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ABSTRACT
Understanding the adaptation of archaea to hypoxia is essential for deciphering the functions and mechanisms of microbes 
when suffering environmental changes. However, the dynamics and responses of archaea to the sedimentary hypoxia in Bohai 
Sea are still unclear. In this study, the diversity, composition, and distribution of archaeal community in sediment along an 
inshore–offshore transect across the oxygen-depleted area in the Bohai Sea were investigated in June, July, and August of 2021 
by employing high-throughput sequencing of 16S rRNA gene. Results indicated that the archaeal communities were dominated 
by Thermoproteota (80.61%), Asgardarchaeota (8.70%), and Thermoplasmatota (5.27%). Dissolved oxygen (DO) and NO3

− were 
the two key factors shaping the distribution of archaeal communities, accounting for 49.5% and 38.3% of the total variabilities 
(p < 0.05), respectively. With the intensity of oxygen depletion, the diversity of archaeal communities increased significantly. 
Microbial networks revealed that Bathyarchaeia played a key role in interacting with both bacteria and other archaeal groups. 
Furthermore, adaptions to hypoxia of archaea were also displayed by variation in relative abundance of the predicted ecological 
functions and the metabolic pathways. The enrichment of specific nitrogen transformation enzymes showed the potential for 
nitrogen fixation and removal, which might contribute to the balance of N budget and thus facilitate the ecological restoration 
under eutrophication in Bohai Sea. Our results provided a new picture on ecological and metabolic adaptions to hypoxia by ar-
chaea, which will be beneficial to further investigations in extreme environments both theoretically and practically.

1   |   Introduction

Archaea with chemoorganotrophic/chemolithotrophic metabolic 
capabilities play vital roles during evolution in life history. They 
are well known as extremophiles, containing species capable of 
hyperthermophiles, halophiles, and acidophiles (Cavicchioli 2011; 
Wang et al. 2017; Baker et al. 2020; Shu and Huang 2022). Among 
archaea, most halophilic species use amino acids or organic 

acids as electron donors to obtain vitamins and achieve growth 
under aerobic conditions (Oren  2015). Additionally, the unique 
archaea, like methanogens, are mesophilic and nonhalophilic 
obligate anaerobes, which can convert acetate, CO2, and methyl-
ated substrates to methane (CH4) to make a living (Demirel and 
Scherer  2008; Costa and Leigh 2014). At the same time, many 
species of archaea are not extremophiles, with wide distributions 
in terrestrial (soils) and aquatic (sediments, oceans, and lakes) 
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ecosystems and close associations with animals (Xue et al. 2019; 
Takai and Nakamura 2011; Oren 2002; Hoshino and Inagaki 2019; 
Moissl-Eichinger et al. 2018; Saengkerdsub and Ricke 2014). They 
participate mostly in biogeochemical cyclings, including car-
bon, sulfur, phosphorus (Offre, Spang, and Schleper 2013; Evans 
et al. 2019; Liu, Beer, and Whitman 2012), and nitrogen cycles, such 
as nitrogen fixation and nitrification (ammonia-oxidation) (Alves 
et al. 2018; Berg et al. 2015; Dekas, Poretsky, and Orphan 2009), 
highlighting the potential significance of archaea in ecological 
functions.

Hypoxia in marine ecosystems is one of the consequences of an-
thropogenic pollution and global climate change, which leads to 
nitrogen release to the atmosphere through denitrification and 
anaerobic ammonium oxidation (Anammox) (Hutchins and 
Capone  2022; Fuchsman and Stüeken  2021; Suter et  al.  2021; 
Song et  al.  2020). Archaea that participate in carbon and nitro-
gen cyclings are able to utilize organic/inorganic electron donors 
and receptors for various metabolic reactions in marine oxygen 
minimum zones (OMZs), affecting the production and emis-
sion of greenhouse gases such as nitrous oxide (N2O) and CH4 
(Stein  2020). Furthermore, the nitrogen fixation mediated by 
archaea, especially ammonia-oxidizing archaea (AOA), is also 
an important portion of marine nitrogen cycle (Berg et al. 2015). 
In fact, a great number of researches have reported the domi-
nant role of archaea played in ammonia oxidation over bacteria 
in extreme environments, including hypoxia (Caffrey et al. 2007; 
Liu et al. 2015; Wang et al. 2017; Pan et al. 2018; Liu, Jing, and 
Wang  2023). In the OMZs, low oxygen limits the diversity and 
function of certain aerobic microorganisms and provides special 
niches beneficial for anaerobic and microaerophilic archaea, such 
as Thaumarchaeota, that could utilize alternative metabolic path-
ways like anaerobic ammonia oxidation to thrive in low-oxygen 
environments (Gu et  al.  2022; Kerou et  al.  2021). In addition, 
anthropogenic factors may intensify the eutrophication and con-
sequently fasten the process of hypoxia in coastal and marine envi-
ronments, leading to shifts in biodiversity and metabolic activities 
of archaea (Howarth et al. 2011; Li et al. 2020; Lin and Lin 2022). 
Furthermore, hypoxia also could be exacerbated by stratification 
in water columns and limitation in oxygen replenishment under 
global warming, and then facilitate the dominance of anaerobic 
archaea (Deutsch, Penn, and Lucey 2024). The above changes in 
turn have cascading effects on marine food webs and overall eco-
system health. Our understanding of how microbial and element 
cycling processes interact to influence the functional diversity of 
archaea has expanded significantly in recent years, and studies 
involving archaea in hypoxic areas such as the Arabian Sea, the 
Black Sea, the Baltic Sea, the Yangtze River estuary, and the Pearl 
River estuary have revealed the dominant groups of archaeal com-
munities and the main factors affecting their composition and dis-
tribution (Vipindas et al. 2018; Jessen et al. 2017; Berg et al. 2015; 
Zou et al. 2022; Liu et al. 2014). Other than hypoxic environments, 
archaea have also been estimated to account for approximately 87% 
of all prokaryotic cells in deep-sea sediments with key ecological 
roles in element cycling (Hoshino and Inagaki 2019). Nonetheless, 
knowledge about the archaeal response to hypoxia in marine sed-
iment is still limited.

Bohai Sea is located in the northeast of Chinese Mainland, semien-
closed with shallow water. Recent depictions of the hypoxic areas 
in Bohai Sea have focused either on the formation and expansion 

of OMZs (Zhai et al. 2012), or on the diversity of well-classified 
microorganisms (Guo et al. 2022). The intensification of summer 
oxygen consumption in the Bohai seawater has been ascribed to 
stratification, acidification, eutrophication, and microbial decom-
position of organic substances (Song et al. 2020; Zhang et al. 2022; 
Wei et al. 2019; Zhao et al. 2017). Our previous study has shown 
high functional diversity of bacteria harbored in the sediments of 
the Bohai Sea, and the bacterial community switched distinctly 
when oxygen depletion occurred (Guo et al. 2022). However, the 
archaeal compositions, dynamics, and metabolism responses to 
hypoxia in sediment are still unknown.

In this study, in order to discover the linkage of the biogeochemical 
variables with archaea in the Bohai sea, a total of 15 sediment sam-
ples were collected covering oxygen depletion gradient both spa-
tially and temporally. To better understand how archaea response 
and adapt to low oxygen conditions, the environmental parame-
ters were collected in situ, and nutrients were measured in labora-
tory; the archaeal community was analyzed by high-throughput 
sequencing of 16S rRNA gene. In addition, the mutual responses to 
environmental variables of archaea and interactions between ar-
chaea and bacteria were revealed by networking analysis. Results 
from this study provide new insightful knowledge on specific eco-
logical adaptions of archaea under hypoxia conditions, and the 
functional responses of archaeal community to both biological and 
nonbiological variables in Bohai Sea are detected and discussed.

2   |   Materials and Methods

2.1   |   Sample Collection

Sediment samples were collected from three research cruises 
conducted in June, July, and August of 2021 in the Bohai Sea. 
These cruises followed a consistent inshore–offshore transect 
ranging from Stations A3 to A7 (latitude 39.38° N to 39.69° N, 
longitude 119.63° E to 120.55° E) (Figure 1, Table S1), which was 
strategically chosen to cover nonhypoxia (A3) and reported core 
hypoxia (A4-A7, Zhai et  al.  2012) areas across coastal to off-
shore regions. In total, 15 sediment samples were collected from 
five sites in 3 months. A Gray-O'Hara box corer was employed 
to minimize the minimal disruption to the sediment structure. 
Upon retrieval, the top 0–2 cm surface sediment was carefully re-
moved to eliminate any potential disturbances from the overly-
ing seawater, which could affect the integrity of the samples. The 
collected sediments were then homogenized by thorough mixing 
to ensure uniformity, and subsamples were randomly taken from 
the homogenized bulk for downstream analysis. Every 5 g subsa-
mples were collected and sealed in sterile, airtight bags immedi-
ately. For DNA extraction and high-throughput sequencing, the 
samples were transported to the laboratory on dry ice and stored 
at −80°C until further processing to preserve the integrity of nu-
cleic acids; for chemical analysis, the samples were transported 
to the laboratory on ice and treated immediately after arrival.

2.2   |   Environmental Parameter Measurement

Essential parameters, including salinity, dissolved oxygen (DO), 
pH, and temperature, were measured in situ from seawater by using 
a SeaBird SBE9 conductivity–temperature–depth (CTD) recorder 
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(Sea-Bird Electronics) at each sampling site. Nutrient concentra-
tions, including ammonium (NH4

+), nitrate (NO3
−), and nitrite 

(NO2
−), were determined using an AA3 nutrient Auto Analyzer 

(SEAL Analytical, United States) from sediment pore water. In 
brief, 5 g sediment for each sample was centrifuged at 5000 rpm 
for 30 min (Liu et  al.  2023). The analyses were performed with 
two identical channels of the AA3 for simultaneous analyses of 
NO3

−/NO2
− and NH4

+, according to the same standard operating  
procedures (SOP). The analytical protocols used for the autoan-
alyzers were based on Technicon methodologies for NO3

−/NO2
− 

and NH4
+, with the conditions specified by the method for the AA3 

(Technicon 1973). All measurements were performed at a rate of 
30 samples per hour and a 4:1 sample-to-wash ratio (by volume).

2.3   |   DNA Extraction and High-Throughput 
Sequencing

The DNeasy Power Soil Kit (QIAGEN) was used to extract total 
DNA from 0.5 g sediment samples, and the specific steps were 

followed according to the manufacturer's instructions. Total 
DNA of sediment samples was amplified in the 9700 PCR thermal 
cycler (ABI GeneAmp) and following the published procedures 
(Guo et al. 2022) with replacement of primer sets targeting the 
V4 and V5 regions of archaeal 16S rRNA gene. Phylogenetically 
diagnostic sequences were amplified using the universal 
primers 524F10extF (5′-TGYCAGCCGCCGCGGTAA-3′) and 
Arch958RmodR (5′-YCCGGCGTTGAVTCCAATT-3′) (Ma 
et al. 2020). The final PCR product was loaded onto 2% agarose 
gel for electrophoresis to monitor the accuracy of amplified 
fragments. High-throughput sequencing was performed using 
Illumina MiSeq system (Illumina MiSeq, United States).

2.4   |   Statistical Analysis

Silva138.2 (released in July 2024) was used to annotate the se-
quences. This version of the SILVA database marked most updated 
archaeal taxonomy, incorporating the reclassification proposed 
by recent phylogenetic studies. Nonrepetitive sequences were 

FIGURE 1    |    Sampling sites in Bohai Sea along inshore–offshore transect. OMZ (yellow zone) represents the reported hypoxia zone.
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extracted from optimized sequences in Usearch (v.7.0, http://​
drive5.​com/​uparse/​), which were clustered into operational taxo-
nomic units (OTUs) based on 97% similarity (Edgar 2010). Mothur 
(1.30) was used to analyze the high-throughput sequencing data 
and calculate the diversity indices under random sampling. Alpha 
diversity indices (Shannon, Simpson, ACE, and Chao 1) were 
then calculated and nonmetric multidimensional scaling analysis 
(NMDS) based on binary Jaccard distance for beta diversity was 
calculated between the five sites from three sampling times. All 
data were visualized in R (3.6.3). Archaeal community dynamics 
at phylum level with eight environmental variables (temperature, 
salinity, depth, pH, DO, NO3

−, NO2
−, and NH4

+) were analyzed 
using redundancy analysis using “rdacca.hp” package and 
mapped with “ggplot2” package in R (Lai et al. 2022). Functional 
potential of archaeal communities in sediment samples was pre-
dicted using PICRUSt (phylogenetic investigation of communi-
ties by reconstruction of unobserved states) (Langille et al. 2013). 
Network analysis was utilized to reveal the interactions among 
archaeal community, as well as archaea and bacteria in sediment; 
and Gephi (0.9.2) software was used to visualize networks and 
perform modular analysis. In addition, significance test was con-
ducted using one-way ANOVA, and Spearman correlation analy-
sis was performed by employing SPSS (17.0).

2.5   |   Nucleotide Sequences Accession Numbers

The annotated nucleotide sequences of 16S rRNA gene were de-
posited to the National Center for Biotechnology Information 

(NCBI) Sequence Read Archive (SRA) database (accession no.: 
PRJNA1100295).

3   |   Results

3.1   |   Diversity and Distribution of Sedimentary 
Archaea

In total, 718,238 sequences and 8958 OTUs were generated 
from 15 samples by high-throughput sequencing (Figure  S1, 
Table S1). Genes with a similarity higher than 97% compared to 
Silva (138.2) database were selected for subsequent analysis. The 
Sobs and Chao indices of the samples showed that the highest 
richness of archaea species was observed at Site A5 in August, 
while the lowest richness occurred at Site A7 in June. Changes 
in the Shannon index varied from inshore to offshore with dif-
ferent sampling times. In June and July, the index decreased 
first and then increased mostly; however, the index showed an 
upward and then downward trend in August when hypoxia was 
more pronounced (Figure  2). From a single-site perspective, 
except for Sites A5 and A6, the lowest index always emerged 
in August. In general, the Shannon even and Heip indices in 
August were significantly lower than those in June (p < 0.05), 
however, no significance was detected among sampling sites in 
different months. Regarding the tolerance of archaeal communi-
ties to external invasive species, the phylogenetic diversity (PD) 
analysis was conducted. The results showed that the PD value of 
offshore sites (A4–A7) in August was significantly higher than 

FIGURE 2    |    Alpha diversity of 16S rRNA gene-encoded archaea at each sampling site and time.

http://drive5.com/uparse/
http://drive5.com/uparse/
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that in June and July, indicating that when hypoxia emerged, 
the tolerance of archaeal communities to the surrounding envi-
ronment increased significantly. Overall, with the occurrence of 
hypoxia, the diversity of archaea in August was generally higher 
than that in June and July, and the fluctuation range of Alpha di-
versity indices in August samples was significantly greater than 
that from the other 2 months (Figure 2).

NMDS analysis for the beta diversity of archaea was conducted 
based on the binary Jaccard to unveil spatial–temporal distribu-
tion (stress = 0.032) (Figure 3). The results showed that samples 
from different sites gathered together along the inshore–off-
shore gradient and sequestrated according to site locations. The 
overlap of samples for A3, A4, and A5 indicates a high similar-
ity in the composition of archaeal communities at these three 
inshore sites. Correspondingly, samples of A6 and A7 from the 
offshore were clustered together without overlapping, indicat-
ing a high heterogeneity of archaea at these two offshore sites. 
From a temporal perspective, the samples from June and July 
were closer and had higher similarity, while those from August 
were farther away from other two sampling times, which sug-
gests that in August, significant hypoxia resulted in distinct 
changes in archaea in composition and higher heterogeneity of 
community between the sampling times. A cluster analysis was 

further conducted to show the spatiotemporal heterogeneity and 
similarity of archaeal communities, and the results (Figure S2) 
indicated that archaea in nearshore stations clustered more 
closely based on time, while samples in offshore stations clus-
tered mainly based on locations.

3.2   |   Community Composition of Archaea

A total of 12 phyla of archaea were identified (Figure 4), among 
which Thermoproteota (80.61%), Asgardarchaeota (8.70%), and 
Thermoplasmatota (5.27%) were the Top 3 phyla. At the lowest 
DO sample (Site A5 in August), the relative abundance of the 
dominant group Thermoproteota decreased, including the sub-
ordinate classes Bathyarchaeia (43.13%) and Nitrososphaeria 
(37.48%). Their relative abundances showed an opposite trend 
along sampling time scenario (June–August). Similarly, the 
second-dominated phylum Asgardarchaeota also decreased in 
relative abundance during the occurrence of hypoxia in August. 
This phylum mainly identified classes: Lokiarchaeia (8.13%) 
and Heimdallarchaeia (0.40%). Among these, Lokiarchaeia 
dominated with a relative abundance of 8.13% singularly in all 
classes affiliated with Asgardarchaeota. And the differences 
in abundance of Lokiarchaeia were more significant based on 

FIGURE 3    |    Nonmetric multidimensional scaling (NMDS) plot depicting archaea composition of each sample from different sampling times and 
sites at phylum level. (Axis defines 2D space that allows the best spatial representation of sample distance based on binary Jaccard distance with 
stress = 0.032. The points in different colors represent sampling sites and different symbols represent sampling time.)
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FIGURE 4    |    The community composition of dominant archaea at phylum (A), class (B), and genus (C) level from each sampling time and site. (The 
size of the bubbles indicates the relative abundance of archaea.)
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sampling time than sampling sties. In addition, the relative 
abundance of Heimdallarchaeia in offshore sites was signifi-
cantly higher than that in nearshore sites (p < 0.05). It is worth 
noting that, unlike the above two phyla, the relative abundance 
of Thermoplasmatota reached its maximum of 13.13% during 
oxygen depletion, and the relative abundance of offshore sites 
was significantly lower than that of nearshore sites (p < 0.05). 
Thermoplasmata (4.83%)-affiliated Thermoplasmatota was 
the fourth dominant group annotated, and the abundance of 
this group was higher in the nearshore stations than in the off-
shore stations. Candidatus_ Nitrosopumilus represents the most 
dominant genus-level group observed. While its abundance 
is higher at nearshore sites compared to offshore locations, 
this difference is not statistically significant. However, during 
August, a period characterized by elevated DO consumption, 
the abundance of Candidatus_Nitrosopumilus increases sig-
nificantly (p < 0.05). In addition to dominant groups, some rare 
groups with relatively low abundance (< 0.38%) also exhibited 
spatial–temporal variation in their distributions. From the sub-
hypoxic core area (A5) extending to sites further offshore (A6 
and A7), the abundances of Halobacteriota, Aenigmarchaeota, 
and Methanobacteriota declined significantly over time, coin-
ciding with the progressive onset of seasonal hypoxia. The dis-
tributions of Methanobacteriota, Micrarchaeota, Lainarchaeota, 
Nanoarchaeota, and Altiarchaeota varied significantly across 
sampling sites. Altiarchaeota exhibited a notably higher abun-
dance in offshore regions compared to nearshore areas, whereas 
the other groups showed an opposite pattern, demonstrating 
a stronger preference for nearshore habitats. At class level, 
Altiarchaeota (0.16%) and Methanomicrobia (0.03%) showed dif-
ferences in abundance among sampling locations. Altiarchaeota 
tended to inhabit offshore sites, while Methanomicrobia, on the 
contrary, was more abundant in nearshore sites.

3.3   |   Environmental Drivers on Archaea

Significant variations in temperature, salinity, DO, NO3
−, NO2

−, 
and NH4

+ contents among sampling time scenarios (p < 0.05) 
were detected, but the differences were not significant among 
different sampling sites (p > 0.05). From June to August, the 
temperature in the study area increased steadily, while the sa-
linity decreased gradually. There was no significant difference 
in pH values between either sites or sampling time (p > 0.05). 
The DO value decreased sharply in August, indicating the oc-
currence of hypoxia from A3 to A7, with Site A5 was the core 
area where the DO value was the lowest (2.52 mg/L). The con-
tents of NO3

− and NO2
− significantly increased in August, and 

NO3
− was more enriched than NO2

− at all sites. Moreover, the 
content of NH4

+ in August was significantly higher than that 
in June and July (p < 0.05). In summary, there were significant 
differences in the physical and chemical properties of the study 
area in August when hypoxia was taking place (Figure 5).

The environmental factors were screened using the variance 
inflation factor (VIF), then depth, salinity, DO, NO3

−, NH4
+, 

and pH were selected for RDA analysis since their VIF < 10 
(Table  S2). The first two axes in the RDA analysis explained 
27.83% and 16.84% of the total variations of environmental 
factors, respectively. The RDA analysis indicated that DO and 

NO3
− were the two most important contributing factors to the 

distribution of archaeal communities, accounting for 49.5% and 
38.3% of the total variances (p < 0.05), respectively (Figure  6). 
Almost all samples in July were related to water depth, salinity, 
and DO, whereas NH4

+ and NO3
− concentrations were the most 

influential factors in almost all August samples.

Spearman correlation analysis further revealed the relation-
ship between archaeal diversity and environmental param-
eters (Figure  7). In terms of archaea from different phyla, 
Asgardarchaeota was closely associated with DO, while 
Thermoproteota was mainly affected by the concentration of 
NH4

+ and temperature. Hydrothermarchaeota, Nanoarchaeota, 
and Micrarchaeia were significantly positively correlated with 
nitrate (p < 0.05). Asgardarchaeota and Halobacteria were pos-
itively associated with salinity, while both of them were nega-
tively affected by temperature in significance. Furthermore, 
linear regression analysis between DO and diversity indices 
was conducted. As DO decreased, the abundance of Chao, Sobs, 
and Simpson indices increased, indicating the hypoxic envi-
ronments strengthened the instability of archaeal communities 
(Figure S3). The variation of archaeal beta-diversity index was 
identical, which showed an upward trend along decreasing DO 
(Figure  S4), suggesting the amplified divergence between ar-
chaeal communities with enhancement of hypoxia.

3.4   |   Network Analysis Among Microbiota in 
Sediments

Based on Spearman correlation coefficient, major archaeal 
OTUs with relative abundance higher than 0.1% were selected 
for network analysis. The results of network comprised 71 
nodes and 415 edges, among which 322 edges represented pos-
itive correlation and 93 edges represented negative correlation. 
Clearly, Thermoproteota and Thermoplasmatota were widely 
distributed, accounting for 77.46% of all nodes (Figure 8A). The 
Nitrosophaeria of Thermoproteota had a maximum of 32 con-
nections. The highest values of betweenness centrality and ei-
genvector centrality both appeared in the Bathyarchaeia from 
Thermoproteota, which revealed the complicated species inter-
connections with other groups.

In order to reveal the correlation between the diversity and 
dynamics of archaeal and bacterial communities, network 
analysis was conducted by the published bacterial community 
(sequencing of 16S rRNA gene, V3–V4 region; NCBI accession 
numbers SRR17253936- SRR17253955.Guo et al. 2022) data to-
gether with current archaeal data from exactly the same sam-
ple. The co-occurrence pattern between archaea and bacteria 
generated a total of 117 edges, with 111 positive correlations 
and 16 negative correlations only (Figure  8B). The bacterial 
community mostly interacted with archaea in the sediment 
of the Bohai Sea were Bathyarchaeia (OTU4, eigenvector cen-
trality = 0.91) and Deltaproteobacteria (OUT79, eigenvector 
centrality = 0.29), which contained 18 edges. A positive correla-
tion was also detected between Asgardarchaeota of archaea 
and Acidobacterium- and Proteobacterium-affiliated bacteria. 
These findings are beneficial for further exploring the specific 
mechanisms between these microbial groups.
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3.5   |   Function Prediction of Archaea Community

PICRUSt 2 was performed to predict the functional variation 
of archaea under DO depletion. In total, six types of biological 
metabolic pathways were identified using the KEGG (Kyoto 
Encyclopedia of Genes and Genomes) database, including 
metabolism, genetic information processing, environmental 
information processing, cellular processes, human diseases, 
and organic systems (Figure 9). Among them, the main com-
ponents were metabolic and genetic information processing, 
accounting for 77.56% and 12.46% of the total metabolic path-
ways, respectively. The results identified 45 subfunctions at the 
secondary functional level, revealing the main functions of ar-
chaea include global and overview maps (41.95%), carbohydrate 

metabolism (8.77%), amino acid metabolism (8.20%), transla-
tion (6.64%), energy metabolism (5.43%), metabolism of cofac-
tors and vitamins (4.74%), and nucleotide metabolism (2.95%). 
It is worth noting that multiple metabolic pathways responded 
to hypoxia, especially cell motility, signal transduction, signal-
ing molecules and interactions, specific types of cancer, diges-
tive system, and circulatory system. Metabolic pathways such 
as development and regeneration have increased significantly.

With a special focus on the relevant genes involved in nitrogen 
cycling, PICRUSt 2 was performed based on the COG (clusters of 
pathologies groups) database (Figure 10). Spatially, nitrification, 
ammonia oxidation, dissimilatory nitrate reduction to ammo-
nium (DNRA), and denitrification showed a trend of first de-
creasing and then increasing along the gradient from nearshore 

FIGURE 5    |    Physiochemical parameters (A: temperature, B: salinity, C: NO2
−, D: NO3

−, E: pH, F: NH4
+, G: DO, and H: depth) of each sediment 

sample.
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to offshore. Correspondingly, functional genes related to urea 
hydrolysis showed a downward trend during the occurrence of 
hypoxia, while ammonia assimilation, DNRA, nitrification, and 
ammonia oxidation were enhanced. Meanwhile, the trend of ni-
trogen fixation was evident in July, with a continuous increase 
at Site A5 and a decrease at other sites.

Furthermore, metabolic pathways and enzymes from various 
fields of life were revealed based on the MetaCycle database. 
A total of 333 functional pathways were predicted. The results 
showed the classification and quantitative changes in the Top 50 
functional pathways in the sediment of the Bohai Sea, which were 
divided into 14 different metabolic categories. The total percent-
age of these pathways from June to August ranged from 79.26% 
to 81.72%, including amino acid biosynthesis, carbohydrate bio-
synthesis, cofactor, carrier, and vitamin biosynthesis, nucleoside 
and nucleotide biosynthesis, TCA cycle, tetrapyrrole biosyn-
thesis, and several other pathways (Figure 11). The main func-
tional pathway of archaea in Bohai sediment displayed distinct 
variations when hypoxia occurs, with the most representative 
metabolic pathways including aerobic respiration I (cytochrome 
c), L-isoleucine biosynthesis II (L-isoleucine biosynthesis II), in-
complete reduced TCA cycle, superpathway of branched amino 
acid biosynthesis, and L-isoleucine biosynthesis IV.

4   |   Discussion

4.1   |   Hypoxia Condition at Bohai Sea in Summer

The strict hypoxia conditions are under debating with the in-
tensive study on oxygen depletion in world oceans. Ever since 
the define of hypoxia, which was first raised by Robert J. Diaz 
and Rutger Rosenberg with the DO level < 2 mg/L (Diaz and 
Rosenberg  1995), a broader range of investigations has been 
applied worldwide. Vaquer-Sunyer and Duarte  (2008) provide 
compelling evidence that the conventional hypoxia thresh-
old of 2.0 mg/L may inadequately protect marine biodiversity. 
Their analysis of species-specific oxygen sensitivity reveals that 
negative impacts, including biodiversity loss and ecosystem 
disruption, can occur at DO levels well above 2.0 mg/L. This 
observation is consistent with other studies, which insist that 
hypoxia thresholds may vary widely due to species-specific 
tolerances and environmental conditions, with commonly ap-
plied thresholds ranging from 2.0 mg/L to 4.0 mg/L (Tellier 
et  al.  2022; Low et  al.  2021). Further research demonstrates 
that sublethal effects on fish, such as reduced food intake and 
growth, begin significantly at around 4.5 mg/L of DO, a level 
well above traditional hypoxia thresholds (Hrycik, Almeida, 
and Höök  2017). Collectively, these findings underscore the 

FIGURE 6    |    RDA (redundancy analysis) of the archaea distribution and physicochemical parameters. The correlation between environmental 
variables and the RDA coordinate axis is represented by the length and angle of the red arrow. The blue arrow indicates the Top 5 archaea with rel-
ative abundance.
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need to establish a revised, higher hypoxia threshold that cap-
tures both lethal and sublethal impacts, offering a more ecolog-
ically relevant benchmark for marine conservation, especially 
the survival of benthic organisms. A recent study indicates that 
many marine organisms experience significant impacts when 
DO levels fall to 3.0 – 4.0 mg/L (Guo et al. 2024). According to 
the national water quality standard (GB 3097-1997), DO levels 
below 4.0 mg/L are classified as severe pollution across four 
seawater categories. Consequently, the hypoxia threshold in the 
central Bohai Sea has been set at a DO level of < 4.0 mg/L (Guo 
et al. 2024).

Ever since the discovery of periodically occurring hypoxia 
in the Bohai Sea (Zhai et  al.  2012), observations on DO 
showed significant decreases in summer and recover in au-
tumn, displaying an annual cyclic pattern in the studied area 
(Fennel and Testa 2018; Guo et al. 2022; Liu et al. 2019; Zhao 
et al. 2021). The lower DO concentration in Bohai Sea is pri-
marily due to limited water exchange (stratification), lower 
biological productivity, and organic matter degradation (Wu 
et  al. 2024). Nearshore areas suffered from dynamic water 
exchange due to tides and river inputs, supporting higher 

primary productivity that increased DO through photosyn-
thesis (Geng et al. 2021; Li et al. 2023), like A3 in this study. 
In contrast, offshore areas experience weaker currents, fewer 
nutrients, and stronger thermoclines, which limit oxygen re-
plenishment (Zhao et al. 2017). Additionally, the degradation 
of organic matter consumes significant oxygen, especially in 
deeper offshore regions, further reducing DO levels (Zhao 
et al. 2017). Remarkably, all five sites in August have exhib-
ited hypoxia in this study rather than only site A5, which has 
been reported as a core hypoxic zone in previous studies and 
cruises (Guo et al. 2022; Wang et al. 2022), indicating a fur-
ther expansion of the hypoxic over this area with time pre-
ceding. Moreover, the intensify of DO depletion also could 
be confirmed by concentrations measured from the same site 
across years (2.52 mg/L in this study and 4.21 mg/L in August 
2018) (Guo et al. 2022). Marine oxygen consumption is mainly 
controlled by both physical and biogeochemical processes 
(Breitburg et al. 2018; Rabalais et al. 2014). The Bohai Sea has 
faced a significant transition from a nitrogen-limited oligo-
trophic environment to a phosphorus-limited eutrophic situa-
tion, the increased primary productivity of seawater promotes 
the respiration of microorganisms in sediment, which further 

FIGURE 7    |    Spearman correlation analysis between physicochemical parameters and archaea at phylum level (* and ** represent significant lev-
els of 0.05 and 0.01, respectively).
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consume a large amount of DO, contributing to the intense 
hypoxic degree (Robinson 2019).

4.2   |   The Archaeal Community in Response to 
Oxygen Depletion

Thermoproteota has been found to be dominant in sediments 
from the Peruvian margin, the Cascadian margin, and the 
Okhotsk Sea, which is consistent with our study (accounting 
for over 80.68%) (Inagaki et al. 2006, 2003). With the signif-
icant occurrence of low oxygen, the relative abundance of 
Thermoproteota is disturbed, and two descending classes of 
Thermoproteota, Bathyarchaeia, and Nitrososphaeria also 
show dynamic response correspondingly. Nitrososphaeria 
is abundant in low DO samples, whereas Bathyarchaeia dis-
plays an opposite trend (Figure 4). Most 16S rRNAs affiliated 
with Nitrososphaeria have been identified as Candidatus (Ca.) 
Nitrosopumilus, Ca. Nitrocosmicus, and Ca. Nitrososphaera, 
some rare groups are Ca. Nitrosopelagicus and tend to in-
habit nearshore areas in this study. All of these archaea are 
involved in nitrogen transformation process as nitrifiers in 
anoxic marine (Vuillemin  2023). In terms of Bathyarchaeia, 
Miscellaneous Crenarchaeota Group (MCG) is the most 
abundant and active uncultured archaea in anoxic marine, 

including Pearl Estuary, Changjiang River Estuary, and north-
ern Gulf of Mexico (Liu et al. 2014; Zou et al. 2022; Devereux 
et  al.  2015). Thus, both Bathyarchaeia and Nitrososphaeria 
should be induced to hypoxic environments, while their abun-
dance showed an opposite trend under a decreasing trend of 
oxygen, indicating a certain degree of competition among 
dominant archaea. Moreover, Desulfurococcales, as a rare 
group, may also play a role in influencing the distribution of 
Bathyarchaeia, which employ sulfur as an electron acceptor 
and inorganic nutrient electron source in anaerobic respi-
ration and prefer growing in sulfur-containing geothermal 
water or soil, such as sulfur-rich hot springs in Yellowstone 
National Park (Jay et al. 2016).

Asgardarchaeota, which is secondly dominated by archaeal 
community, are considered to be closely linked with eukaryotic 
origin, exhibit high diversity with an anaerobic lifestyle, and 
are widely distributed in marine sediments (Bulzu et al. 2019; 
Salcher et al. 2020; Seitz et al. 2019; Spang et al. 2015). One rep-
resentative of the Asgard, Lokiarchaeia, which anaerobic uti-
lizes CO2 and extracellular polymeric substances of diatoms, 
has a higher utilization efficiency than the bacteria on average 
in hypoxic marine sediment (Orsi et  al.  2020). Another mem-
ber of Asgard, Heimdallarchaeia, is the closest acidophilic ar-
chaeal lineage to eukaryotes, which may have a microaerophilic 
niche, engaging in unique aerobic metabolic pathways such as 
the Kynurenine pathway (Bulzu et al. 2019). Therefore, the de-
crease in Asgardarchaeota at low oxygen sites may be due to the 
dependence on oxygen for aerobic metabolism of its major class 
member. Ulteriorly, the comparatively third dominant group 
in this study is Thermoplasmatota, which can encode copper 
membrane monooxygenases (CuMMOs) that mediate aerobic 
oxidation of ammonia, methane, and other hydrocarbons as 
substrates (Khadka et  al.  2018), and is also important for the 
global carbon and nitrogen cycle (Diamond et al. 2022).

As for the rare group at phylum level, Altiarchaeota, Nanoar
chaeota, and Hydrothermarchaeota belong to the DPANN su-
perphylum. Altiarchaeota is adaptable to high-temperature 
environments (Sabath et al. 2013), which is abundant in August 
samples. Nanoarchaeota and Hydrothermarchaeota prefer liv-
ing in low oxygen environments, which may benefit from their 
adaptive strategies for nutrient-limited niche, and they could ex-
hibit rich genetic diversity when in hypoxic environments (Bird 
et al. 2016; Carr et al. 2019).

4.3   |   Driving Factors on Distribution of Archaeal 
Community

Due to the limitations of specific ecological niches, archaea 
communities are impacted by both abiotic and biotic factors 
(Cao, Auguet, and Gu 2013; Zheng et al. 2013). The exchanges 
exist between bottom water and sediment pore water under 
the movement of water, solutes, and particles. Using physic-
chemical parameters from both bottom water and pore water 
to analyze environmental influences on sediment microbial 
diversity is a well-established method. The combination al-
lows for a more comprehensive view of how water column 
conditions influence sediment ecosystems, aiding in the un-
derstanding of nutrient cycles, redox processes, and microbial 

FIGURE 8    |    Network analysis of interactions among archaea (A) and 
archaea versus bacteria (B) based on Spearman correlation. The size of a 
node is directly proportional to the number of connections, with red and 
green edges indicating positive and negative correlations, respectively.
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community structures. As reported, long-term warming alters 
microbial composition in surface sediments and modifies the 
geochemical profiles of overlying water, influencing nutrient 
cycling and microbial diversity at the sediment–water inter-
face (Seidel et al. 2023; Broman et al. 2017). Additionally, nutri-
ent concentration and redox gradients between bottom water 
and pore water create unique niches that support diverse mi-
crobial communities in reef sediments (Oh et al. 2022). These 
findings collectively underscore the importance of analyzing 
interactions between bottom water (measured using CTD 
instruments) and sediment pore water to understand their 
combined influence on sediment physicochemical properties. 
Consequently, physicochemical parameters from both bottom 
water and sediment pore water in the Bohai Sea hypoxic zone 
were integrated to investigate their impact on archaeal com-
munity diversity in this study.

Multiple environmental factors abiotically in Bohai sedi-
ments, such as DO, NO3

−, NH4
+, salinity (Figure 6), are key 

factors driving microbial community structure, although 
the seasonal trend of DO depletion is strongly driven by bi-
ological productivity. Archaea in turn responses differently 
in low oxygen zones. For example, the relative abundance 
of Thaumarchaeota, Euryarchaeota, and Thermoproteota 
increases in sediments of the northern Gulf of Mexico 

and the eastern South Pacific, where the DO concentra-
tion is < 2 μM (Belmar, Molina, and Ulloa  2011; Devereux 
et  al.  2015; Lu et  al.  2019); however, the relative abundance 
of Asgardarchaeota decreases with enhancement of hypoxia 
(Zou et al. 2022), although it dominates in the Yangtze River 
Estuary and the low DO site from this study. Furthermore, the 
effects of low DO on microbial communities can, to some ex-
tent, provide insights into the impact of sediment oxygen de-
mand (SOD) and Redox potential (Eh) on these communities, 
as shifts in oxygen availability and redox conditions directly 
influence microbial composition and function. SOD refers to 
the rate at which sediments consume oxygen from the overly-
ing water (Cheng et al. 2024). In hypoxic environments, SOD 
was elevated due to the decomposition of organic matter and 
the activity of microbial communities in the sediments, and 
an increase in SOD can further exacerbate oxygen depletion, 
as bottom sediments continuously consume oxygen (Cheng 
et al. 2024; Santoferrara et al. 2022); therefore, the anaerobic 
microorganisms dominated and consequently alters the com-
position of the microbial community. Eh is a key indicator for 
the oxidative or reductive state within water bodies or sedi-
ments (Lacroix et al. 2023; Peiffer et al. 2021; Lau et al. 2018). 
Lower Eh, indicating a more reduced environment, favors the 
growth of organisms capable of anaerobic metabolism in hy-
poxic zones (Lu and Imlay 2021; Dick and Meng 2023).

FIGURE 9    |    Heatmap of relative abundance of archaea functional categories (Level 2) based on KEEG database.
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Archaea in sediment may be sensitive to nutrient quality and 
quantity supplied from the overlying water (Hoshino and 
Inagaki 2019). Ammonium serves as a primary nitrogen source 
for AOA, particularly from the phylum Thaumarchaeota, which 
thrive in sediments where NH₄+ concentrations are elevated. 
AOA participates in nitrification, converting NH₄+ to NO₂−, a 
critical step in the nitrogen cycle that regulates nitrogen avail-
ability in sediment ecosystems (Huang et al. 2021). Nitrite, an 
intermediate in both nitrification and denitrification, is also uti-
lized in processes such as anaerobic ammonium oxidation (ana-
mmox), where it reacts with NH₄+ to form nitrogen gas (Wang 
et al. 2023). Although archaea are not directly involved in ana-
mmox, they contribute to the upstream supply of NO₂− through 
ammonia oxidation. Under anoxic conditions, some archaeal 
species can also reduce NO₂−, thus playing a role in denitrifi-
cation, which is crucial for nitrogen removal from sediments 
(Zhang, Ji, et al. 2023). NO3

− acts as a terminal electron accep-
tor for certain archaea in anoxic environments, supporting pro-
cesses like NO₃− reduction and denitrification. These processes 
allow archaeal communities to thrive where oxygen is scarce 

but NO3
− is available, contributing to nitrogen gas production 

and the regulation of nitrogen fluxes within the ecosystem 
(Martínez-Espinosa 2020). Overall, the interplay between nitro-
gen compounds and archaeal activity drives essential nitrogen-
transforming processes within marine sediments, influencing 
redox conditions, nutrient availability, and microbial diversity. 
The balance between processes like nitrification and denitrifica-
tion, often mediated by archaea, plays a crucial role in sediment 
biogeochemistry and affects broader ecological stability in ma-
rine environments (Wright and Lehtovirta-Morley 2023; Zhang, 
Zha, et al. 2023). These recent studies highlight the ecological 
significance of nitrogen chemistry in shaping the structure 
and function of archaeal communities in sediments. Members 
of Thermoproteota encode nir (nitrite reductase) genes (Lazar 
et al. 2016), which may explain positive association identified in 
this study between NO2

− and them (Table S3), and suggesting 
the potential of archaea for DNRA to NH₄+ in low oxygen en-
vironments. Besides, Euryarchaeota and Hydrothermarchaeota 
are involved in active nitrogen cycling by encoding nar (nitrate 
reductase) genes in hypoxic sediment and mangrove (Zhou 

FIGURE 10    |    Heatmap of relative abundance of different enzymes and their corresponding genes related to nitrogen cycling encoded by archaea 
based on COG database.
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et al. 2019, 2020; Zhang et al. 2021), which may account for the 
positive correlation between NO3

− and Hydrothermarchaeota in 
this study (Table S3).

Salinity is another important factor structuring archaeal com-
munities in this study, Asgardarchaeota and Halobacterota 
were associated with high salinity, which is in accordance 
with previous observations in hypoxic sediments such as Bay 
of Bengal, Pearl River Estuary, and Changjiang River Estuary 
(Wang et al. 2017; Zou et al. 2020, 2022). In addition, depth and 
temperature also shaped the archaeal community (Table  S3). 
Variation of water depths in the Bohai Sea may lead to slight 
differences in the quality and quantity of organic matter in the 
sediments, resulting in staggered DO concentrations caused by 
different oxygen consumption (Lutz et  al.  2007; Hoshino and 
Inagaki 2019).

Archaeal community is not only driven by multiple abiotic fac-
tors, but biotic essentials also contribute to the species' composi-
tion and distribution. Archaea exhibits complex dynamics with 
probable symbiotic by intertaxa interactions (Liu et  al.  2020). 
In this study, as shown by networking analysis, within 
Thermoproteota, interactions between OTUs from various sub-
groups were extremely complicated, showing a high diversity 

and niche variations. Nitrososphaeria is mostly associated with 
other archaea, and it is capable of amo and nir genes transcrip-
tion, transporters of nitroreductases, ureases, and urea, which 
may affect the nutritional conditions of their habitat environ-
ment, indicating a potentially significant impact on the archaeal 
community metabolize due to its clearly active application of 
nutrients (Vuillemin 2023). And Bathyarchaeia has the highest 
betweenness centrality in the interaction network (Table  S4), 
which suggests their strong ability to control other archaea 
through metabolisms such as carbon cycles, acetogenesis, and 
fermentation, once again proving the competitiveness between 
Nitrososphaeria and Bathyarchaeia (Lazar et  al.  2016; Zhou 
et al. 2018). Conversely, the relatively simple interactions among 
Halobacteriota may be consistent with their unitary methano-
genic capacity use of b-type cytochromes (Rinke et al. 2021).

On the other hand, correlations between archaea and bacte-
ria also affect the diversity and distribution of archaeal com-
munities. Thermoproteota is correlated with diverse bacteria 
including members of the Proteobacteria, Bacteroidetes, and 
Chlorobi phyla (Kuypers, Marchant, and Kartal 2018; Needham 
and Fuhrman  2016; Wang et  al.  2019), which may account 
for their strong metabolic activity in various substrates such 
as aromatic compounds, methane, lignin, and extracellular 

FIGURE 11    |    Heatmap of relative abundance of archaea functional categories (Level 2) based on MetaCyc database.
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carbohydrates (He et al. 2016; Meng et al. 2014; Qi et al. 2021). 
Asgardarchaeota is positively correlated with Acidobacterium 
and Proteobacterium as the second dominant group in this study 
(Figure 8B). This is in alignment with previous results found in 
South China Sea sediment (Zhang et  al.  2021). The dynamics 
of microbial community composition and co-occurrence pat-
terns are not synchronized, and co-occurrence patterns based 
on network properties cannot systematically and comprehen-
sively reflect the correlations between real taxonomic units (Ma 
et al. 2016). Therefore, it is necessary to further determine the 
specific interactions between groups and link them to ecological 
functions.

4.4   |   The Function of Archaea in Bohai Sediment 
and its Impact on Nitrogen Cycling

Functional prediction provides possibility for deciphering the 
role of archaea in biogeochemical cycling in Bohai Sea. Since 
multiple metabolism pathways may cope with various environ-
mental pressures (Mueller et al. 2021), the increasing trend of 
predicted pathways in August indicates the high environmen-
tal stress on archaea, which is the occurrence of low oxygen, 
revealed by MetaCyc database comparison (Figure 11). Higher 
metabolic activity in archaea communities under oxygen stress 
or limitation also had been reported in anoxic Namibian shelf 
sediments, Eastern Indian Ocean sediment, and hypoxic subter-
ranean Vapor Cave (Orsi et al. 2020; Wang et al. 2017; Martin-
Pozas et al. 2020). It is corroborated by the composition of some 
archaea, such as Hydrothermarchaeota, Thaumarchaeota, and 
Nitrososphaeria (Thaumarchaeota/Thermoproteota), which 
were relatively abundant in August (Figure  4). Moreover, ar-
chaea in sediment are capable of mediating strong biosynthetic 
pathways, including the synthesis of nucleosides and nucleo-
tides, amino acids, carbohydrates, and aromatic compounds, 
where related amino acids can regulate the growth and devel-
opment of archaea at multiple growth stages (Tomita 2017). In 
addition, sedimentary archaea can also participate in product 
metabolism and energy generation, such as TCA cycle, fermen-
tation, and electron transfer chains, and can also participate in 
the utilization and assimilation of C1 compounds. It makes sig-
nificant contributions to archaea in response to environmental 
changes by synthesizing essential amino acids, including low 
oxygen (Wang et al. 2020). The findings above suggest a close 
association between organic matter and microbial communities. 
However, not all sedimentary organic matter originates from mi-
crobial sources. Microorganisms play a particularly crucial role 
in processing organic matter introduced from external sources.

Organic matter in marine sediments originates from multi-
ple sources, including marine and terrestrial inputs. Marine-
derived organic matter, primarily from phytoplankton and 
other marine organisms, is rich in labile compounds such as 
lipids and proteins, making it easily degradable. In contrast, 
terrestrial inputs, including plant materials transported via 
rivers, consist of more recalcitrant compounds like cellulose 
and lignin, which are harder to break down (Avellan, Duarte, 
and Rocha-Santos  2022; Szymczak-Żyła and Lubecki  2022). 
Microbial communities play a crucial role in processing these 
inputs, since they not only decompose existing organic matter, 

but also produce metabolites that contribute to the organic mat-
ter pool (Oni et al. 2015; Sobek et al. 2023). These metabolites, 
such as fatty acids and alcohols, serve as substrates for other 
microbes, facilitating complex interactions and the cycling of el-
ements like carbon and nitrogen (Johnson 2017). Recent studies 
underscore the adaptive nature of microbial consortia, which 
shift their metabolic pathways depending on the available sub-
strates and environmental conditions, from aerobic degradation 
in surface sediments to anaerobic processes in deeper layers 
(Broman et al. 2022; Chen et al. 2023; Yin et al. 2024). This dy-
namic interplay between organic matter sources and microbial 
metabolism drives essential biogeochemical cycles within ma-
rine ecosystems.

Under hypoxic, nitrogen cycling is more sensitive than other 
elemental cycling (Fennel and Testa 2018), and archaea mainly 
not only mediate the step of oxidizing NH₄+ to NO2

− but also 
participate in nitrogen fixation and removal (Offre, Spang, 
and Schleper 2013). It is consistent with this study that nitro-
gen fixation function has been enhanced in July and continues 
to increase at Station A5, while decreasing at other stations. 
N2 fixation is a common characteristic of methanogenic ar-
chaea (Bräuer et  al.  2020), and both Methanobacterium and 
Bathyarchaeia identified in this study belong to methanogenic 
archaea (Mei et al. 2022; Zheng et al. 2022), which are involved 
not only in nitrogen fixation but also sharing nitrogen with bac-
teria (Dekas, Poretsky, and Orphan  2009). In addition to the 
nitrogen fixation process, NO2

− accumulation has been mea-
sured in this study (Figure 5), indicating active denitrification 
in the hypoxic zone. Denitrifying microorganisms and NO2

− 
accumulation have been reported previously in the Arabian 
Sea and northern Chilean hypoxic waters, contributing to 
benthic nitrogen cycle (Stewart, Ulloa, and DeLong 2012; Lüke 
et al. 2016).

Furthermore, archaea play a crucial role in deep sea ecosystems, 
particularly in ocean sediments, by driving essential chemoau-
totrophic processes. These processes rely on the oxidation of 
inorganic molecules, allowing archaea to generate energy and 
fix carbon in the absent of sunlight. Such as Thaumarchaeota, 
the AOA, which transform NH₄+ into NO2

− and generate en-
ergy to support their chemoautotrophic metabolism, are contrib-
uting to global biogeochemical nitrogen and carbon cycling in 
great abundance and significance (Dekas et  al.  2019; Gomez-
Saez et  al.  2017; Wright and Lehtovirta-Morley  2023; Zheng 
et al. 2024). Moreover, archaea also engage in methane metab-
olism in deep-sea sediment. Methanogenic archaea, such as 
members of the Euryarchaeota and Thermoproteota (formerly 
Crenarchaeota), are often found in hydrothermal environments, 
which reduce carbon dioxide with hydrogen to produce meth-
ane, an important energy source for symbiotic organisms like 
tube worms and other benthic fauna (Gomez-Saez et al. 2017). 
These chemoautotrophic processes ensure the recycling of key 
elements in marine sediments, maintaining ecosystem stability 
and supporting life in harsh, oxygen limited and even hypoxic 
environments (Qin et  al.  2024). Advances in metagenomics, 
transcriptomics, and other techniques continue to uncover new 
insights into the ecological significance of these microorgan-
isms (Pereira et al. 2024), showing that archaea are indispens-
able in sustaining deep-sea life.
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5   |   Conclusions

During oxygen depletion in the Bohai Sea, both environmental 
parameters and biological responses shifted, resulting in sig-
nificant spatial and temporal changes in archaeal community 
structures from nonhypoxic to hypoxic sites. The dominant 
Thermoproteota (80.61%) decreased under low DO conditions, 
while Thermoplasmatota (5.27%) increased, particularly in near-
shore areas. Asgardarchaeota (8.70%), especially Lokiarchaeia, de-
clined in hypoxic sites, whereas rare groups such as Halobacteriota 
and Methanobacteriota showed significant increase tendency as 
hypoxia intensified. DO and NO₃− emerged as primary environ-
mental drivers in these communities. Functionally, archaea in 
Bohai Sea sediments adapted to hypoxia by prioritizing metabolic 
and genetic information processes, with a proportion of over 90% 
among predicted functions. Key pathways including nitrogen cy-
cling processes, such as ammonia oxidation, DNRA, and nitrifi-
cation, varied along a nearshore–offshore gradient and indicated 
adaptive responses to low-oxygen conditions. These findings un-
derscore the critical role of archaea in maintaining nitrogen and 
carbon cycles under hypoxia, with pathways like aerobic respira-
tion, amino acid biosynthesis, and an incomplete TCA cycle that 
supports ecosystem resilience.

Author Contributions

Xiaoxiao Guo: data curation (equal), formal analysis (equal), soft-
ware (equal), visualization (supporting), writing – original draft (lead). 
Yanying Li: data curation (equal), formal analysis (equal), software 
(equal), visualization (lead), writing – original draft (supporting). 
Guisheng Song: resources (lead), writing – review and editing (sup-
porting). Liang Zhao: resources (lead). Jing Wang: conceptualization 
(lead), funding acquisition (lead), resources (equal), supervision (lead), 
writing – review and editing (lead).

Acknowledgments

This study was supported by funds from the National Natural Science 
Foundation of China (No. 52070143 and No. 42076033) and the Natural 
Science Foundation of Tianjin City (19JCZDJC40300).

Ethics Statement

The authors have nothing to report.

Consent

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The raw sequencing data of 16S rDNA genes were deposited in the SRA 
database at NCBI under accession nos.: SRR28720242–SRR28720256 
(PRJNA1100295) https://​www.​ncbi.​nlm.​nih.​gov/​biopr​oject/​​PRJNA​
1100295.

References

Alves, R. J. E., B. Q. Minh, T. Urich, A. Von Haeseler, and C. Schleper. 
2018. “Unifying the Global Phylogeny and Environmental Distribution 

of Ammonia-Oxidising Archaea Based on amoA Genes.” Nature 
Communications 9, no. 1: 1517. https://​doi.​org/​10.​1038/​s4146​7-​018-​
03861​-​1.

Avellan, A., A. Duarte, and T. Rocha-Santos. 2022. “Organic 
Contaminants in Marine Sediments and Seawater: A Review for 
Drawing Environmental Diagnostics and Searching for Informative 
Predictors.” Science of the Total Environment 808: 152012.

Baker, B. J., V. De Anda, K. W. Seitz, et al. 2020. “Diversity, Ecology and 
Evolution of Archaea.” Nature Microbiology 5: 887–900. https://​doi.​org/​
10.​1038/​s41564-​020-​0715-​z.

Belmar, L., V. Molina, and O. Ulloa. 2011. “Abundance and Phylogenetic 
Identity of Archaeoplankton in the Permanent Oxygen Minimum Zone 
of the Eastern Tropical South Pacific: Archaeal Assemblages in an 
Oxygen Minimum Zone.” FEMS Microbiology Ecology 78, no. 2: 314–
326. https://​doi.​org/​10.​1111/j.​1574-​6941.​2011.​01159.​x.

Berg, C., V. Vandieken, B. Thamdrup, and K. Jürgens. 2015. “Significance 
of Archaeal Nitrification in Hypoxic Waters of the Baltic Sea.” ISME 
Journal 9, no. 6: 1319–1332. https://​doi.​org/​10.​1038/​ismej.​2014.​218.

Bird, J. T., B. J. Baker, A. J. Probst, M. Podar, and K. G. Lloyd. 2016. 
“Culture Independent Genomic Comparisons Reveal Environmental 
Adaptations for Altiarchaeales.” Frontiers in Microbiology 7: 1221. 
https://​doi.​org/​10.​3389/​fmicb.​2016.​01221​.

Bräuer, L., N. Basiliko, H. M. P. Siljanen, and S. H. Zinder. 2020. 
“Methanogenic Archaea in Peatlands.” FEMS Microbiology Letters 367, 
no. 20: fnaa172. https://​doi.​org/​10.​1093/​femsle/​fnaa172.

Breitburg, D., L. A. Levin, A. Oschlies, et al. 2018. “Declining Oxygen in 
the Global Ocean and Coastal Waters.” Science 359, no. 6371: eaam7240. 
https://​doi.​org/​10.​1126/​scien​ce.​aam7240.

Broman, E., D. Izabel-Shen, A. Rodríguez-Gijón, S. Bonaglia, S. L. 
Garcia, and F. J. Nascimento. 2022. “Microbial Functional Genes Are 
Driven by Gradients in Sediment Stoichiometry, Oxygen, and Salinity 
Across the Baltic Benthic Ecosystem.” Microbiome 10, no. 1: 126.

Broman, E., V. Sachpazidou, J. Pinhassi, and M. Dopson. 2017. 
“Oxygenation of Hypoxic Coastal Baltic Sea Sediments Impacts on 
Chemistry, Microbial Community Composition, and Metabolism.” 
Frontiers in Microbiology 8: 2453.

Bulzu, P.-A., A.-Ş. Andrei, M. M. Salcher, et al. 2019. “Casting Light 
on Asgardarchaeota Metabolism in a Sunlit Microoxic Niche.”  
Nature Microbiology 4, no. 7: 7. https://​doi.​org/​10.​1038/​s4156​
4-​019-​0404-​y.

Caffrey, J. M., N. Bano, K. Kalanetra, and J. T. Hollibaugh. 2007. 
“Ammonia Oxidation and Ammonia-Oxidizing Bacteria and Archaea 
From Estuaries With Differing Histories of Hypoxia.” ISME Journal 1, 
no. 7: 660–662. https://​doi.​org/​10.​1038/​ismej.​2007.​79.

Cao, H., J.-C. Auguet, and J.-D. Gu. 2013. “Global Ecological Pattern of 
Ammonia-Oxidizing Archaea.” PLoS One 8, no. 2: e52853. https://​doi.​
org/​10.​1371/​journ​al.​pone.​0052853.

Carr, S. A., S. P. Jungbluth, E. A. Eloe-Fadrosh, et  al. 2019. 
“Carboxydotrophy Potential of Uncultivated Hydrothermarchaeota 
From the Subseafloor Crustal Biosphere.” ISME Journal 13, no. 6: 1457–
1468. https://​doi.​org/​10.​1038/​s4139​6-​019-​0352-​9.

Cavicchioli, R. 2011. “Archaea—Timeline of the Third Domain.” Nature 
Reviews Microbiology 9, no. 1: 51–61. https://​doi.​org/​10.​1038/​nrmic​
ro2482.

Chen, X., R. Cai, X. Zhuo, et al. 2023. “Niche Differentiation of Microbial 
Community Shapes Vertical Distribution of Recalcitrant Dissolved 
Organic Matter in Deep-Sea Sediments.” Environment International 
178: 108080.

Cheng, S., F. Meng, Y. Wang, J. Zhang, and L. Zhang. 2024. “The 
Potential Linkage Between Sediment Oxygen Demand and Microbes 
and Its Contribution to the Dissolved Oxygen Depletion in the Gan 
River.” Frontiers in Microbiology 15: 1413447.

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1100295
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1100295
https://doi.org/10.1038/s41467-018-03861-1
https://doi.org/10.1038/s41467-018-03861-1
https://doi.org/10.1038/s41564-020-0715-z
https://doi.org/10.1038/s41564-020-0715-z
https://doi.org/10.1111/j.1574-6941.2011.01159.x
https://doi.org/10.1038/ismej.2014.218
https://doi.org/10.3389/fmicb.2016.01221
https://doi.org/10.1093/femsle/fnaa172
https://doi.org/10.1126/science.aam7240
https://doi.org/10.1038/s41564-019-0404-y
https://doi.org/10.1038/s41564-019-0404-y
https://doi.org/10.1038/ismej.2007.79
https://doi.org/10.1371/journal.pone.0052853
https://doi.org/10.1371/journal.pone.0052853
https://doi.org/10.1038/s41396-019-0352-9
https://doi.org/10.1038/nrmicro2482
https://doi.org/10.1038/nrmicro2482


17 of 20

Costa, K. C., and J. A. Leigh. 2014. “Metabolic Versatility in 
Methanogens.” Current Opinion in Biotechnology 29: 70–75. https://​doi.​
org/​10.​1016/j.​copbio.​2014.​02.​012.

Dekas, A. E., A. E. Parada, X. Mayali, et  al. 2019. “Characterizing 
Chemoautotrophy and Heterotrophy in Marine Archaea and Bacteria 
With Single-Cell Multi-Isotope NanoSIP.” Frontiers in Microbiology 10: 
2682.

Dekas, A. E., R. S. Poretsky, and V. J. Orphan. 2009. “Deep-Sea Archaea 
Fix and Share Nitrogen in Methane-Consuming Microbial Consortia.” 
Science 326, no. 5951: 422–426. https://​doi.​org/​10.​1126/​scien​ce.​1178223.

Demirel, B., and P. Scherer. 2008. “The Roles of Acetotrophic and 
Hydrogenotrophic Methanogens During Anaerobic Conversion of Biomass 
to Methane: A Review.” Reviews in Environmental Science and Bio/
Technology 7, no. 2: 173–190. https://​doi.​org/​10.​1007/​s1115​7-​008-​9131-​1.

Deutsch, C., J. L. Penn, and N. Lucey. 2024. “Climate, Oxygen, and the 
Future of Marine Biodiversity.” Annual Review of Marine Science 16, no. 
1: 217–245.

Devereux, R., J. J. Mosher, T. A. Vishnivetskaya, et al. 2015. “Changes in 
Northern Gulf of Mexico Sediment Bacterial and Archaeal Communities 
Exposed to Hypoxia.” Geobiology 13, no. 5: 478–493. https://​doi.​org/​10.​
1111/​gbi.​12142​.

Diamond, S., A. Lavy, A. Crits-Christoph, et  al. 2022. “Soils and 
Sediments Host Thermoplasmata Archaea Encoding Novel Copper 
Membrane Monooxygenases (CuMMOs).” ISME Journal 16, no. 5: 
1348–1362. https://​doi.​org/​10.​1038/​s4139​6-​021-​01177​-​5.

Diaz, R. J., and R. Rosenberg. 1995. “Marine Benthic Hypoxia: A Review 
of Its Ecological Effects and the Behavioural Responses of Benthic 
Macrofauna.” Oceanography and Marine Biology: An Annual Review 33, 
no. 245: 3.

Dick, J. M., and D. Meng. 2023. “Community-and Genome-Based 
Evidence for a Shaping Influence of Redox Potential on Bacterial 
Protein Evolution.” mSystems 8, no. 3: e00014-23.

Edgar, R. C. 2010. “Search and Clustering Orders of Magnitude Faster 
Than BLAST.” Bioinformatics 26, no. 19: 2460–2461. https://​doi.​org/​10.​
1093/​bioin​forma​tics/​btq461.

Evans, P. N., J. A. Boyd, A. O. Leu, et al. 2019. “An Evolving View of 
Methane Metabolism in the Archaea.” Nature Reviews Microbiology 17, 
no. 4: 219–232. https://​doi.​org/​10.​1038/​s4157​9-​018-​0136-​7.

Fennel, K., and J. M. Testa. 2018. “Biogeochemical Controls on Coastal 
Hypoxia.” Annual Review of Marine Science 11: 105–130.

Fuchsman, C. A., and E. E. Stüeken. 2021. “Using Modern Low-Oxygen 
Marine Ecosystems to Understand the Nitrogen Cycle of the Paleo- and 
Mesoproterozoic Oceans.” Environmental Microbiology 23, no. 6: 2801–
2822. https://​doi.​org/​10.​1111/​1462-​2920.​15220​.

Geng, X., J. W. Heiss, H. A. Michael, H. Li, B. Raubenheimer, and M. 
C. Boufadel. 2021. “Geochemical Fluxes in Sandy Beach Aquifers: 
Modulation due to Major Physical Stressors, Geologic Heterogeneity, 
and Nearshore Morphology.” Earth-Science Reviews 221: 103800.

Gomez-Saez, G. V., P. Pop Ristova, S. M. Sievert, M. Elvert, K. U. Hinrichs, 
and S. I. Bühring. 2017. “Relative Importance of Chemoautotrophy for 
Primary Production in a Light Exposed Marine Shallow Hydrothermal 
System.” Frontiers in Microbiology 8: 702.

Gu, B., J. Liu, S. Cheung, N. H. E. Ho, Y. Tan, and X. Xia. 2022. “Insights 
Into Prokaryotic Community and Its Potential Functions in Nitrogen 
Metabolism in the Bay of Bengal, a Pronounced Oxygen Minimum 
Zone.” Microbiology Spectrum 10, no. 3: e00892-21.

Guo, J., Y. Jin, S. Liu, et  al. 2024. “Investigation of the Causes and 
Mechanisms of Hypoxia in the Central Bohai Sea in the Summer of 
2022.” Marine Pollution Bulletin 206: 116710.

Guo, X., G. Song, Y. Li, L. Zhao, and J. Wang. 2022. “Switch of Bacteria 
Community Under Oxygen Depletion in Sediment of Bohai Sea.” 

Frontiers in Marine Science 9: 833513. https://​doi.​org/​10.​3389/​fmars.​
2022.​833513.

He, Y., M. Li, V. Perumal, et al. 2016. “Genomic and Enzymatic Evidence 
for Acetogenesis Among Multiple Lineages of the Archaeal Phylum 
Bathyarchaeota Widespread in Marine Sediments.” Nature Microbiology 
1, no. 6: 16035. https://​doi.​org/​10.​1038/​nmicr​obiol.​2016.​35.

Hoshino, T., and F. Inagaki. 2019. “Abundance and Distribution of 
Archaea in the Subseafloor Sedimentary Biosphere.” ISME Journal 13, 
no. 1: 227–231. https://​doi.​org/​10.​1038/​s4139​6-​018-​0253-​3.

Howarth, R., F. Chan, D. J. Conley, et al. 2011. “Coupled Biogeochemical 
Cycles: Eutrophication and Hypoxia in Temperate Estuaries and 
Coastal Marine Ecosystems.” Frontiers in Ecology and the Environment 
9, no. 1: 18–26.

Hrycik, A. R., L. Z. Almeida, and T. O. Höök. 2017. “Sub-Lethal Effects 
on Fish Provide Insight Into a Biologically-Relevant Threshold of 
Hypoxia.” Oikos 126, no. 3: 307–317.

Huang, F., X. Lin, W. Hu, F. Zeng, L. He, and K. Yin. 2021. “Nitrogen 
Cycling Processes in Sediments of the Pearl River Estuary: Spatial 
Variations, Controlling Factors, and Environmental Implications.” 
Catena 206: 105545.

Hutchins, D. A., and D. G. Capone. 2022. “The Marine Nitrogen Cycle: 
New Developments and Global Change.” Nature Reviews Microbiology 
20, no. 7: 401–414. https://​doi.​org/​10.​1038/​s4157​9-​022-​00687​-​z.

Inagaki, F., T. Nunoura, S. Nakagawa, et  al. 2006. “Biogeographical 
Distribution and Diversity of Microbes in Methane Hydrate-Bearing 
Deep Marine Sediments on the Pacific Ocean Margin.” Proceedings of 
the National Academy of Sciences of the United States of America 103, no. 
8: 2815–2820. https://​doi.​org/​10.​1073/​pnas.​05110​33103​.

Inagaki, F., M. Suzuki, K. Takai, et al. 2003. “Microbial Communities 
Associated With Geological Horizons in Coastal Subseafloor Sediments 
From the Sea of Okhotsk.” Applied and Environmental Microbiology 69, 
no. 12: 7224–7235. https://​doi.​org/​10.​1128/​AEM.​69.​12.​7224-​7235.​2003.

Jay, Z. J., J. P. Beam, M. A. Kozubal, R. M. de Jennings, D. B. Rusch, 
and W. P. Inskeep. 2016. “The Distribution, Diversity and Function of 
Predominant Thermoproteales in High-Temperature Environments of 
Yellowstone National Park.” Environmental Microbiology 18, no. 12: 
4755–4769. https://​doi.​org/​10.​1111/​1462-​2920.​13366​.

Jessen, G. L., A. Lichtschlag, A. Ramette, et al. 2017. “Hypoxia Causes 
Preservation of Labile Organic Matter and Changes Seafloor Microbial 
Community Composition (Black Sea).” Science Advances 3, no. 2: 
e1601897. https://​doi.​org/​10.​1126/​sciadv.​1601897.

Johnson, W. M. 2017. “Linking Microbial Metabolism and Organic 
Matter Cycling Through Metabolite Distributions in the Ocean.” 
Doctoral dissertation, Massachusetts Institute of Technology.

Kerou, M., R. I. Ponce-Toledo, R. Zhao, et  al. 2021. “Genomes 
of Thaumarchaeota From Deep Sea Sediments Reveal Specific 
Adaptations of Three Independently Evolved Lineages.” ISME Journal 
15, no. 9: 2792–2808.

Khadka, R., L. Clothier, L. Wang, C. K. Lim, M. G. Klotz, and P. 
F. Dunfield. 2018. “Evolutionary History of Copper Membrane 
Monooxygenases.” Frontiers in Microbiology 9: 2493. https://​doi.​org/​10.​
3389/​fmicb.​2018.​02493​.

Kuypers, M. M. M., H. K. Marchant, and B. Kartal. 2018. “The Microbial 
Nitrogen-Cycling Network.” Nature Reviews Microbiology 16, no. 5: 263–
276. https://​doi.​org/​10.​1038/​nrmic​ro.​2018.​910.​1038/​nrmic​ro.​2018.​9.

Lacroix, E. M., M. Aeppli, K. Boye, et al. 2023. “Consider the Anoxic 
Microsite: Acknowledging and Appreciating Spatiotemporal Redox 
Heterogeneity in Soils and Sediments.” ACS Earth and Space Chemistry 
7, no. 9: 1592–1609.

Lai, J., Y. Zou, J. Zhang, and P. R. Peres-Neto. 2022. “Generalizing 
Hierarchical and Variation Partitioning in Multiple Regression and 
Canonical Analyses Using the rdacca.hp R Package.” Methods in 

https://doi.org/10.1016/j.copbio.2014.02.012
https://doi.org/10.1016/j.copbio.2014.02.012
https://doi.org/10.1126/science.1178223
https://doi.org/10.1007/s11157-008-9131-1
https://doi.org/10.1111/gbi.12142
https://doi.org/10.1111/gbi.12142
https://doi.org/10.1038/s41396-021-01177-5
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1038/s41579-018-0136-7
https://doi.org/10.1111/1462-2920.15220
https://doi.org/10.3389/fmars.2022.833513
https://doi.org/10.3389/fmars.2022.833513
https://doi.org/10.1038/nmicrobiol.2016.35
https://doi.org/10.1038/s41396-018-0253-3
https://doi.org/10.1038/s41579-022-00687-z
https://doi.org/10.1073/pnas.0511033103
https://doi.org/10.1128/AEM.69.12.7224-7235.2003
https://doi.org/10.1111/1462-2920.13366
https://doi.org/10.1126/sciadv.1601897
https://doi.org/10.3389/fmicb.2018.02493
https://doi.org/10.3389/fmicb.2018.02493
https://doi.org/10.1038/nrmicro.2018.910.1038/nrmicro.2018.9


18 of 20 Ecology and Evolution, 2025

Ecology and Evolution 13, no. 4: 782–788. https://​doi.​org/​10.​1111/​2041-​
210X.​13800​.

Langille, M. G. I., J. Zaneveld, J. G. Caporaso, et al. 2013. “Predictive 
Functional Profiling of Microbial Communities Using 16S rRNA Marker 
Gene Sequences.” Nature Biotechnology 31, no. 9: 814–821. https://​doi.​
org/​10.​1038/​nbt.​267610.​1038/​nbt.​2676.

Lau, M. P., R. Niederdorfer, A. Sepulveda-Jauregui, and M. Hupfer. 
2018. “Synthesizing Redox Biogeochemistry at Aquatic Interfaces.” 
Limnologica 68: 59–70.

Lazar, C. S., B. J. Baker, K. Seitz, et  al. 2016. “Genomic Evidence for 
Distinct Carbon Substrate Preferences and Ecological Niches of 
Bathyarchaeota in Estuarine Sediments.” Environmental Microbiology 
18, no. 4: 1200–1211. https://​doi.​org/​10.​1111/​1462-​2920.​13142​10.​1111/​
1462-​2920.​13142​.

Li, J., Y. Gao, Y. Bao, X. Gao, and P. M. Glibert. 2023. “Summer 
Phytoplankton Photosynthetic Characteristics in the Changjiang River 
Estuary and the Adjacent East China Sea.” Frontiers in Marine Science 
10: 1111557.

Li, Y., H. Jing, S. J. Kao, W. Zhang, and H. Liu. 2020. “Metabolic 
Response of Prokaryotic Microbes to Sporadic Hypoxia in a Eutrophic 
Subtropical Estuary.” Marine Pollution Bulletin 154: 111064.

Lin, G., and X. Lin. 2022. “Bait Input Altered Microbial Community 
Structure and Increased Greenhouse Gases Production in Coastal 
Wetland Sediment.” Water Research 218: 118520.

Liu, H., H. Jing, and F. Wang. 2023. “Archaea Predominate in the 
Ammonia Oxidation Process in the Sediments of the Yap and Mariana 
Trenches.” Frontiers in Microbiology 14: 1268790. https://​doi.​org/​10.​
3389/​fmicb.​2023.​1268790.

Liu, J., S. Yu, M. Zhao, B. He, and X.-H. Zhang. 2014. “Shifts in 
Archaeaplankton Community Structure Along Ecological Gradients 
of Pearl Estuary.” FEMS Microbiology Ecology 90: 424–435. https://​doi.​
org/​10.​1111/​1574-​6941.​12404​.

Liu, J., S. Zhu, X. Liu, P. Yao, T. Ge, and X.-H. Zhang. 2020. 
“Spatiotemporal Dynamics of the Archaeal Community in Coastal 
Sediments: Assembly Process and Co-Occurrence Relationship.” ISME 
Journal 14, no. 6: 1463–1478. https://​doi.​org/​10.​1038/​s4139​6-​020-​0621-​7.

Liu, S., B. Hu, Z. He, et al. 2015. “Ammonia-Oxidizing Archaea Have Better 
Adaptability in Oxygenated/Hypoxic Alternant Conditions Compared to 
Ammonia-Oxidizing Bacteria.” Applied Microbiology and Biotechnology 
99, no. 20: 8587–8596. https://​doi.​org/​10.​1007/​s0025​3-​015-​6750-​7.

Liu, X., D. Liu, Y. Wang, Y. Shi, Y. Wang, and X. Sun. 2019. “Temporal 
and Spatial Variations and Impact Factors of Nutrients in Bohai Bay, 
China.” Marine Pollution Bulletin 140: 549–562. https://​doi.​org/​10.​
1016/j.​marpo​lbul.​2019.​02.​011.

Liu, Y., L. L. Beer, and W. B. Whitman. 2012. “Sulfur Metabolism in 
Archaea Reveals Novel Processes.” Environmental Microbiology 14, no. 
10: 2632–2644. https://​doi.​org/​10.​1111/j.​1462-​2920.​2012.​02783.​x.

Liu, Y., Y. He, B. Han, H. Liu, S. Tao, and W. Liu. 2023. “Sewage Discharge 
and Organic Matter Affect the Partitioning Behaviors of Different 
Polycyclic Aromatic Hydrocarbons in a River Surface Sediment-Pore 
Water System.” Journal of Hazardous Materials 446: 130757. https://​doi.​
org/​10.​1016/j.​jhazm​at.​2023.​13075​710.​1016/j.​jhazm​at.​2023.​130757.

Low, N. H., F. Micheli, J. D. Aguilar, et  al. 2021. “Variable Coastal 
Hypoxia Exposure and Drivers Across the Southern California 
Current.” Scientific Reports 11, no. 1: 10929.

Lu, Y., X. Xia, S. Cheung, H. Jing, and H. Liu. 2019. “Differential Distribution 
and Determinants of Ammonia Oxidizing Archaea Sublineages in the 
Oxygen Minimum Zone Off Costa Rica.” Microorganisms 7, no. 10: 453. 
https://​doi.​org/​10.​3390/​micro​organ​isms7​100453.

Lu, Z., and J. A. Imlay. 2021. “When Anaerobes Encounter Oxygen: 
Mechanisms of Oxygen Toxicity, Tolerance and Defence.” Nature 
Reviews Microbiology 19, no. 12: 774–785.

Lüke, C., D. R. Speth, M. A. R. Kox, L. Villanueva, and M. S. M. Jetten. 
2016. “Metagenomic Analysis of Nitrogen and Methane Cycling in the 
Arabian Sea Oxygen Minimum Zone.” PeerJ 4: e1924. https://​doi.​org/​
10.​7717/​peerj.​1924.

Lutz, M. J., K. Caldeira, R. B. Dunbar, and M. J. Behrenfeld. 2007. 
“Seasonal Rhythms of Net Primary Production and Particulate Organic 
Carbon Flux to Depth Describe the Efficiency of Biological Pump in 
the Global Ocean.” Journal of Geophysical Research: Oceans 112, no. 
C10011: 1–26. https://​doi.​org/​10.​1029/​2006J​C003706.

Ma, B., H. Wang, M. Dsouza, et  al. 2016. “Geographic Patterns of 
Co-Occurrence Network Topological Features for Soil Microbiota at 
Continental Scale in Eastern China.” ISME Journal 10, no. 8: 1891–1901. 
https://​doi.​org/​10.​1038/​ismej.​2015.​261.

Ma, C., S. Coffinet, J. S. Lipp, K.-U. Hinrichs, and C. Zhang. 2020. 
“Marine Group II Euryarchaeota Contribute to the Archaeal Lipid 
Pool in Northwestern Pacific Ocean Surface Waters.” Frontiers in 
Microbiology 11: 1034. https://​doi.​org/​10.​3389/​fmicb.​2020.​01034​.

Martínez-Espinosa, R. M. 2020. “Microorganisms and Their Metabolic 
Capabilities in the Context of the Biogeochemical Nitrogen Cycle at 
Extreme Environments.” International Journal of Molecular Sciences 
21, no. 12: 4228.

Martin-Pozas, T., S. Sanchez-Moral, S. Cuezva, et al. 2020. “Biologically 
Mediated Release of Endogenous N2O and NO2 Gases in a Hydrothermal, 
Hypoxic Subterranean Environment.” Science of the Total Environment 
747: 141218. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​141218.

Mei, N., A. Postec, M. Bartoli, et  al. 2022. “Methanobacterium 
Alkalithermotolerans Sp. Nov., a Novel Alkaliphilic and Hydrogen-
Utilizing Methanogen Isolated From an Alkaline Geothermal Spring 
(La Crouen, New Caledonia).” International Journal of Systematic and 
Evolutionary Microbiology 72, no. 10. https://​doi.​org/​10.​1099/​ijsem.0.​
005554.

Meng, J., J. Xu, D. Qin, Y. He, X. Xiao, and F. Wang. 2014. “Genetic 
and Functional Properties of Uncultivated MCG Archaea Assessed by 
Metagenome and Gene Expression Analyses.” ISME Journal 8, no. 3: 
650–659. https://​doi.​org/​10.​1038/​ismej.​2013.​17410.​1038/​ismej.​2013.​174.

Moissl-Eichinger, C., M. Pausan, J. Taffner, G. Berg, C. Bang, and R. 
A. Schmitz. 2018. “Archaea Are Interactive Components of Complex 
Microbiomes.” Trends in Microbiology 26, no. 1: 70–85. https://​doi.​org/​
10.​1016/j.​tim.​2017.​07.​004.

Mueller, R. C., J. T. Peach, D. J. Skorupa, V. Copié, B. Bothner, and B. M. 
Peyton. 2021. “An Emerging View of the Diversity, Ecology and Function 
of Archaea in Alkaline Hydrothermal Environments.” FEMS Microbiology 
Ecology 97, no. 2: fiaa246. https://​doi.​org/​10.​1093/​femsec/​fiaa246.

Needham, D. M., and J. A. Fuhrman. 2016. “Pronounced Daily 
Succession of Phytoplankton, Archaea and Bacteria Following a Spring 
Bloom.” Nature Microbiology 1, no. 4: 16005. https://​doi.​org/​10.​1038/​
nmicr​obiol.​2016.​5.

Offre, P., A. Spang, and C. Schleper. 2013. “Archaea in Biogeochemical 
Cycles.” Annual Review of Microbiology 67, no. 1: 437–457. https://​doi.​
org/​10.​1146/​annur​ev-​micro​-​09241​2-​155614.

Oh, R. M., Z. B. R. Quek, Y. K. S. Chan, et al. 2022. “Microbial Diversity 
of Sub-Bottom Sediment Cores From a Tropical Reef System.” Coral 
Reefs 41, no. 2: 397–403.

Oni, O. E., F. Schmidt, T. Miyatake, et al. 2015. “Microbial Communities 
and Organic Matter Composition in Surface and Subsurface Sediments of 
the Helgoland Mud Area, North Sea.” Frontiers in Microbiology 6: 1290.

Oren, A. 2002. “Molecular Ecology of Extremely Halophilic Archaea 
and Bacteria.” FEMS Microbiology Ecology 39, no. 1: 1–7. https://​doi.​org/​
10.​1111/j.​1574-​6941.​2002.​tb009​00.​x.

Oren, A. 2015. “Halophilic Microbial Communities and Their 
Environments.” Current Opinion in Biotechnology 33: 119–124. https://​
doi.​org/​10.​1016/j.​copbio.​2015.​02.​005.

https://doi.org/10.1111/2041-210X.13800
https://doi.org/10.1111/2041-210X.13800
https://doi.org/10.1038/nbt.267610.1038/nbt.2676
https://doi.org/10.1038/nbt.267610.1038/nbt.2676
https://doi.org/10.1111/1462-2920.1314210.1111/1462-2920.13142
https://doi.org/10.1111/1462-2920.1314210.1111/1462-2920.13142
https://doi.org/10.3389/fmicb.2023.1268790
https://doi.org/10.3389/fmicb.2023.1268790
https://doi.org/10.1111/1574-6941.12404
https://doi.org/10.1111/1574-6941.12404
https://doi.org/10.1038/s41396-020-0621-7
https://doi.org/10.1007/s00253-015-6750-7
https://doi.org/10.1016/j.marpolbul.2019.02.011
https://doi.org/10.1016/j.marpolbul.2019.02.011
https://doi.org/10.1111/j.1462-2920.2012.02783.x
https://doi.org/10.1016/j.jhazmat.2023.13075710.1016/j.jhazmat.2023.130757
https://doi.org/10.1016/j.jhazmat.2023.13075710.1016/j.jhazmat.2023.130757
https://doi.org/10.3390/microorganisms7100453
https://doi.org/10.7717/peerj.1924
https://doi.org/10.7717/peerj.1924
https://doi.org/10.1029/2006JC003706
https://doi.org/10.1038/ismej.2015.261
https://doi.org/10.3389/fmicb.2020.01034
https://doi.org/10.1016/j.scitotenv.2020.141218
https://doi.org/10.1099/ijsem.0.005554
https://doi.org/10.1099/ijsem.0.005554
https://doi.org/10.1038/ismej.2013.17410.1038/ismej.2013.174
https://doi.org/10.1016/j.tim.2017.07.004
https://doi.org/10.1016/j.tim.2017.07.004
https://doi.org/10.1093/femsec/fiaa246
https://doi.org/10.1038/nmicrobiol.2016.5
https://doi.org/10.1038/nmicrobiol.2016.5
https://doi.org/10.1146/annurev-micro-092412-155614
https://doi.org/10.1146/annurev-micro-092412-155614
https://doi.org/10.1111/j.1574-6941.2002.tb00900.x
https://doi.org/10.1111/j.1574-6941.2002.tb00900.x
https://doi.org/10.1016/j.copbio.2015.02.005
https://doi.org/10.1016/j.copbio.2015.02.005


19 of 20

Orsi, W. D., A. Vuillemin, P. Rodriguez, et al. 2020. “Metabolic Activity 
Analyses Demonstrate That Lokiarchaeon Exhibits Homoacetogenesis 
in Sulfidic Marine Sediments.” Nature Microbiology 5, no. 2: 248–255. 
https://​doi.​org/​10.​1038/​s4156​4-​019-​0630-​3.

Pan, K.-L., J.-F. Gao, X.-Y. Fan, D.-C. Li, and H.-H. Dai. 2018. “The 
More Important Role of Archaea Than Bacteria in Nitrification of 
Wastewater Treatment Plants in Cold Season Despite Their Numerical 
Relationships.” Water Research 145: 552–561. https://​doi.​org/​10.​1016/j.​
watres.​2018.​08.​066.

Peiffer, S., A. Kappler, S. B. Haderlein, et al. 2021. “A Biogeochemical–
Hydrological Framework for the Role of Redox-Active Compounds in 
Aquatic Systems.” Nature Geoscience 14, no. 5: 264–272.

Pereira, O., W. Qin, P. E. Galand, et  al. 2024. “Metabolic Activities 
of Marine Ammonia-Oxidizing Archaea Orchestrated by Quorum 
Sensing.” mLife 3, no. 3: 417–429.

Qi, Y.-L., P. N. Evans, Y.-X. Li, et  al. 2021. “Comparative Genomics 
Reveals Thermal Adaptation and a High Metabolic Diversity in 
“Candidatus Bathyarchaeia”.” mSystems 6, no. 4: e00252-21. https://​doi.​
org/​10.​1128/​mSyst​ems.​00252​-​21.

Qin, W., S. P. Wei, Y. Zheng, et al. 2024. “Ammonia-Oxidizing Bacteria 
and Archaea Exhibit Differential Nitrogen Source Preferences.” Nature 
Microbiology 9, no. 2: 524–536.

Rabalais, N., W.-J. Cai, J. Carstensen, et  al. 2014. “Eutrophication-
Driven Deoxygenation in the Coastal Ocean.” Oceanography 27, no. 1: 
172–183. https://​doi.​org/​10.​5670/​ocean​og.​2014.​21.

Rinke, C., M. Chuvochina, A. Mussig, et  al. 2021. “A Standardized 
Archaeal Taxonomy for the Genome Taxonomy Database.” Nature 
Microbiology 6: 946–959. https://​doi.​org/​10.​1038/​s4156​4-​021-​00918​-​8.

Robinson, C. 2019. “Microbial Respiration, the Engine of Ocean 
Deoxygenation.” Frontiers in Marine Science 5: 533. https://​doi.​org/​10.​
3389/​fmars.​2018.​00533​.

Sabath, N., E. Ferrada, A. Barve, and A. Wagner. 2013. “Growth 
Temperature and Genome Size in Bacteria Are Negatively Correlated, 
Suggesting Genomic Streamlining During Thermal Adaptation.” 
Genome Biology and Evolution 5, no. 5: 966–977. https://​doi.​org/​10.​
1093/​gbe/​evt05​010.​1093/​gbe/​evt050.

Saengkerdsub, S., and S. C. Ricke. 2014. “Ecology and Characteristics of 
Methanogenic Archaea in Animals and Humans.” Critical Reviews in 
Microbiology 40, no. 2: 97–116. https://​doi.​org/​10.​3109/​10408​41X.​2013.​
763220.

Salcher, M. M., A.-Ş. Andrei, P.-A. Bulzu, Z. G. Keresztes, H. L. Banciu, 
and R. Ghai. 2020. “Visualization of Lokiarchaeia and Heimdallarchaeia 
(Asgardarchaeota) by Fluorescence In Situ Hybridization and Catalyzed 
Reporter Deposition (CARD-FISH).” mSphere 5, no. 4: e00686-20. 
https://​doi.​org/​10.​1128/​mSphe​re.​00686​-​20.

Santoferrara, L. F., G. B. McManus, D. I. Greenfield, and S. A. Smith. 
2022. “Microbial Communities (Bacteria, Archaea and Eukaryotes) 
in a Temperate Estuary During Seasonal Hypoxia.” Aquatic Microbial 
Ecology 88: 61–79.

Seidel, L., V. Sachpazidou, M. Ketzer, S. Hylander, A. Forsman, and 
M. Dopson. 2023. “Long-Term Warming Modulates Diversity, Vertical 
Structuring of Microbial Communities, and Sulfate Reduction in 
Coastal Baltic Sea Sediments.” Frontiers in Microbiology 14: 1099445.

Seitz, K. W., N. Dombrowski, L. Eme, et  al. 2019. “Asgard Archaea 
Capable of Anaerobic Hydrocarbon Cycling.” Nature Communications 
10, no. 1: 1822. https://​doi.​org/​10.​1038/​s4146​7-​019-​09364​-​x.

Shu, W.-S., and L.-N. Huang. 2022. “Microbial Diversity in Extreme 
Environments.” Nature Reviews Microbiology 20, no. 4: 219–235. https://​
doi.​org/​10.​1038/​s4157​9-​021-​00648​-​y.

Sobek, A., S. Abel, H. Sanei, et al. 2023. “Organic Matter Degradation 
Causes Enrichment of Organic Pollutants in Hadal Sediments.” Nature 
Communications 14, no. 1: 2012.

Song, G., L. Zhao, F. Chai, F. Liu, M. Li, and H. Xie. 2020. “Summertime 
Oxygen Depletion and Acidification in Bohai Sea, China.” Frontiers in 
Marine Science 7: 252. https://​doi.​org/​10.​3389/​fmars.​2020.​00252​.

Spang, A., J. H. Saw, S. L. Jørgensen, et al. 2015. “Complex Archaea That 
Bridge the Gap Between Prokaryotes and Eukaryotes.” Nature 521, no. 
7551: 173–179. https://​doi.​org/​10.​1038/​natur​e14447.

Stein, L. Y. 2020. “The Long-Term Relationship Between Microbial 
Metabolism and Greenhouse Gases.” Trends in Microbiology 28, no. 6: 
500–511. https://​doi.​org/​10.​1016/j.​tim.​2020.​01.​006.

Stewart, F. J., O. Ulloa, and E. F. DeLong. 2012. “Microbial 
Metatranscriptomics in a Permanent Marine Oxygen Minimum Zone.” 
Environmental Microbiology 14, no. 1: 23–40. https://​doi.​org/​10.​1111/j.​
1462-​2920.​2010.​02400.​x.

Suter, E. A., M. G. Pachiadaki, E. Montes, et  al. 2021. “Diverse 
Nitrogen Cycling Pathways Across a Marine Oxygen Gradient Indicate 
Nitrogen Loss Coupled to Chemoautotrophic Activity.” Environmental 
Microbiology 23, no. 6: 2747–2764. https://​doi.​org/​10.​1111/​1462-​2920.​
15187​.

Szymczak-Żyła, M., and L. Lubecki. 2022. “Biogenic and Anthropogenic 
Sources of Sedimentary Organic Matter in Marine Coastal Areas: A 
Multi-Proxy Approach Based on Bulk and Molecular Markers.” Marine 
Chemistry 239: 104069.

Takai, K., and K. Nakamura. 2011. “Archaeal Diversity and Community 
Development in Deep-Sea Hydrothermal Vents.” Current Opinion in 
Microbiology 14, no. 3: 282–291. https://​doi.​org/​10.​1016/j.​mib.​2011.​
04.​013.

Technicon Industrial Systems. 1973. Technicon Industrial Method 
No. 158-71W Tentative. Tarrytown, New York: Technicon Industrial 
Systems.

Tellier, J. M., N. I. Kalejs, B. S. Leonhardt, D. Cannon, T. O. Höök, and 
P. D. Collingsworth. 2022. “Widespread Prevalence of Hypoxia and the 
Classification of Hypoxic Conditions in the Laurentian Great Lakes.” 
Journal of Great Lakes Research 48, no. 1: 13–23.

Tomita, T. 2017. “Structure, Function, and Regulation of Enzymes 
Involved in Amino Acid Metabolism of Bacteria and Archaea.” 
Bioscience, Biotechnology, and Biochemistry 81, no. 11: 2050–2061. 
https://​doi.​org/​10.​1080/​09168​451.​2017.​1365593.

Vaquer-Sunyer, R., and C. M. Duarte. 2008. “Thresholds of Hypoxia for 
Marine Biodiversity.” Proceedings of the National Academy of Sciences of 
the United States of America 105, no. 40: 15452–15457.

Vipindas, P. V., T. Jabir, C. Jasmin, et al. 2018. “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 34, no. 12: 188. https://​doi.​org/​10.​1007/​
s1127​4-​018-​2570-​0.

Vuillemin, A. 2023. “Nitrogen Cycling Activities During Decreased 
Stratification in the Coastal Oxygen Minimum Zone off Namibia.” 
Frontiers in Microbiology 14: 1101902. https://​doi.​org/​10.​3389/​fmicb.​
2023.​1101902.

Wang, H., R. Bier, L. Zgleszewski, et al. 2020. “Distinct Distribution 
of Archaea From Soil to Freshwater to Estuary: Implications of 
Archaeal Composition and Function in Different Environments.” 
Frontiers in Microbiology 11: 576661. https://​doi.​org/​10.​3389/​fmicb.​
2020.​576661.

Wang, J., X. Guo, Y. Li, G. Song, and L. Zhao. 2022. “Understanding 
the Variation of Bacteria in Response to Summertime Oxygen Depletion 
in Water Column of Bohai Sea.” Frontiers in Microbiology 13: 890973. 
https://​doi.​org/​10.​3389/​fmicb.​2022.​890973.

Wang, J., J. Kan, X. Zhang, et  al. 2017. “Archaea Dominate the 
Ammonia-Oxidizing Community in Deep-Sea Sediments of the Eastern 
Indian Ocean—From the Equator to the Bay of Bengal.” Frontiers in 
Microbiology 8: 415. https://​doi.​org/​10.​3389/​fmicb.​2017.​00415​.

https://doi.org/10.1038/s41564-019-0630-3
https://doi.org/10.1016/j.watres.2018.08.066
https://doi.org/10.1016/j.watres.2018.08.066
https://doi.org/10.1128/mSystems.00252-21
https://doi.org/10.1128/mSystems.00252-21
https://doi.org/10.5670/oceanog.2014.21
https://doi.org/10.1038/s41564-021-00918-8
https://doi.org/10.3389/fmars.2018.00533
https://doi.org/10.3389/fmars.2018.00533
https://doi.org/10.1093/gbe/evt05010.1093/gbe/evt050
https://doi.org/10.1093/gbe/evt05010.1093/gbe/evt050
https://doi.org/10.3109/1040841X.2013.763220
https://doi.org/10.3109/1040841X.2013.763220
https://doi.org/10.1128/mSphere.00686-20
https://doi.org/10.1038/s41467-019-09364-x
https://doi.org/10.1038/s41579-021-00648-y
https://doi.org/10.1038/s41579-021-00648-y
https://doi.org/10.3389/fmars.2020.00252
https://doi.org/10.1038/nature14447
https://doi.org/10.1016/j.tim.2020.01.006
https://doi.org/10.1111/j.1462-2920.2010.02400.x
https://doi.org/10.1111/j.1462-2920.2010.02400.x
https://doi.org/10.1111/1462-2920.15187
https://doi.org/10.1111/1462-2920.15187
https://doi.org/10.1016/j.mib.2011.04.013
https://doi.org/10.1016/j.mib.2011.04.013
https://doi.org/10.1080/09168451.2017.1365593
https://doi.org/10.1007/s11274-018-2570-0
https://doi.org/10.1007/s11274-018-2570-0
https://doi.org/10.3389/fmicb.2023.1101902
https://doi.org/10.3389/fmicb.2023.1101902
https://doi.org/10.3389/fmicb.2020.576661
https://doi.org/10.3389/fmicb.2020.576661
https://doi.org/10.3389/fmicb.2022.890973
https://doi.org/10.3389/fmicb.2017.00415


20 of 20 Ecology and Evolution, 2025

Wang, K., H. Hu, H. Yan, et  al. 2019. “Archaeal Biogeography and 
Interactions With Microbial Community Across Complex Subtropical 
Coastal Waters.” Molecular Ecology 28, no. 12: 3101–3118. https://​doi.​
org/​10.​1111/​mec.​15105​10.​1111/​mec.​15105​.

Wang, K., J. Li, X. Gu, et al. 2023. “How to Provide Nitrite Robustly for 
Anaerobic Ammonium Oxidation in Mainstream Nitrogen Removal.” 
Environmental Science & Technology 57, no. 51: 21503–21526.

Wei, Q., B. Wang, Q. Yao, et  al. 2019. “Spatiotemporal Variations 
in the Summer Hypoxia in the Bohai Sea (China) and Controlling 
Mechanisms.” Marine Pollution Bulletin 138: 125–134. https://​doi.​org/​
10.​1016/j.​marpo​lbul.​2018.​11.​041.

Wright, C. L., and L. E. Lehtovirta-Morley. 2023. “Nitrification and 
Beyond: Metabolic Versatility of Ammonia Oxidising Archaea.” ISME 
Journal 17, no. 9: 1358–1368.

Wu, M., J. Sun, L. Shi, et al. 2024. “Vertical Water Renewal and Dissolved 
Oxygen Depletion in a Semi-Enclosed Sea.” Journal of Hydrology 637: 
131369.

Xue, Y., I. Jonassen, L. Øvreås, and N. Taş. 2019. “Bacterial and 
Archaeal Metagenome-Assembled Genome Sequences From Svalbard 
Permafrost.” Microbiology Resource Announcements 8, no. 27: e00516-19. 
https://​doi.​org/​10.​1128/​MRA.​00516​-​1910.​1128/​MRA.​00516​-​19.

Yin, Q., K. He, G. Collins, J. De Vrieze, and G. Wu. 2024. “Microbial 
Strategies Driving Low Concentration Substrate Degradation for 
Sustainable Remediation Solutions.” Npj Clean Water 7, no. 1: 52.

Zhai, W., H. Zhao, N. Zheng, and Y. Xu. 2012. “Coastal Acidification 
in Summer Bottom Oxygen-Depleted Waters in Northwestern-Northern 
Bohai Sea From June to August in 2011.” Chinese Science Bulletin 57, no. 
9: 1062–1068. https://​doi.​org/​10.​1007/​s1143​4-​011-​4949-​2.

Zhang, C.-J., Y.-L. Chen, Y.-H. Sun, J. Pan, M.-W. Cai, and M. Li. 
2021. “Diversity, Metabolism and Cultivation of Archaea in Mangrove 
Ecosystems.” Marine Life Science & Technology 3, no. 2: 252–262. https://​
doi.​org/​10.​1007/​s4299​5-​020-​00081​-​9.

Zhang, H., H. Wei, L. Zhao, H. Zhao, S. Guo, and N. Zheng. 2022. 
“Seasonal Evolution and Controlling Factors of Bottom Oxygen 
Depletion in the Bohai Sea.” Marine Pollution Bulletin 174: 113199. 
https://​doi.​org/​10.​1016/j.​marpo​lbul.​2021.​113199.

Zhang, M., J. Zha, Y. Dong, et  al. 2023. “Regulation of Potential 
Denitrification Rates in Sediments by Microbial-Driven Elemental 
Coupled Metabolisms.” Journal of Environmental Management 348: 
119320.

Zhang, Y., S. Ji, P. Xie, et al. 2023. “Simultaneous Partial Nitrification, 
Anammox and Nitrate-Dependent Fe (II) Oxidation (NDFO) for Total 
Nitrogen Removal Under Limited Dissolved Oxygen and Completely 
Autotrophic Conditions.” Science of the Total Environment 880: 163300.

Zhang, Y., P. Yao, C. Sun, et al. 2021. “Vertical Diversity and Association 
Pattern of Total, Abundant and Rare Microbial Communities in Deep-
Sea Sediments.” Molecular Ecology 30, no. 12: 2800–2816. https://​doi.​
org/​10.​1111/​mec.​15937​.

Zhao, D., P. Gao, L. Xu, et  al. 2021. “Disproportionate Responses 
Between Free-Living and Particle-Attached Bacteria During the 
Transition to Oxygen-Deficient Zones in the Bohai Seawater.” Science 
of the Total Environment 791: 148097. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2021.​148097.

Zhao, H.-D., S.-J. Kao, W.-D. Zhai, et al. 2017. “Effects of Stratification, 
Organic Matter Remineralization and Bathymetry on Summertime 
Oxygen Distribution in the Bohai Sea, China.” Continental Shelf 
Research 134: 15–25. https://​doi.​org/​10.​1016/j.​csr.​2016.​12.​004.

Zheng, P.-F., Z. Wei, Y. Zhou, et al. 2022. “Genomic Evidence for the 
Recycling of Complex Organic Carbon by Novel Thermoplasmatota 
Clades in Deep-Sea Sediments.” mSystems 7, no. 3: e00077-22. https://​
doi.​org/​10.​1128/​msyst​ems.​00077​-​22.

Zheng, Y., B. Wang, P. Gao, et al. 2024. “Novel Order-Level Lineage of 
Ammonia-Oxidizing Archaea Widespread in Marine and Terrestrial 
Environments.” ISME Journal 18, no. 1: wrad002.

Zheng, Y.-M., P. Cao, B. Fu, J. M. Hughes, and J.-Z. He. 2013. “Ecological 
Drivers of Biogeographic Patterns of Soil Archaeal Community.” PLoS 
One 8, no. 5: e63375. https://​doi.​org/​10.​1371/​journ​al.​pone.​0063375.

Zhou, Z., Y. Liu, K. G. Lloyd, et al. 2019. “Genomic and Transcriptomic 
Insights Into the Ecology and Metabolism of Benthic Archaeal 
Cosmopolitan, Thermoprofundales (MBG-D Archaea).” ISME Journal 
13, no. 4: 885–901. https://​doi.​org/​10.​1038/​s4139​6-​018-​0321-​8.

Zhou, Z., Y. Liu, W. Xu, J. Pan, Z.-H. Luo, and M. Li. 2020. “Genome- 
and Community-Level Interaction Insights Into Carbon Utilization and 
Element Cycling Functions of Hydrothermarchaeota in Hydrothermal 
Sediment.” mSystems 5, no. 1: e00795-19. https://​doi.​org/​10.​1128/​mSyst​
ems.​00795​-​19.

Zhou, Z., J. Pan, F. Wang, J.-D. Gu, and M. Li. 2018. “Bathyarchaeota: 
Globally Distributed Metabolic Generalists in Anoxic Environments.” 
FEMS Microbiology Reviews 42, no. 5: 639–655. https://​doi.​org/​10.​1093/​
femsre/​fuy023.

Zou, D., H. Li, P. Du, et  al. 2022. “Distinct Features of Sedimentary 
Archaeal Communities in Hypoxia and Non-Hypoxia Regions off the 
Changjiang River Estuary.” Microbiology Spectrum 10, no. 5: e01947-22. 
https://​doi.​org/​10.​1128/​spect​rum.​01947​-​22.

Zou, D., J. Pan, Z. Liu, C. Zhang, H. Liu, and M. Li. 2020. “The 
Distribution of Bathyarchaeota in Surface Sediments of the Pearl River 
Estuary Along Salinity Gradient.” Frontiers in Microbiology 11: 285. 
https://​doi.​org/​10.​3389/​fmicb.​2020.​00285​.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

https://doi.org/10.1111/mec.1510510.1111/mec.15105
https://doi.org/10.1111/mec.1510510.1111/mec.15105
https://doi.org/10.1016/j.marpolbul.2018.11.041
https://doi.org/10.1016/j.marpolbul.2018.11.041
https://doi.org/10.1128/MRA.00516-1910.1128/MRA.00516-19
https://doi.org/10.1007/s11434-011-4949-2
https://doi.org/10.1007/s42995-020-00081-9
https://doi.org/10.1007/s42995-020-00081-9
https://doi.org/10.1016/j.marpolbul.2021.113199
https://doi.org/10.1111/mec.15937
https://doi.org/10.1111/mec.15937
https://doi.org/10.1016/j.scitotenv.2021.148097
https://doi.org/10.1016/j.scitotenv.2021.148097
https://doi.org/10.1016/j.csr.2016.12.004
https://doi.org/10.1128/msystems.00077-22
https://doi.org/10.1128/msystems.00077-22
https://doi.org/10.1371/journal.pone.0063375
https://doi.org/10.1038/s41396-018-0321-8
https://doi.org/10.1128/mSystems.00795-19
https://doi.org/10.1128/mSystems.00795-19
https://doi.org/10.1093/femsre/fuy023
https://doi.org/10.1093/femsre/fuy023
https://doi.org/10.1128/spectrum.01947-22
https://doi.org/10.3389/fmicb.2020.00285

	Adaptation of Archaeal Communities to Summer Hypoxia in the Sediment of Bohai Sea
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Sample Collection
	2.2   |   Environmental Parameter Measurement
	2.3   |   DNA Extraction and High-Throughput Sequencing
	2.4   |   Statistical Analysis
	2.5   |   Nucleotide Sequences Accession Numbers

	3   |   Results
	3.1   |   Diversity and Distribution of Sedimentary Archaea
	3.2   |   Community Composition of Archaea
	3.3   |   Environmental Drivers on Archaea
	3.4   |   Network Analysis Among Microbiota in Sediments
	3.5   |   Function Prediction of Archaea Community

	4   |   Discussion
	4.1   |   Hypoxia Condition at Bohai Sea in Summer
	4.2   |   The Archaeal Community in Response to Oxygen Depletion
	4.3   |   Driving Factors on Distribution of Archaeal Community
	4.4   |   The Function of Archaea in Bohai Sediment and its Impact on Nitrogen Cycling

	5   |   Conclusions
	Author Contributions
	Acknowledgments
	Ethics Statement
	Consent
	Conflicts of Interest
	Data Availability Statement
	References


