environmental Microbiome

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

(2023) 18:75

States of America. 2007;104(50):19891-19896. https://doi.org/10.1073/
pnas.0706375104.

Vipindas PV, Jabir T, Jasmin C, Balu T, Rehitha TV, Adarsh BM, Nair S, Abdulla
MH, Abdulaziz A. Diversity and seasonal distribution of ammonia-oxidizing
archaea in the water column of a tropical estuary along the southeast
Arabian Sea. World Journal of Microbiology and Biotechnology. 2018;34:188.
https://doi.org/10.1007/511274-018-2570-0.

Qin W, Zheng Y, Zhao F, Wang Y, Urakawa H, Martens-Habbena W, Liu H,
Huang X, Zhang X, Nakagawa T, Mende DR, Bolimann A, Wang B, Zhang Y,
Amin SA, Nielsen JL, Mori K, Takahashi R, Armbrust EV, Winkler M-KH, DeLong
EF, Li M, Lee P-H, Zhou J, Zhang C, Zhang T, Stahl DA, Ingalls AE. Alterna-
tive strategies of nutrient acquisition and energy conservation map to the
biogeography of marine ammonia-oxidizing archaea. The ISME Journal.
2020;14:2595-2609. https://doi.org/10.1038/541396-020-0710-7.

Santoro AE, Saito MA, Goepfert TJ, Lamborg CH, Dupont CL, DiTullio GR.
Thaumarchaeal ecotype distributions across the equatorial Pacific Ocean and
their potential roles in nitrification and sinking flux attenuation. Limnol-

ogy and Oceanography. 2017;62(5):1984-2003. https://doi.org/10.1002/
In0.10547.

Wang K, Hu H, Yan H, Hou D, Wang Y, Dong P, Zhang D. Archaeal biogeogra-
phy and interactions with microbial community across complex subtropi-
cal coastal waters. Molecular Ecology. 2019;28(12):3101-3118. https://doi.
0rg/10.1111/mec.15105.

Hugoni M, Taib N, Debroas D, Domaizon |, Dufournel 1J, Gisele Bronner IS,
Agogué H, Mary |, Galand PE. Structure of the rare archaeal biosphere and
seasonal dynamics of active ecotypes in surface coastal waters. Proceed-
ings of the National Academy of Sciences of the United States of America.
2013;110(15):6004-6009. https://doi.org/10.1073/pnas.1216863110.

Kim JG, Gwak JH, Jung MY, An SU, Hyun JH, Kang S, Rhee SK. Distinct tempo-
ral dynamics of planktonic archaeal and bacterial assemblages in the bays
of the Yellow Sea. PloS One. 2019;14(8):0221408. https://doi.org/10.1371/
journal.pone.0221408.

Gillies LE, Thrash JC, deRada S, Rabalais NN, Mason OU. Archaeal enrichment
in the hypoxic zone in the northern Gulf of Mexico. Environmental Microbiol-
ogy. 2015;17(10):3847-3856. https://doi.org/10.1111/1462-2920.12853.

Su J, Wang K. Changjiang river plume and suspended sediment transport

in Hangzhou Bay. Continental Shelf Research. 1989;9(1):93-111. https://doi.
0rg/10.1016/0278-4343(89)90085-X.

Wang B, Liu N, Yang M, Wang L, Liang X, Liu C. Co-occurrence of planktonic
bacteria and archaea affects their biogeographic patterns in China's coastal
wetlands. Environmental Microbiome. 2021;16:19. https://doi.org/10.1186/
s40793-021-00388-9.

Siqueira T, Saito VS, Bini LM, Melo AS, Petsch DK, Landeiro VL, Tolonen KT,
Jyrkankallio-Mikkola J, Soininen J, Heino J. Community size can affect the
signals of ecological drift and niche selection on biodiversity. Ecology.
2020;101(6):e03014. https://doi.org/10.1002/ecy.3014.

Delong EF. Exploring marine planktonic archaea: then and now. Frontiers in
Microbiology. 2021;11:616086. https://doi.org/10.3389/fmicb.2020.616086.
Lima-Mendez G, Faust K, Henry N, Decelle J, Colin S, Carcillo F, Chaffron S,
Ignacio-Espinosa C, Roux S, Vincent F, Bittner L, Darzi Y, Wang J, Audic S,
Berline L, Bontempi G, Cabello AM, Coppola L, Cornejo-Castillo FM, d'Ovidio

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 15 of 15

F. Meester LD, Isabel Ferrera, Garet-Delmas M-J, Guidi L, Lara E, Pesant S, Royo-
Llonch M, Salazar G, Sdnchez P, Sebastian M, Souffreau C, Dimier C, Picheral
M, Searson S, Kandels-Lewis S, coordinators TO, Gorsky G, Not F, Ogata H,
Speich S, Stemmann L, Weissenbach J, Wincker P, Acinas SG, Sunagawa S,
Bork P, Sullivan MB, Karsenti E, Bowler C, Vargas Cd, Raes J. Determinants

of community structure in the global plankton interactome. Science.
2015;348(6237):1262073. https://doi.org/10.1126/science.1262073.

Steele JA, Countway PD, Xia L, Vigil PD, Beman JM, Kim DY, Chow C-ET,
Sachdeva R, Jones AC, Schwalbach MS, Rose JM, Hewson |, Patel A, Sun F,
Caron DA, Fuhrman JA. Marine bacterial, archaeal and protistan association
networks reveal ecological linkages. The ISME Journal. 2011;5:1414-1425.
https://doi.org/10.1038/ismej.2011.24.

Beman JM, Steele JA, Fuhrman JA. Co-occurrence patterns for abundant
marine archaeal and bacterial lineages in the deep chlorophyll maximum

of coastal California. The ISME Journal. 2011;5:1077-1085. https://doi.
0rg/10.1038/ismej.2010.204.

Chen S, Tao J, Chen Y, Wang W, Fan L, Zhang C. Interactions between Marine
Group Il archaea and phytoplankton revealed by population correla-

tions in the northern coast of South China Sea. Frontiers in Microbiology.
2022;12:785532. https://doi.org/10.3389/fmich.2021.785532.
Rodriguez-Ramos T, Nieto-Cid M, Auladell A, Guerrero-Feijoo E, Varela MM.
Vertical niche partitioning of archaea and bacteria linked to shifts in dissolved
organic matter quality and hydrography in north Atlantic waters. Frontiers in
Marine Science. 2021;8:673171. https:;//doi.org/10.3389/fmars.2021.673171.
Wu J,Hong Y, He X, Liu X, Ye J, Jiao L, Li Y, Wang Y, Ye F, Yang Y, Du J. Niche
differentiation of ammonia-oxidizing archaea and related autotrophic carbon
fixation potential in the water column of the South China Sea. iScience.
2022;25(5):104333. https://doi.org/10.1016/].is¢i.2022.104333.

Bayer B, Pelikan C, Bittner MJ, Reinthaler T, Konneke M, Hernd! GJ, Offre P. Pro-
teomic response of three marine ammonia-oxidizing archaea to hydrogen
peroxide and their metabolic interactions with a heterotrophic alphapro-
teobacterium. mSystems. 2019;4(4):e00181-19. https://doi.org/10.1128/
mSystems.00181-19.

Guo W, Stedmon CA, Han'Y, Wu F, Yu X, Hu M. The conservative and non-
conservative behavior of chromophoric dissolved organic matter in Chinese
estuarine waters. Marine Chemistry. 2007;107(3):357-366. https://doi.
0rg/10.1016/j.marchem.2007.03.006.

Canuel EA, Hardison AK. Sources, ages, and alteration of organic matter in
estuaries. Annual Review of Marine Science. 2016;8:409-434. https://doi.
org/10.1146/annurev-marine-122414-034058.

Orsi WD, Smith JM, Liu S, Liu Z, Sakamoto CM, Wilken S, Poirier C, Richards
TA, Keeling PJ, Worden AZ, Santoro AE. Diverse, uncultivated bacteria and
archaea underlying the cycling of dissolved protein in the ocean. The ISME
Journal. 2016;10:2158-2173. https://doi.org/10.1038/isme}.2016.20.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1007/s11274-018-2570-0
https://doi.org/10.1038/s41396-020-0710-7
https://doi.org/10.1002/lno.10547
https://doi.org/10.1002/lno.10547
https://doi.org/10.1111/mec.15105
https://doi.org/10.1111/mec.15105
https://doi.org/10.1073/pnas.1216863110
https://doi.org/10.1371/journal.pone.0221408
https://doi.org/10.1371/journal.pone.0221408
https://doi.org/10.1111/1462-2920.12853
https://doi.org/10.1016/0278-4343(89)90085-X
https://doi.org/10.1016/0278-4343(89)90085-X
https://doi.org/10.1186/s40793-021-00388-9
https://doi.org/10.1186/s40793-021-00388-9
https://doi.org/10.1002/ecy.3014
https://doi.org/10.3389/fmicb.2020.616086
https://doi.org/10.1126/science.1262073
https://doi.org/10.1038/ismej.2011.24
https://doi.org/10.1038/ismej.2010.204
https://doi.org/10.1038/ismej.2010.204
https://doi.org/10.3389/fmicb.2021.785532
https://doi.org/10.3389/fmars.2021.673171
https://doi.org/10.1016/j.isci.2022.104333
https://doi.org/10.1128/mSystems.00181-19
https://doi.org/10.1128/mSystems.00181-19
https://doi.org/10.1016/j.marchem.2007.03.006
https://doi.org/10.1016/j.marchem.2007.03.006
https://doi.org/10.1146/annurev-marine-122414-034058
https://doi.org/10.1146/annurev-marine-122414-034058
https://doi.org/10.1038/ismej.2016.20

	﻿Distinct patterns of distribution, community assembly and cross-domain co-occurrence of planktonic archaea in four major estuaries of China
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Study sites, sampling, and physicochemical analyses of waters in the estuaries
	﻿DNA extraction, 16S rRNA gene amplification, and Illumina sequencing
	﻿Sequence processing
	﻿General statistical analyses
	﻿Inferring the assembly processes of archaeal taxa
	﻿Association network analyses

	﻿Results and discussion
	﻿Variability of environmental conditions across the estuaries
	﻿Distinct distribution patterns of archaea across the estuaries
	﻿Assembly processes of archaeal taxa into the prokaryotic community
	﻿The role of archaea in microbial networks and their associations with other microbes across the estuaries

	﻿Conclusion
	﻿References


