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Archaea play a significant role in regulating the biogeochemical processes of marine ecosystems. In this study, the high-throughput sequencing was used to explore the archaeal communities in the seawater from the hypoxic and non-hypoxic zones of the Changjiang Estuary. Thaumarchaeota dominated the archaeal communities in the hypoxic zones (bottom water), and Euryarchaeota were mainly distributed in the non-hypoxic zones (surface water). However, the diversity and richness of the archaeal communities showed no obvious difference in the hypoxic and non-hypoxic zones. Moreover, Thaumarchaeota and Nitrosopumilales were positively correlated with salinity, but negatively correlated with dissolved oxygen (DO) and temperature. Temperature, phosphorus, and dissolved oxygen had significant correlations with archaeal richness, while ammonia nitrogen was correlated with archaeal diversity. The networks of archaeal communities possessed a high proportion of positive interspecific interaction and revealed that the Marine Group II species may play distinct roles in both hypoxic and non-hypoxic zones. The current work assessed the influence of dissolved oxygen on the archaeal community patterns and network interaction, thereby illumining the community structure shift of archaea caused by the hypoxia phenomenon in the Changjiang Estuary, which laid a foundation for the future studies on the ecological functions of archaea in estuary ecosystems.
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1 INTRODUCTION
Archaea have been confirmed to be abundant in extreme environments and marine ecosystems (Wishner et al., 1995; Massana et al., 2000; Madrid et al., 2001), including the seawater, estuaries, and sediments. Previous studies have reported that archaea could play a key role in cycling nitrogen, sulfur, and carbon (Cornelia et al., 2006; Jingxu et al., 2015). Thaumarchaeota [formerly Marine Group (MG) I] and MG II are the most abundant archaeal groups in the marine ecosystem (Ken et al., 2004; Zhang, 2012), and members of Thaumarchaeota play an important role in aerobic ammonia oxidation (Martin et al., 2005).
The Changjiang Estuary is a complex and dynamic region that interfaces the terrestrial and marine environments. The mixture of freshwater and Taiwan Current makes this area a complex and an ideal region for conducting studies on the microorganism distribution. Hypoxia often occurs near the bottom waters of the Changjiang Estuary and is a common phenomenon observed in many estuaries (Li et al., 2002; Orita et al., 2015). The hypoxia in this region might be caused by the water stratification and the decomposition of organic matter that comes from the upstream sediments and dissolved organic compounds (Huabing et al., 2012). Previous studies have reported that hypoxia is the most important factor that shapes the bacterial communities (Heike and Osvaldo, 2010; Huabing et al., 2012). However, the response of these archaeal communities to this changing environment remains unclear.
Several studies on the archaeal communities have been conducted in the Changjiang Estuary. Liu et al. (2011) studied the archaeal community in the seawater of the hypoxic zone in Changjiang Estuary, which demonstrated that Euryarchaeota and Crenarchaeota were the predominant phyla and salinity was the major environmental factor that shaped the archaeal community (Liu et al., 2011). Zeng et al. (2007) found that MG I and II were the most abundant groups in the East China Sea (Zeng et al., 2007). A previous study revealed that the ammonia-oxidizing archaea (AOA) community was significantly correlated with nitrite in the Changjiang Estuary (Hui et al., 2014). However, extensive information on the archaeal community in the Changjiang Estuary is lacking, as the relationships between archaeal richness, diversity, and environmental factors remain to be uncovered.
In this study, high-throughput sequencing was used to explore the archaeal community structure and to reveal the influence of dissolved oxygen (DO) on the archaeal community pattern and network interaction in the seawater of Changjiang Estuary. The findings of this study could enhance our understanding of the hypoxia impact on the archaeal community shift in the seawater of the Changjiang Estuary.
2 MATERIALS AND METHODS
2.1 Sampling and locations
In July 2016, water samples were collected using the SBE 32 sampler (Sea-Bird Electronics, United States) from twelve sites of the Changjiang Estuary including hypoxic and non-hypoxic zones (Figure 1). Samples from each site were collected from the surface layers (10 m depth) and bottom layers (40–55 m depth), and six duplicate samples were collected for each depth. Samples were collected for DNA isolation using a vacuum pump suction filter under 20 kPa. One liter of seawater per sample was successively filtered by using the 3- and 0.22-μm pore size polycarbonate nucleopore membranes (Merck Millipore Ltd., United States), and then the membranes were stored in 5-ml sterile cryopreservation tubes at −20°C during the cruise and at −80°C after returning to the laboratory.
[image: Figure 1]FIGURE 1 | Map of the sampling sites in the Changjiang Estuary.
2.2 DNA extraction, PCR amplification, and sequencing
The genomic DNA from each water sample was exacted using the FastPrep®-24 rapid nucleic acid extraction kit (MP Biomedicals, United States) according to the manufacturer’s instructions. The concentration of purified DNA was measured using Nanodrop 2000 (Thermo, United States). The DNA solution from each duplicate sample was pooled together to avoid the extraction bias. The 16S rRNA genes were amplified using the archaeal primers 515F (5ʹ-GTGCCAGCMGCCGCGG-3ʹ) and 907R (5ʹ-CCGTCAATTCMTTTRAGTTT-3ʹ) (Muyzer et al., 1993). The PCR products were detected by the 1.2% agarose gel electrophoresis and were purified by using the MiniBEST Agarose Gel DNA Extraction Kit Version 4.0 (TaKaRa, Japan) following the manufacturer’s instructions. The purity and concentration of the PCR products were determined by Nanodrop 2000 (Thermo, United States). The PCR products were sent to Shanghai Majorbio Bio-pharm Technology Co., Ltd., (China) for the high-throughput sequencing using the Miseq platform (Illumina, United States).
2.3 Measurement of environmental parameters
The environmental parameters, including pH, salinity, DO, temperature, chemical oxygen demand (COD), and concentration of chlorophyll a (Chl a) in the seawater were determined by using an SBE2 sampler (Washington Seabird, United States) in situ. The concentrations of nitrite (N-NO2), nitrate (N-NO3), and ammonia nitrogen (N-NH4) in the seawater samples were determined by using the ultraviolet spectrophotometry method (Qin et al., 2022). The concentration of phosphate (P-PO4) in the samples was measured by using a QuAAtro continuous flow analyzer (SEAL Analytical, Germany) (Wu et al., 2019). The silicate concentration in the seawater were determined by using the method of ion exclusion chromatography with conductivity detection (Li and Chen, 2000).
2.4 Data analysis
The DNA sequences were processed using QIIME, USEARCH, and FLASH software. First, the paired-end reads were combined with FLASH (Hawley et al., 2014). Then, the adapters were trimmed and the low-quality sequences were discarded using QIIME. Chimera sequences were assessed and filtered with USEARCH. Finally, the clean sequences were aligned against the SILVA 132 database and were clustered into operational taxonomic units (OTUs) with 97% sequence identity. In order to assess the archaeal richness and diversity, the Chao1, ACE, Shannon, and Simpson indexes were calculated after normalizing the sequences to 30,125 reads by using QIIME. Principal coordinate analysis (PCoA), clustering analysis, redundancy analysis (RDA), and Mantel test were conducted by using R packages of ape, ggtree, vegan, and linkET, respectively. Variation partition analysis (VPA) was analyzed by using R package of vegan. Networks of archaeal communities were constructed using the Molecular Ecological Network Analyses (MENA) Pipeline with a St value of 0.850 (http://129.15.40.240/mena/) (Deng, 2012). The OTUs with Zi values ≥ 2.5 or Pi values ≥ 0.62 were identified as the keystone taxa (Olesen et al., 2007). The networks were visualized by using Cytoscape (https://cytoscape.org/).
3 RESULTS
3.1 Statistical information of the environmental properties
The environmental factors changed vertically between the hypoxic and non-hypoxic zones (Figure 2). N-NO3, N-NO2, N-NH4, and temperature were significantly higher in the non-hypoxic zones (Student’s t-test, p < 0.05). In contrast, P-PO4 and salinity were significantly lower in the non-hypoxic zones (Student’s t-test, p < 0.05). The DO was significantly lower in the hypoxic zones (Student’s t-test, p < 0.05). Silicate was not significantly different between the two zones.
[image: Figure 2]FIGURE 2 | Box plots of the environmental factors between the hypoxic and non-hypoxic zones.
3.2 Richness and diversity of archaeal communities
The 24 samples yielded a total of 1,050,783 raw reads. A total of 921,221 clean reads were retained for the downstream analysis. All normalized sequences were grouped into 1,375 OTUs. Samples in hypoxic zones were comprised of 128–241 OTUs, while samples in non-hypoxic zones were comprised of 141–238 OTUs. A total of 234 OTUs were shared between the hypoxic and non-hypoxic zones (Figure 3A). Additionally, 124 OTUs were significantly different between the two zones. Compared to the non-hypoxic zone, 55 OTUs were enriched and 69 OTUs were depleted in the hypoxic zone (Figure 3B). No significant differences were detected in the richness and diversity indexes between the hypoxic and non-hypoxic zones (Student’s t-test, p > 0.05), except for the chao1 index (Student’s t-test, p < 0.05) (Figure 4).
[image: Figure 3]FIGURE 3 | Unique and shared OTUs between the hypoxic and non-hypoxic zones. (A) Venn diagram showing the OTUs unique to the hypoxic (red) and non-hypoxic (green) zones and the shared OTUs (dark green). (B) Volcano plot showing the significant differences between enriched (red) and depleted (green) hypoxic OTUs.
[image: Figure 4]FIGURE 4 | Box plots of the alpha diversity of the archaeal communities between the hypoxic and non-hypoxic zones.
3.3 Archaeal community composition
The results of PCoA and clustering analysis revealed that the samples formed two groups based on the hypoxic and non-hypoxic zones (Figure 5; Supplementary Figure S1A). Hypoxic samples were clearly separated from non-hypoxic samples, indicating that there was a distinct archaeal structure between the two zones. Moreover, archaeal communities were dissimilar between the hypoxic and non-hypoxic zones (R = 0.993, p = 0.001), where the archaeal communities in the hypoxic zone had a higher similarity composition (Supplementary Figure S1B).
[image: Figure 5]FIGURE 5 | PCoA plot showing the archaeal similarities within the hypoxic and non-hypoxic zones and dissimilarities between zones based on Bray-Curtis distances.
Euryarchaeota was abundant in the non-hypoxic zones, while Thaumarchaeota was prevalent in the hypoxic zones (Figure 6A). Moreover, the two major classes exhibited opposing trends, with MG II and Nitrosopumilales dominating the non-hypoxic and hypoxic zones, respectively (Figure 6B). Further analysis at the phylum and order levels showed that the abundance of the archaeal community was significantly different between the two zones (Supplementary Table S1).
[image: Figure 6]FIGURE 6 | Archaeal community composition of the hypoxic and non-hypoxic zones at the phylum (A) and order (B) levels.
3.4 Relationship between local environmental factors and archaeal communities
The archaeal richness was significantly and negatively correlated with DO (p < 0.05) and temperature, but was positively correlated with P-PO4 (Supplementary Figure S2). N-NH4 and N-NO3 were positively correlated with the archaeal Simpson indexes, while salinity was negatively correlated with the Simpson indexes. The archaeal Shannon indexes were negatively correlated with N-NH4 (Supplementary Figure S2). The Mantel test revealed that the environmental factors except silicate significantly influenced the archaeal communities (p < 0.05; Figure 7). The RDA result showed that DO (p = 0.001), N-NO3 (p = 0.001), N-NH4 (p = 0.001), P-PO4 (p = 0.001), temperature (p = 0.001), N-NO2 (p = 0.001), and salinity (p = 0.001) significantly influenced the archaeal communities (Figure 8A; Table 1). The VPA result indicated that the salinity and temperature accounted for the most archaeal variation in the hypoxic and non-hypoxic zones (Figure 8B). In the hypoxic zone, DO (p = 0.026) was the most important factor that shaped the archaeal composition (Supplementary Figure S3; Supplementary Table S2). DO and temperature were negatively correlated with Thaumarchaeota and Nitrosopumilales, but was positively correlated with Euryarchaeota and MG II. Salinity was positively correlated with Thaumarchaeota, Nitrosopumilales, and MG III, but was negatively correlated with MG II and Euryarchaeota. N-NH4, N-NO3, and N-NO2 were positively correlated with Euryarchaeota and MG II, but was negatively correlated with Thaumarchaeota, MG III, and Nitrosopumilales (Supplementary Figure S4).
[image: Figure 7]FIGURE 7 | Mantel test showing the relationship between environmental factors and major archaea.
[image: Figure 8]FIGURE 8 | Relationship between environmental factors and archaeal community at the OTU level. (A) RDA showing the relationship between environmental variables and archaeal community in the Changjiang Estuary. (B) VPA analysis for contribution of environmental factors to archaeal composition.
TABLE 1 | RDA results for the Changjiang Estuary.
[image: Table 1]3.5 Archaeal community networks in the hypoxic and non-hypoxic zones
The archaeal community networks in the hypoxic zones had 108 nodes and 486 edges, while those in the non-hypoxic zones had 105 nodes and 462 edges (Figure 9; Supplementary Table S3). The modularity values of the archaeal networks in hypoxic and non-hypoxic zones were 0.35 and 0.42, respectively (Figure 9; Supplementary Table S3). Both the hypoxic (84%) and non-hypoxic (86%) networks possessed a high proportion of positive correlation for the interspecific interaction of the archaeal communities. The Zi-Pi plot revealed that four module hubs were identified between the two networks (Supplementary Figure S5). No keystone taxa were identified in the archaeal networks from the non-hypoxic samples, and MGII was identified as the keystone taxa in the archaeal networks from the hypoxic samples.
[image: Figure 9]FIGURE 9 | Network of archaeal communities in the hypoxic (A) and non-hypoxic zones (B).
4 DISCUSSION
4.1 Archaeal community richness and diversity in the Changjiang Estuary
Archaeal community richness and diversity in the estuary were previously investigated (Gordon et al., 2015; Jiwen et al., 2015; Liu et al., 2018). Gordon et al. (2015) found that archaeal richness and diversity decreased with the depth (Gordon et al., 2015). However, Jiwen et al. (2015) found that archaeal richness and diversity were not significantly different between the surface and bottom water samples (Jiwen et al., 2015). A separate study on the archaea in the global estuaries found that the archaeal richness and diversity varied with latitude (Liu et al., 2018). Previous studies have investigated archaeal richness and diversity in the Changjiang Estuary (Zeng et al., 2007; Liu et al., 2011; Hui et al., 2014). However, there is limited knowledge on the environmental factors that influence archaeal richness and diversity in the Changjiang Estuary to date. In this study, high-throughput sequencing was used to compare the archaeal communities of the hypoxic and non-hypoxic zones. Compared to a previous study (Zeng et al., 2007), the Shannon and Simpson indexes of the archaea in this study were considerably higher, which may be due to the different sequencing methods. Zeng et al. (2007) used PCR-restriction fragment length polymorphism to examine the archaeal community pattern in the Changjiang Estuary. However, high-throughput sequencing, as used in this study, can detect more phyla than traditional tools. Additionally, the archaeal richness in the hypoxic zone was slightly higher than that in the non-hypoxic zone. In our previous study, the bacterial richness was significantly higher in the hypoxic zone than in the non-hypoxic zone (Wu et al., 2019). Clearly, both bacterial and archaeal richness were higher in the hypoxic zone. Furthermore, archaeal richness was not significantly different between the hypoxic and non-hypoxic zones (Student’s t-test, p > 0.05). This is in agreement with the findings of a previous study (Gillies et al., 2015). The Spearman correlation analysis indicated that archaeal richness exhibited a positive correlation with P-PO4, but was significantly and negatively correlated with DO. This suggests that the archaeal richness in the Changjiang Estuary was greatly impacted by DO. Furthermore, the Simpson index was positively correlated with N-NH4 and N-NO3, while the Shannon index was negatively correlated with N-NH4, indicating that nutrient concentrations may be important factors that influenced archaeal diversity in the Changjiang Estuary.
4.2 Archaeal community structure in the Changjiang Estuary
The temporal and spatial changes of the archaeal community structure in many marine ecosystems and lakes have been well-documented (Massana et al., 2000; Church et al., 2003; Jiang et al., 2009; Meyerhof, 2011; Yan et al., 2015). The PCoA and clustering analysis revealed that the archaeal community between the hypoxic and non-hypoxic zones was different. Furthermore, samples from the hypoxic zone possessed a similar archaeal community structure. Liu et al. (2015) studied shifts in archaea plankton community structure in the Pearl Estuary and found that the archaeal community in the hypoxic and non-hypoxic sites grouped together (Jiwen et al., 2015). A separate study found that the archaeal community structure in hypoxic samples was distinct from non-hypoxic samples (Gillies et al., 2015). A remarkable difference in bacterial community structure between the hypoxic and non-hypoxic zones has also been observed (Wu et al., 2019), indicating that specific bacterial and archaeal community structures exist in the hypoxic and non-hypoxic zones of the Changjiang Estuary.
Currently, the relationship between the archaeal community structure and environmental factors is not well understood. A previous study indicated that temperature, nutrients, and DO may have an effect on archaeal communities in the seawater. In this study, the RDA and Mantel test revealed that salinity, DO, and nutrient content significantly influenced the archaeal community in the Changjiang Estuary. VPA indicated that temperature and salinity were the major environmental factors that shaped the archaeal community, which is consistent with a previous study that found that salinity had a significant effect on the archaeal community in the Changjiang Estuary (Liu et al., 2011). Hongyue et al., 2008 also reported that AOA significantly correlated with salinity in the sediments of the Changjiang Estuary. Liu et al. (2011) pointed out that this may be caused by the freshwater of the Changjiang River. Furthermore, DO was the most influential environmental factor that shaped the archaeal community in the hypoxic zone (p = 0.024). In contrast, Liu et al. (2011) found that DO had no significant influence on the archaeal community in the Changjiang Estuary, and samples from the hypoxic area did not group together. Therefore, we speculated that the different sampling sites and time may result in different findings.
In this study, Euryarchaeota (57.0%) and Thaumarchaeota (36.6%) dominated both the hypoxic and non-hypoxic zones. This is consistent with the findings of previous studies, which indicated that Thaumarchaeota and Euryarchaeota were the two major phyla in the estuaries (Liu et al., 2011; Yan et al., 2015) and marine system (Liu et al., 2011). In this study, Euryarchaeota abundance was significantly higher in the non-hypoxic zones, while Thaumarchaeota dominated the hypoxic zone samples. At the order level, Nitrosopumilales (36.6%) and MG II (55%) were the predominant groups, which is in agreement with previous studies (Zeng et al., 2007; Liu et al., 2011). In this study, MG III was also detected with a low proportion (2%). MG III was reported to be distantly related to Thermoplasmales (López-Garcı́;A et al., 2001). Quaiser et al. (2013) pointed out that MG III is usually detected in deep waters. This is in agreement with our study that MGIII was found with significantly higher abundance in bottom waters (Student’s t-test, p < 0.05).
Only a small proportion of OTUs was shared between the archaeal communities in the hypoxic and non-hypoxic zones, and 55 OTUs were significantly enriched in the hypoxic zones. These results further confirmed that the hypoxic and non-hypoxic habitats differed remarkably in terms of their archaeal community structure. However, the knowledge on how environmental factors influence phyla in these zones is still limited.
In this study, spearman correlation analysis indicated that Euryarchaeota positively correlated with DO, N-NO2, N-NO3, and N-NH4 but negatively correlated with P-PO4 and salinity. Thaumarchaeota was positively correlated with P-PO4 and salinity, but was negatively correlated with N-NO2, N-NO3, N-NH4, and DO. Gillies et al. (2015) also found that Thaumarchaeota was negatively correlated with DO (R = −0.061) but was positively correlated with P-PO4 (R = 0.75). These findings are logical, considering previous studies have reported that Thaumarchaeota plays a key role in the nitrogen cycle (Schleper and Nicol, 2010; Walker et al., 2010).
Nitrosopumilales was an isolated culture of AOA (Kirchman et al., 2005). In this study, Nitrosopumilales was abundant in the Changjiang Estuary and was abundant in the hypoxic zone. Thus, we speculated that the high proportions of Thaumarchaeota and Nitrosopumilales may play important roles in the nitrification process of the hypoxic zone in the Changjiang Estuary. However, this hypothesis requires further investigation by analyzing the abundance of AOA or amoA genes in the area.
MG II was significantly abundant in the non-hypoxic zone (surface water). This mathed the findings of previous studies that found that MG II was prevalent in surface waters (Rinke et al.; Massana et al., 2000; Jiwen et al., 2015). Tseng et al. (2015) also found that MG II was predominant in the surface waters of the South China Sea (Tseng et al., 2015). Moreover, a previous study reported that MG II had the ability to degrade protein and lipids (Jia et al., 2012). Liu et al. (2017) also observed that MG II dominated surface waters, while Thaumarchaeota was mainly distributed in deep waters (Liu et al., 2017). In this study, MG II was positively correlated with DO and nutrient levels, but was negatively correlated with salinity. Additionally, the spearman correlation analysis indicated that DO, nutrient levels, and salinity may be the key environmental factors that shaped the archaeal community in the Changjiang Estuary, which was also supported by the RDA results.
4.3 Network analysis in the hypoxic zones and non-hypoxic zones
In this study, the archaeal community networks in the hypoxic and non-hypoxic zones were similar in size, and the higher positive correlation in the networks indicated that there was less competition among the archaeal species from the hypoxic and non-hypoxic zones. In our previous study, bacteria in the hypoxic zone experienced more competition than in the non-hypoxic zone (Wu et al., 2019). Clearly, archaea and bacteria respond differently to hypoxia.
The community networks are considered modular when the modularity values are >0.4 (Newman, 2006). The modularity value of the archaeal community network in the non-hypoxic zone was 0.42, which revealed that the non-hypoxic network was modular. Additionally, the number of modules, clustering coefficient, and network centralization values were 4, 0.346, and 0.229 in the hypoxic network and 5, 0.380, and 0.237 in the non-hypoxic network, respectively. Zi and Pi were described previously (Olesen et al., 2007) and were used to describe a node that connects to other nodes or modules. Thus, Zi and Pi divided the OTUs into four categories: module hubs, peripherals, network hubs, and connectors, which was important for microorganisms (Chen et al., 2018). In ecology, generalists play key roles in promoting the exchange of energy and nutrients, as well as in maintaining the balance of microbial communities (Chen et al., 2018). In this study, both the hypoxic and non-hypoxic networks had no network hubs, indicating that there was no node with many links within its modules and other modules. Only five generalists were found in the hypoxic zone, while thirteen generalists were found in the non-hypoxic zone. Therefore, we speculated that the archaeal community in the non-hypoxic zone was more stable and ordered than that in the hypoxic zone.
Interestingly, OTU 41 was a generalist in the hypoxic network, but a specialist in the non-hypoxic network. Moreover, the generalists OTUs (OTU 406 and OTU 1173) in the non-hypoxic network were specialists in the hypoxic network. OTU 406 and OTU 1173 belonged to MG II. As generalist in the non-hypoxic network, MG II played key roles in connecting other archaea and forming a stable ecological system in the non-hypoxic zone. However, as specialist in the hypoxic network, MG II was rarely connected other archaea. These results suggest these OTUs exhibit role-shifts. A previous study also reported that the same bacteria could serve different functions under two different environments (Chen et al., 2018). Most generalists in the hypoxic and non-hypoxic networks belonged to MG II, indicating that MG II plays a significant role in exchanging energy, metabolites, and nutrients, as well as maintaining the balance of the microbial community in the Changjiang Estuary.
5 CONCLUSION
There was a distinct archaeal communities’ pattern between the hypoxic and non-hypoxic zones in the seawater of the Changjiang Estuary. RDA results showed that temperature and salinity were the major environmental factors that shaped the archaeal communities in the seawater of the Changjiang Estuary. The archaeal richness was significantly influenced by DO, while archaeal diversity was influenced by nutrient levels, and MG II displayed different functions in the hypoxic and non-hypoxic zones. All of these can enhance our understanding of archaeal communities in the seawater of the Changjiang Estuary.
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