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Oxygen minimum zones (OMZs) in the ocean are areas with dissolved oxygen (DO) concentrations below critical thresholds that impact marine ecosystems and biogeochemical cycling. In the northern Indian Ocean (NIO), OMZs exhibit a tendency to expand in mesopelagic waters and contribute significantly to global nitrogen loss and climate change. However, the microbial drivers of OMZ expansion in the NIO remain understudied. Here, we characterized bacterial communities across DO gradients in the NIO using high-throughput 16S rRNA gene sequencing. We found that Marinimicrobia, Chloroflexi, and the SAR324 clade were enriched in both oxygen-deficient and low oxygen mesopelagic waters. Furthermore, Marinimicrobia, Chloroflexi, and the SAR324 clade exhibited a significant negative correlation with DO (P < 0.01), suggesting that they were well-adapted to the oxygen-deficient OMZ habitat. Functional predictions revealed heightened nitrogen metabolism in OMZs, particularly nitrate reduction, suggesting its pivotal role in nitrogen loss. These findings underscore the importance of microbial communities in driving OMZ expansion in the NIO and highlight their implications in global biogeochemical cycles and climate change.
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1 Introduction

Due to the current high levels of ocean oxygenation, most marine life forms exist aerobically. However, oxygen minimum zones (OMZs), oceanic water bodies with dissolved oxygen (DO) levels below a limited concentration, are also prevalent (Cline and Richards, 1972; Stramma et al., 2008; Paulmier and Ruiz-Pino, 2009). However, there is no universal agreement on the upper threshold of the DO concentration to define an OMZ. Concentrations ranging from 2 μM to 90 μM were adopted in different studies (Lam and Kuypers, 2011). Most aquatic organisms begin to suffer in a habitat with an oxygen concentration below 63 µM (hypoxia). Microbial hypoxia refers to a water body with a DO concentration below 20 µM (Lam and Kuypers, 2011; Rixen et al., 2020). According to the data from the World Ocean Atlas, the total volume of water bodies characterized as microbial hypoxia in the global ocean occupies as much as 1.5×1016 m3 (v/v, 1.13%).

Approximately 8% of the global oceanic subsurface is covered by permanent OMZs (Paulmier and Ruiz-Pino, 2009). They are notably present in key regions, such as the eastern tropical Atlantic, the eastern tropical Pacific, and the northern Indian Ocean (NIO). The NIO makes up about 21% of the global permanent OMZs. Therefore, it contributes significantly to global climate change via nitrogen loss mediated by microbial activity. Oceanic nitrogen limitation is common (Moore et al., 2013). The nitrogen loss occurred in OMZs would intensify nitrogen limitation on marine photosynthesis, then reduce the fluxes of carbon fixed by phytoplankton (Field et al., 1998; Deutsch et al., 2011). Moreover, the NIO harbors OMZs in which the oxygen concentration is beyond the detection limit by modern techniques (Lüke et al., 2016; Menezes et al., 2020). Oceanic OMZs in the NIO usually occur at depths of 100–1,000 m, underlying highly productive surface water. The formation of oceanic OMZs is most likely ascribed to oxygen consumption caused by degradation of sinking organic matter derived from high primary productivity of the euphotic zone (Fernandes et al., 2018; Rixen et al., 2020; Sarma et al., 2020). Furthermore, the semi-enclosed geographic characteristics of the NIO are disadvantageous to the ventilation of subsurface water, and thus stratification of oxygen-deficient mesopelagic waters became more severe. Most importantly, the oceanic OMZs may be expanding both vertically and horizontally as global climate change and anthropogenic activities cause enhanced oxygen demand (Gu et al., 2022).

The oceanic OMZs exhibit active biogeochemical cycling of elements, especially that of nitrogen (Canfield et al., 2010; Lam and Kuypers, 2011). OMZs contribute approximately 30–50% of the total nitrogen loss from oceans (Gruber and Sarmiento, 1997; Codispoti et al., 2000) via anaerobic ammonium oxidation (also known as anammox) (Kuypers et al., 2005; Hamersley et al., 2007) and denitrification (Jayakumar et al., 2004; Castro-González et al., 2005). Furthermore, nitrogen loss causes nutrient limitation and reduced photosynthesis in the oceans (Gruber and Sarmiento, 1997; Codispoti et al., 2000; Lam and Kuypers, 2011; Rangamaran et al., 2023). OMZs also contribute to climate change (e.g., global warming) directly as they are large sources of carbon dioxide, nitrous oxide, and other greenhouse gases (Paulmier et al., 2008). In contrast, climate change has led to variations in the extent of OMZs. For example, the Pacific Ocean suboxic zone varied in size twice, according to historical observations. Deutsch et al. (2011) pointed out that climate-driven changes in tropical and subtropical thermoclines exhibited multiplicative effects on oxygen respiration rates to enlarge the OMZs.

Anaerobic and microaerobic microbes are metabolically active in OMZs, although their aerobic large organism counterparts normally escape from OMZs (Beman and Carolan, 2013). The structure and function of microbial communities undergo a notable shift during the formation of OMZs (Paulmier and Ruiz-Pino, 2009; Deutsch et al., 2011; Beman and Carolan, 2013). This transition from a normoxic level to a hypoxic level produces a profound impact on marine productivity (Wright et al., 2012). Microorganisms inhabiting OMZs display remarkable metabolic flexibility, and engage in various biogeochemical cycles of nitrogen (Bertagnolli and Stewart, 2018). For example, studies by Walsh et al. (2009) revealed that the SUP05 clade is not only involved in denitrification and anammox, but also mediates sulfur-oxidization and carbon assimilation in oxygen-deficient oceanic waters (Canfield et al., 2010). The Arabian Sea (AS) represents a pronounced permanent OMZ in the NIO. In the scenario of global climate change, the permanent OMZs may expand in both the vertical and horizontal dimensions in the NIO (Paulmier and Ruiz-Pino, 2009; Beman and Carolan, 2013; Rangamaran et al., 2023). Therefore, it is significant to predict the possible expansion of OMZs in the NIO from the perspective of microbial oceanography.

More recently, Gu et al. (2022) examined the microbial communities of expanding low-oxygen zones in the Bay of Bengal (BoB), where the oxygen concentration was barely above suboxic levels (5 μM oxygen). They revealed that Trichodesmium may serve as an essential source of carbon and nitrogen in maintaining the BoB OMZ. Hitherto, the key microbial taxa driving the expansion of OMZ has not been investigated in the NIO. Our hypothesis is that specific groups of marine microorganisms may play a pivotal role in driving this process. In this study, we aimed to 1) characterize the profiles of bacterial communities in three different regions of the NIO using high-throughput 16S rRNA gene sequencing, and 2) gain insight into the key bacterial taxa that may drive the formation of permanent OMZs from potential OMZs.




2 Materials and methods



2.1 Collection and preparation of water samples for DNA sequencing

Water samples were collected from 12 stations located in the AS, the Carlsberg Ridge (CR), and the Ninety East Ridge (NER), with different levels of DO (Figure 1). Sample collection was performed using a Seabird 911 plus conductivity, temperature, and depth (CTD) rosette (SeaBird Electronics, Bellevue, Washington, USA) on board the R/V Shen-Hai-Yi-Hao, from May 2022 to August 2022. Each water sample was prepared in three duplicates (about 2 L). The samples were filtered through a 0.22-μm polycarbonate membrane (Whatman), and stored at −80°C prior to DNA extraction.




Figure 1 | Investigation sites featured different levels of DO in the NIO. (A), Geographical location of the sampling stations in the NIO. (B), DO curves along the increasing depth at each station. Different colors indicate the stations located in different regions in the NIO. Blue lines indicate the AS; orange lines indicate the CR; green lines indicate the NER. The dotted line represents the threshold value of 20 μM, which defined an OMZ in this study.






2.2 Measuring the environmental parameters of the seawater

The CTD rosette was used to record data, including water depth, temperature, salinity, and DO, along the water column. A total of 44 water samples were collected at various depths from different stations in the NIO and stored at −20°C. Next, dissolved nutrients (including phosphate, nitrate, nitrite, and ammonium) were analyzed using a Skalar autoanalyzer (Skalar Analytical, Netherlands) following standard methods (Strickland and Parsons, 1968).




2.3 DNA extraction and PCR amplification

The microbial DNA was extracted from those samples described in Section 2.1 with the E.Z.N.A. soil DNA kit (Omega Bio-tek, Norcross, GA, USA) following the manufacturer’s protocols. The quality of the extracted DNA was assessed using the 1% (w/v) agarose gel electrophoresis. The V3-V4 region of the bacterial 16S rRNA gene was amplified using the primer pair 341F (5’- CCTAYGGGRBGCASCAG -3’) and 806R (5’- GGACTACNNGGGTATCTAAT -3’) (Yu et al., 2005; Bowman et al., 2012). Thermal cycling consisted of initial denaturation at 95°C for five min, followed by 28 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, and a final extension at 72°C for 10 min. The preparation of PCR mixtures and the purification of reaction products were performed following the method by Li et al (Li et al., 2023). Finally, the concentration and quality of purified PCR products were determined using QuantiFluor™-ST fluorometer (Promega, Madison, WI, USA).




2.4 High-throughput 16S rRNA gene sequencing and taxonomic assignment

The amplicon library was constructed using purified PCR products of the bacterial 16S rRNA gene following Illumina’s library preparation procedure. Next, the library was paired-end sequenced on an Illumina MiSeq PE250 platform (Shanghai Biozeron Biotechnology Co. Ltd., Shanghai, China) according to the standard protocol. Quality control of the raw reads was performed using Trimmomatic software (Bolger et al., 2014) based on the following criteria: (i) The 250-bp reads were truncated at any site that was assigned an average quality score <20 over a 10-bp sliding window. The truncated reads were discarded when they were shorter than 50 bp. (ii) Barcode matching was required to be exact. Two nucleotide mismatches at most were permitted in primer matching. Reads containing ambiguous characters were removed. (iii) The sequences were assembled when overlaps were longer than 10 bp. Otherwise, reads were discarded when they could not be assembled. Pair-end reads were merged and further filtered by removing primer sequences and chimeras using Vsearch (2.27.0) (Rognes et al., 2016) with the commands “–fastq_mergepairs” and “–fastx_filter”. Then, the optimized sequences were dereplicated using “–derep_fulllength”. Otherwise, reads were discarded when they could not be assembled.

The filtered sequences were clustered into operational taxonomic units (OTUs) at 97% similarity using Usearch software (version 10, http://drive5.com/uparse/). Representative sequences of the OTUs were subjected to further taxonomic assignments. Specifically, the phylogenetic affiliation of each representative sequence was analyzed using the UCLUST algorithm (v1.2.22q, http://www.drive5.com/usearch/manual/uclust_algo.html) against the SILVA (SSU138.1) database with a confidence threshold of 80% (Quast et al., 2012). The raw reads presented in the study were deposited in the NCBI Sequence Read Archive(SRA) database, accession number PRJNA1020552.




2.5 Functional prediction based on 16S rRNA data

Bacterial community functions were predicted using 16S rRNA data through phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) and functional annotation of prokaryotic taxa (FAPROTAX). PICRUSt uses a computational approach to predict the functional composition of a metagenome based on biomarker genes and full genomes (Langille et al., 2013). The function predictions of all genes were assigned to the KEGG Orthology database, tier 3. Next, the differences in genes associated with metabolic processes (including nitrogen, sulfur, and methane) among groups were illustrated. FAPROTAX is well-suited to predict the biogeochemical cycle of environmental samples (Langille et al., 2013). It maps microbial taxa to microbial metabolic functions based on functional annotations of marine culturable microorganisms in a reference database (Louca et al., 2016).




2.6 Statistical analysis and visualization

In this study, the water samples described in Section 2.1 were grouped according to the water depth at each region of the NIO, including surface water (<200 m), mesopelagic water (from ≥200 m to <1,000 m), and bottom water (≥1,000 m). We also adopted a threshold value of 20 μM to define a group as OMZ or non-OMZ (Lam and Kuypers, 2011).

The alpha-diversity indices, including coverage, richness (ACE and Chao 1), and species diversity (Shannon and Simpson), were analyzed using Mothur (v.1.30.1, http://www.mothur.org/wiki/Schloss_SOP#Alpha_diversity) (Schloss et al., 2009). To assess the difference in alpha-diversity indices among different groups, a Kruskal–Wallis test was performed. Dunn’s test was performed to determine the level of differences in alpha-diversity indices between two groups. The beta diversity (non-metric multidimensional scaling, NMDS) based on the Bray–Curtis distance was calculated using the vegan package in R, and the results were visualized using the ggplot2 package. The analysis of similarities (ANOSIM) was calculated to test the results of the beta diversity. The variance inflation factor (VIF) was analyzed using SPSS (version R25.0) to characterize multi-collinearity among environmental factors (Marcoulides and Raykov, 2018), and the appropriate factors were further screened. A detrended correspondence analysis (DCA) was applied to further screen suitable ordination methods. A canonical correspondence analysis (CCA) and Pearson correlation analysis were employed to explore the influence of environmental factors on bacterial communities.

In the functional prediction, inter-group variations in metabolic pathways were analyzed using a statistical analysis of metagenomic profiles (Parks et al., 2014) with Welch’s t test at a 95% confidence interval. A Kruskal–Wallis test was conducted to characterize the differential genes between groups. Generally, a P value of <0.05 was regarded as statistically significant.





3 Results



3.1 Environmental features of the water column in the NIO

In this study, environmental parameters of 44 water samples derived from 12 stations in the NIO were recorded and analyzed. Specifically, the temperature decreased from 29.4°C to 1.4°C with increasing water depth (Supplementary Figure S1, Supplementary Table S1). Similarly, the salinity also exhibited a decreasing tendency, from 35.7 to 34.7 PSU with increasing water depth. Compared to the surface water, the DO concentration declined rapidly in the mesopelagic water of the NIO (Figure 1; Supplementary S2). Noticeably, the AS exhibited the lowest DO concentration at a mesopelagic depth (≤ 20 μM) in the NIO, suggesting the presence of an oceanic OMZ. Moreover, the OMZ in the AS distributed vertically starting from a depth of 100 m to 1500 m, indicating its enormous volume and corresponding significant impact on climate change. In contrast, an OMZ was not observed in the mesopelagic waters of the CR or NER. However, the mesopelagic layer in the NER exhibited a relatively low oxygen level (DO = 39.3 ± 11.5 μM; n=7), which was close to microbial hypoxia (DO < 20 µM).




3.2 Biodiversity of the bacterial communities in the NIO

To investigate and compare the bacterial community diversity between OMZ and non-OMZs, we divided the water samples into four groups: ASS (surface waters in the AS; DO = 142.9 ± 76.9 μM; n=7), OMZ (mesopelagic waters in the AS; DO ≤ 20 μM; n=8), ASB (bottom waters in the AS; DO = 137.4 ± 79.0 μM; n=8), and CNM (mesopelagic waters in the CR and NER; DO = 45.8 ± 19.7 μM; n=10). Both the OMZ and CNM showed a substantial difference in DO concentration compared to the normoxic samples (ASS and ASB) (Supplementary Table S2, P<0.001). There was no significant difference (P=0.47) in the DO concentration between the OMZ and CNM. A comparison of the bacterial community structure between these groups may provide insight into the key microbial taxa both in the vertical (from ASS/ASB to the OMZ) and horizontal DO transition (from CNM to the OMZ).

The Good’s coverage index approached 100% in all groups, ensuring sufficient sequencing data to accurately represent the bacterial species composition in the NIO (Figure 2A). From the perspective of the vertical DO gradient, the bacterial community in the OMZ exhibited the highest richness (Chao 1, ACE), followed by ASS, with ASB showing the lowest richness. This result aligns well with the findings of Stevens et al (Stevens and Ulloa, 2008), who observed a decline in microbial richness along the transition from the OMZ core to the oxic surface and deeper waters. Additionally, from the perspective of the horizontal DO gradient, CNM exhibited a higher richness and diversity than the OMZ did.




Figure 2 | The diversity of bacterial communities in different groups derived from the NIO. ASS, oxic surface waters in the AS; OMZ, oxygen-deficient mesopelagic waters in the AS; ASB, oxic bottom waters in the AS; CNM, low-oxygen mesopelagic waters in the CR and NER. (A), The alpha diversity of bacterial communities. The P value represents the level of difference among the groups. The level of difference between each paired group was marked by an asterisk. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B), An NMDS profile shows the dissimilarity between bacterial community structures. Stress < 0.2 indicates that the result of the NMDS analysis was reliable. Each colored point indicates a water sample derived from a specific region in the NIO. The solid line ellipse indicates 95% confidence.



The NMDS result demonstrated that the OMZ exhibited a different bacterial community structure than did the non-OMZs (Figure 2B; Supplementary Table S3). More specifically, the OMZ exhibited a different bacterial community structure from the non-OMZ groups in the same region of the NIO (ASS and ASB), which may be ascribed to the significantly different DO levels and depth. Although there was no significant difference in DO concentrations between the OMZ and CNM, the OMZ also exhibited a bacterial community structure different from that of the CNM low-oxygen group, suggesting distinct endemic species may be present in mesopelagic waters of the different NIO regions.




3.3 Featured bacterial species in the suboxic and low-oxygen mesopelagic waters

The bacterial community structures in the NIO are shown at the level of phylum (Figure 3A). Proteobacteria (71.09 ± 12.37%) exhibited the highest abundance across the four groups, followed by Bacteroidota (13.97 ± 7.58%), and Actinobacteriota (4.69 ± 3.02%). Cyanobacteria exhibited the highest abundance in surface waters of AS (ASS, 1.42 ± 1.56%), where visible light favors the growth of photosynthetic microorganisms. Moreover, Firmicutes exhibited a higher abundance in bottom waters of AS (ASB, 2.56 ± 4.56%) than in the other groups (0.32 ± 0.48%). In contrast, Marinimicrobia, Chloroflexi, and the SAR324 clade exhibited a relatively higher abundance in the suboxic and low-oxygen mesopelagic waters derived from the NIO (OMZ and CNM, 1.15 ± 1.00%) than in the oxic surface and bottom waters (ASS and ASB, 0.32 ± 0.56%).




Figure 3 | A comparison of the bacterial community structure between the OMZ and non-OMZs. The group explanations correspond to those in the caption of Figure 2. (A), Species composition of the bacterial communities at the phylum level. The species with a relative abundance < 0.5% were grouped as “Others”. (B), The top 15 species composition of the bacterial communities at the family level. (C), The top 15 most abundant phylum are shown in the standardized heatmap. (D), The top 15 most abundant family are shown in the standardized heatmap. The color gradient indicates the relative abundance (scaled by row) of the corresponding bacterial taxa.



We also illustrated the bacterial community structures in the NIO at the level of family (Figures 3B, D). More specifically, Rhodobacteraceae exhibited higher relative abundance in surface waters of AS (ASS, 17.09%) than that of the other groups (5.30 ± 6.64%). Sphingomonadaceae was more abundant in bottom waters of AS (ASB, 11.49%) compared to other groups (3.24 ± 2.69%). In contrast, Alteromonadaceae (19.44 ± 10.84%), Alcanivoracaceae (8.15 ± 6.90%) and Vibrionaceae (6.18 ± 9.86%) exhibited a relatively higher abundance in the OMZ group than that of the other groups. Additionally, Chitinophagaceae (18.6 ± 7.80%), Rhizobiaceae (9.14 ± 4.86%), Xanthobacteraceae (7.49 ± 3.19%), Beijerinckiaceae (5.39 ± 2.54%), and Mycobacteriaceae (3.98 ± 2.56%) were the most enriched species in the CNM group.

The standardized heatmap further demonstrated the most enriched bacterial species in each group (Figure 3C). Remarkably, Marinimicrobia, Chloroflexi, and the SAR324 clade exhibited higher relative abundances in the OMZ and CNM than in ASS and ASB, suggesting that these bacteria may adapt well in a habitat featuring suboxic or low oxygen conditions (DO = 29.17 ± 24.16 μM; n=18). Additionally, Nitrospinota (formerly Nitrospinae) also exhibited a slightly higher abundance in the OMZ and CNM than did their counterparts in oxic waters. Nitrospinota members are known as the most abundant nitrite-oxidizing bacteria (NOB) in the oceans (Mueller et al., 2021). The NOB are generally assumed to be aerobes. However, two novel NOB species in the oxygen-depleted zone (ODZ) of the eastern tropical South Pacific were discovered. This finding revealed that the novel NOB were more abundant inside ODZs than in oxic waters, indicating the versatility of NOB and the diversity of NOB niches (Sun et al., 2019).




3.4 Correlation of the bacterial community structures in the NIO with environmental parameters

The DCA results showed that the length of the first axis was 3.33 (Supplementary Table S4). Hence, the CCA based on a unimodal model was chosen in this study. We determined five environmental factors (DO, salinity, NO3-, NO2-, and NH4+) for a subsequent CCA based on the VIF analysis (Supplementary Table S5). The results of the CCA demonstrated that the bacterial community structures of different groups correlated to specific environmental factors (Figure 4A). Among these environmental factors, salinity, and DO emerged as the most influential in shaping the microbial community structures in the NIO (Supplementary Table S6). Notably, samples derived from different groups formed distinct clusters on the CCA plot. The bacteria in both the OMZ group and the CNM group exhibited a significant negative correlation with DO, suggesting that oxygen deficiency or low oxygen played a central role in shaping the bacterial community in the mesopelagic waters of the NIO. Additionally, salinity was highest in surface waters of the AS (Supplementary Figure S1), and displayed a positive correlation with the bacteria of the ASS group.




Figure 4 | Correlation between microbial community structures and environmental parameters. The group descriptions correspond to those in the caption of Figure 2. (A), CCA ordination diagram illustrating the correlation between bacterial community composition and environmental factors. (B), Pearson correlation analysis between bacterial community structures and environmental parameters. In the heatmap, color gradients represent the strength of the correlation (scaled by column) between bacterial community structures and environmental parameters. Red hues indicate a positive correlation, while blue hues indicate a negative one. Additionally, the significance of the difference between the relative abundance of bacterial phyla and environmental factors is denoted with asterisks. *, P < 0.05; **, P < 0.01; ***, P < 0.001.



The Pearson correlation analysis further revealed that Marinimicrobia, Chloroflexi, and the SAR324 clade exhibited a significant negative correlation with DO (P < 0.01) (Figure 4B), suggesting that these bacterial species are well-adapted to the oxygen-deficient conditions of the OMZ habitat. Pajares et al. (2020) observed a similar trend, showing that the phyla Marinimicrobia, Chloroflexi, and the SAR324 clade were more prevalent in the OMZ core than in the euphotic zone of the Mexican Pacific.




3.5 Differential metabolic processes in mesopelagic waters of the NIO

Metabolic gene profiles in the NIO encompassing nitrogen, sulfur, and methane metabolism were assessed using PICRUSt 2 (Supplementary Figure S2). Genes associated with nitrogen metabolism were more abundant in the OMZ group (31.67%) compared to those of the non-OMZ groups (27.35–28.35%). This observation underscored the heightened activity of nitrogen metabolism under oxygen-deficient conditions in the OMZ.

Figure 5 presents the variation in metabolic processes between different groups as predicted by FAPROTAX. Compared to the OMZ, the ASB group exhibited a higher prevalence of chemoheterotrophy and nitrogen fixation (Figure 5A). Moreover, phototrophy-related metabolic processes were more prominent in the ASS group than in the OMZ group (Figure 5B). Additionally, ureolysis and nitrogen fixation exhibited a higher prevalence in the CNM group than in the OMZ (Figure 5C). In contrast, nitrate reduction was more abundant in the OMZ group than in the three other groups. Although the DO levels between the OMZ and CNM exhibited no significant difference (P=0.47; Supplementary Table S2), nitrate reduction was more prevalent in the OMZ than in CNM, suggesting that it may be a crucial and unique metabolic process in oxygen-deficient conditions.




Figure 5 | Variations of the abundance of metabolic processes in different groups. The group descriptions correspond to those in the caption of Figure 2. (A), Differential metabolic processes between ASB and OMZ; (B), differential metabolic processes between ASS and OMZ; (C), differential metabolic processes between CNM and OMZ; (D), differential metabolic processes between ASB and CNM; and (E), differential metabolic processes between ASS and CNM. The left panel shows the mean abundance of the metabolic processes, while the right panel presents the P values obtained from Welch’s t test.



The CNM low oxygen group exhibited a higher prevalence of nitrogen metabolism than did the oxic waters. More specifically, ureolysis, nitrate respiration, and nitrogen respiration were more prominent in the CNM group than in the ASB group (Figure 5D). Similarly, ureolysis, nitrate respiration, nitrogen respiration, and nitrogen fixation was also more prevalent in the CNM group than in the ASS group (Figure 5E). Notably, ureolysis was the predominant metabolic process in the CNM low oxygen group.





4 Discussion



4.1 Bacterial community structure in different habitats of the NIO

Due to different tolerances to oxygen depletion, OMZs are deficient in multicellular life forms and are instead dominated by microbial metabolism (Wishner et al., 2013; Bertagnolli and Stewart, 2018). As a result, investigation of the microbial community structure and function in the NIO is significant to predict the potential expansion of OMZs and assess the effects of expanding OMZs to ecosystem health and climate change (Beman et al., 2021). Previous studies documented that the microbial community structure of OMZs varied with changes in organic carbon availability, DO concentration, and water depth (Cavan et al., 2017; Aldunate et al., 2018; Rangamaran et al., 2023). In this study, we investigated oceanic habitats with different levels of DO, and found that the bacterial community in the NIO varied with DO and water depth. Specifically, Cyanobacteria exhibited the highest relative abundance in oxygenated surface waters of the AS (Figure 3C), and exhibited a significant positive correlation with DO (Figure 4B). Field observations have characterized an oceanic diazotrophic community dominated by Cyanobacteria (Loescher et al., 2014; Jayakumar et al., 2017; Long et al., 2021). Higher rates of nitrogen fixation often occur in the oxic waters near the surface, which exert a significant impact on the oceanic N-budget. Moreover, Firmicutes exhibited the highest relative abundance in the oxygenated bottom waters of the AS (Figure 3C). A number of previous studies identified Firmicutes as one of the most abundant phyla in the sediment underlying the OMZ (Lincy and Manohar, 2020; Amberkar et al., 2021), suggesting its preference for deep water niches. The prevalence of Firmicutes in the deep waters underlying the OMZ may be ascribed to its high hydrolytic activities to settled organic matter (Divya et al., 2010; Lin and Lin, 2022).

Marinimicrobia, Chloroflexi, and the SAR324 clade were the most enriched species in oxygen-deficient and low oxygen conditions (OMZ and CNM) compared to normoxic conditions (ASS and ASB) (Figure 3C), likely due to several factors. First, the heterotrophic bacterial phylum Marinimicrobia was abundant in the ocean, suggesting a high diversity of its metabolic functions (Hawley et al., 2017). For example, strains of Marinimicrobia have been found to participate in nitrogen and sulfur cycling, as well as fermentative amino acid degradation in methanogenic environments (Allers et al., 2013; Nobu et al., 2015; Hawley et al., 2017). Beman and Carolan (2013) reported that the abundance of Marinimicrobia increased with deoxygenation in the OMZ. Therefore, they may represent one of the key bacteria involved in nitrogen cycling processes in the oxygen-deficient and low oxygen habitats of the NIO. Second, the SAR324 clade was also ubiquitous in the ocean, and was found to be one of the most abundant bacterial groups in OMZs (Wright et al., 2012). Pajares et al. (2020) identified that this clade was significantly abundant in the OMZ core of the tropical Mexican Pacific (250 or 500 m), and mediated diverse microaerophilic or anaerobic metabolism. Moreover, this clade has been implicated in sulfur oxidation and carbon dioxide fixation, further underscoring its significance in biogeochemical cycles of elements (Swan et al., 2011; Sheik et al., 2014; Malfertheiner et al., 2022). Third, Gao et al. (2019) reported that Chloroflexi was one of the dominant bacterial taxa in the hadal zone, and emphasized its role in degrading recalcitrant dissolved organic matter. A substantial proportion (8.11%) of 16S rRNA gene amplicons from the OMZ corresponded to unclassified OTUs (Figure 3A), suggesting a reservoir of undiscovered prokaryotic diversity within this oxygen-depleted region of the AS.




4.2 Influence of physicochemical factors on bacterial communities in the NIO

The structure of microbial communities in the NIO is subject to varying degrees of influence by physicochemical factors. The influence exerted by each of the physicochemical factors depends on the biogeochemical functions and niche preferences of specific microbial taxa, as seen in previous studies (Beman et al., 2021). Our study also demonstrated a significant correlation between the bacterial community structures in the NIO and environmental factors (Figure 4).

We found that three key factors—DO, salinity, and nitrates—exhibited significant correlations with the bacterial community structures in the NIO (Supplementary Table S6). Remarkably, DO exhibited a significant correlation with most samples in the OMZ group (Figure 4A). Our study reinforced previous findings, which emphasized the strong influence of vertical oxygen gradients on microbial diversity, composition, and function within OMZs (Bertagnolli and Stewart, 2018). Furthermore, there was a significant negative correlation between DO and the abundance of bacterial species, including Marinimicrobia, Chloroflexi, and the SAR324 clade (Figure 4B), suggesting their niche preference to OMZs. Consequently, these bacteria demonstrate a higher abundance and metabolic versatility in low-oxygen and oxygen-deficient habitats of the NIO (CNM and OMZ; Figure 3C). Therefore, they may play a pivotal role as key bacterial taxa mediating biogeochemical cycles of elements, especially nitrate reduction, within OMZs of the NIO.




4.3 Variations in metabolic processes across vertical or horizontal transects of the NIO

Previous studies have highlighted the dynamic biogeochemical processes within OMZs of the AS and BoB, showcasing variations in nitrogen and carbon recycling potential (Lincy and Manohar, 2020). In this study, we compared genes related to nitrogen, sulfur, and methane metabolism among different habitats in the NIO, in which various levels of DO were observed (Figure 1B). Notably, the OMZ group exhibited a significantly higher abundance of nitrogen metabolism genes than those of the non-OMZ groups (ASS, ASB, and CNM; Supplementary Figure S2). This result suggested that nitrogen biogeochemistry is particularly responsive to depletion of DO in the OMZ of the NIO. Furthermore, we observed that the nitrate reduction process was the most prominent metabolic process in the OMZ group, which set it apart from the non-OMZ groups (Figures 5A-C). This metabolic step represents the initiation of denitrification, and contributes significantly to nitrogen loss (Lam and Kuypers, 2011). Scholz (2018) identified nitrate reduction as a key attribute of anoxic OMZs in the water columns of the modern ocean. Additionally, Zhang et al. (2023) reported nitrate reduction was significantly enhanced by seasonal deoxygenation in the coastal marine environment. They demonstrated that nitrate reduction was sensitive to changing DO concentrations, suggesting that it might be a significant metabolic process during transition from oxic to suboxic waters.

The low-oxygen group CNM also exhibited a higher abundance of metabolic processes involving nitrogen than the oxic groups did (Figures 5D, E), which suggested a transition of microbial community function with the decline of DO (Bertagnolli and Stewart, 2018). Overall, the mesopelagic waters in the NIO (CNM and OMZ) shared certain similarities in DO levels (Supplementary Table S2), most enriched species (Figure 3C), and prominent metabolic processes (Figure 5), which implied the potential horizontal expansion of OMZs in the NIO (especially in the NER). This situation may potentially intensify the impact on global climate change via nitrogen loss in the expanding OMZ of the NIO.





5 Conclusion

In this study, we investigated the bacterial community structure and function across different regions and at various depths in the NIO. Our findings elucidate the intricate microbial ecosystems of the NIO, highlighting the features of bacterial communities within the oxygen-deficient and low oxygen mesopelagic waters of the NIO. Furthermore, our research emphasizes enhanced nitrogen metabolism, particularly nitrate reduction, as a distinct feature of the OMZ in the AS. Marinimicrobia, Chloroflexi, and the SAR324 clade may play a pivotal role in driving the biogeochemical cycling of nitrogen in oxygen-deficient and low oxygen habitats of the NIO. These revelations contribute significantly to our understanding of the ecological consequences of potential OMZ expansion in the NIO, offering valuable insights into the effects of these unique habitats on global climate change.
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