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The Sansha Yongle blue hole (SYBH) is the world’s deepest blue hole known so far and its unique hydrochemical characteristics make it a valuable site for studying biodiversity and ecological processes. Here, we used metabarcoding approach to investigate the diversity, assembly mechanism and co-occurrence pattern of planktonic microbiome in SYBH. Our results revealed the distinct separation of communities from upper oxic, middle oxic and suboxic-anoxic layer and significant day-night difference was detected in the upper-layer community of microeukaryotes, indicating potential diel migration. Stochastic processes played a significant role in the community assembly of microeukaryotes, while deterministic processes dominated in prokaryotes, confirming the stronger environmental filtering on prokaryotes as also suggested by the correlation with environmental variables. Microeukaryotes were less sensitive to environments but significantly affected by cross-domain biointeraction. When comparing the subcommunities of different abundance, we found that abundant taxa were widespread while rare taxa were habitat-specific. In co-occurrence network, over 87% of the interactions and 19 out of 20 keystone OTUs (Operational Taxonomic Units) were affiliated to moderate or rare taxa, suggesting the importance of non-abundant taxa in maintaining community stability. The predominant positive edges in the network pointed to that interspecies cooperation may be one of the ecological strategies in SYBH. Overall, we highlight the divergent assembly pattern and different driving forces in shaping plankton microbiome in SYBH, which may advance current understanding on diversity and dynamics of marine life in blue hole ecosystems.
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Introduction

Marine blue holes are underwater sinkholes open to the marine environment, which formed in carbonate bank during glacial periods when sea level was below current sea level and were submerged during interglacial periods (Mylroie et al., 1995; Wyrwoll et al., 2006). They have been found on island, coral reef and peninsular coastlines around world’s oceans. The geomorphology of blue holes contributes to the special hydrochemical characteristics including low photosynthetic oxygen production, tidally-influenced upper water, stratified water column with limited vertical mixing. Typically, the permanent thermo-halocline and the hypoxic/anoxic layer below are found in blue holes with high level of hydrogen sulfide formed in deep waters (Gonzalez, 2010). Being relatively isolated ecosystems, blue holes are described as time capsules providing evidence of Earth’s history regarding past climate change, karst processes, and life evolution (Mylroie et al., 1995; Swart et al., 2010). They are also considered to be extreme environments for life with poor supply of light, nutrient and oxygen (Northup and Lavoie, 2001; Krstulović et al., 2013). In spite of this, highly diverse organisms, new and blue hole-specific species ranging from Arthropoda, Mollusca, Ciliophora, Proteobacteria to Woesearchaeota have been documented (Iliffe and Kornicker, 2009; Ricci et al., 2015; Patin et al., 2021; Kajan et al., 2022). Biodiversity of microbes and benthic fauna in blue holes have been found to be significantly higher than that in ambient waters (Garman et al., 2011). Spatial heterogeneity is one of the reasons that produce major biodiversity pattern, and potentially making blue hole a hotspot of microbial diversity. How the community is structured, how the organisms adapt and thrive, and how these biological evidences reflect the ecosystem stability and functions in blue holes have become hot topics of research. For example, photoheterotroph utilizing a range of rhodopsins has been proposed to be an important lifestyle of microbes in Shark Bay Blue Bole (Kindler et al., 2021).

The Sansha Yongle Blue Hole (SYBH, N16°31.5′, E111°46.1′, Figure 1) located at the eastern end of the Yongle Atoll of the Xisha Islands, South China Sea is the deepest blue hole ever discovered in the world, with the observed deepest portion at 301.19 m (Li et al., 2018). The 3D topography of the SYBH and underwater photography revealed the sinuous underwater structure with two large transitions at 76-78 m and 158 m, and no water or material exchange with the outside open sea (Li et al., 2018). Several investigations detailed the hydrochemical properties in the SYBH (Bi et al., 2018; Yao et al., 2018; Xie et al., 2019), which were different from others with fresh water injection or subsurface connections to the sea (Gonzalez, 2010). Strong vertical stratification in the hole is controlled by temperature gradients and three distinct layers including an oxic layer, a chemocline and an anoxic layer of deep water have been characterized (Xie et al., 2019). Unique hydrochemical characteristics of SYBH, particularly the strong vertical heterogeneity, make it a valuable and challenging site for uncovering the fundamental ecological processes.




Figure 1 | (A, B) Location of the Sansha Yongle Blue Hole (SYBH). (C) Vertical section through the SYBH and dash lines indicate the sampling depths in this study and the deepest depth of 300.89 m (modified from Li et al.,2018). (D) Vertical heterogeneity shown by the dendrogram of cluster analysis based on environmental variables at each depth in the SYBH.



In aquatic ecosystems, plankton serve as one of the sensitive indicators of biodiversity and environmental changes, and underpin important ecosystem functions (e.g., Ibarbalz et al., 2019; Sunagawa et al., 2020), thus scientists have started to explore the community composition of plankton and its relationship with environmental variables in SYBH. Prokaryotic plankton including bacteria and archaea community (He et al., 2019; Zhang et al., 2021), microeukaryotic plankton (Liu et al., 2019), microphytoplankton (Ge et al., 2020) and mesozooplankton (Chen et al., 2018) in SYBH have been investigated separately, with some lineages such as a genus of gram-negative bacteria Vibrio (Li et al., 2020a) and foraminifera (Li et al., 2020b) being addressed. However, the assembly mechanism of plankton microbiome, the role of subcommunities of different abundance and the potential microbial biointeraction remain elusive, which is crucial for understanding the ecological processes in SYBH.

Metabarcoding approaches have been widely used to study the diversity, assembly mechanism and biological interaction of planktonic microbiomes (e.g., de Vargas et al., 2015; Sunagawa et al., 2020; Burki et al., 2021), but in most studies, prokaryotes and eukaryotes are analyzed separately. Although amplicon libraries for metabarcoding of prokaryotes and eukaryotes have to be prepared separately due to the distinct nucleotide characters, they form microbial assemblage in natural waters and play roles together in ecological processes such a microbial food web. Recently, increasing attention has been paid to joint analysis of microbial prokaryotic and eukaryotic plankton in aquatic ecosystems (Jiang et al., 2018; Wu et al., 2020; Lu et al., 2022; Sun et al., 2022), revealing that the distribution patterns and assembly mechanisms are distinct between domains, and cross-domain interaction plays an important role in shaping the plankton community, even overriding abiotic factor in some cases. Which process contributes more to the community assembly? The answer needs the quantification of the relative influence of ‘habitat heterogeneity and environment-induced species sorting’ (niche theory) versus ‘random demographic fluctuation and disperse’ (neutral theory) (Stegen et al., 2013), which may depend on geographic scale and strength of environmental gradients (Hanson et al., 2012; Morrison-Whittle and Goddard, 2015). Moreover, it has been widely accepted that rare biosphere plays important roles in community turnover, driving functions and maintaining stability of ecosystem (Debroas et al., 2015; Lynch and Neufeld et al., 2015; Jia et al., 2018), particularly in extreme environment like deep sea (Sogin et al., 2006). Also, taxa with moderate abundance (also called intermediate subcommunity) have been found to be highly metabolic active and determine the plankton community transition among seasons (Sun et al., 2017). Previous studies on microbial plankton pointed out that the composition, diversity, assembly processes and response to environment of non-abundant subcommunity are different from those of abundant one (Logares et al., 2014; Xue et al., 2018). Removing rare taxa from dataset may neglect some keystone species and hinder the understanding of community dynamics (Gobet et al., 2012).

In this study, based on high-throughput sequencing of 18S rRNA and 16S rRNA genes, we investigated the community composition, diversity, assembly mechanism and co-occurrence network of microbial plankton communities in the SYBH. We hypothesized that (1) microbial plankton community are structured by vertical environmental gradient and day-night variation in the SYBH; (2) drivers of microeukaryotic and prokayrotic plankton community and their sensitivity to environmental filtering are different; (3) non-dominant subcommunities play a central role in diversity and biological interaction. As the first attempt, we jointly analyzed eukaryotic and prokaryotic microbe, and compared the subcommunities of different abundance in the SYBH. It is hoped that this study will contribute to a deeper understanding on community assembly and drivers of microbial plankton in the SYBH, which may have implication in conservation strategies.



Materials and methods


Sampling and environmental factors analyses

Samples were collected from the SYBH (16°31 ‘30 “N, 111°46 ‘05 “E) at the depths of 0-150 m (Figure 1C) on the night of March 14 and the day of March 17, 2017. Temperature, salinity, dissolved oxygen (DO) and depth of all water samples were measured in situ using a CTD profiler. Seawater was collected by Niskin bottles mounted on a rosette, equipped with CTD (SeaBird SBE 19 Plus), and then was prefiltered through 200-µm mesh to remove large zooplankton. A subsample (4~6 L) of the prefiltered water was passed successively through 5-µm and 0.45-µm polycarbonate membranes (Millipore, USA), which was then stored in liquid nitrogen until DNA extraction. Another 500 mL subsample was filtered by the manner for the analysis of chlorophyll a. The filter membrane was extracted with 10 mL of 90% v/v acetone aqueous solution for 24 h at 4°C and in darkness, centrifuged at 1500 g for 10 min, and the supernatant was measured with a fluorescence spectrophotometer (Hitachi F-4500, Japan). H2S was determined in site with a spectrophotometer at 670 nm after color development, and pH was determined with a Mettler-Toledo Delta 320 pH meter. The seawater for nutrient determination was filtered through 0.45-μm acetate filter membranes that were soaked and washed in dilute hydrochloric acid before use, and the filtrates were immediately frozen at -20°C. Nutrients were measured using colorimetric method by AA3 continuous flow analyzer (Seal Analytical Company, UK). The detection limits of NO3−, NO2−, NH4+, PO43− and SiO32− were 0.02, 0.01, 0.04, 0.02 and 0.01 μmol mL-1, respectively, and the uncertainty of repeated determination was less than 5%-10%. Vertical profiles of multiple hydrochemical parameters in this study was adopted from Bi et al. (2018) and Yao et al. (2018).



DNA extraction, PCR amplification and Illumina sequencing

Membrane filters of different pore sizes from the same depth were pooled together. A total of 18 samples (10 from nighttime and 8 from daytime) were subjected to DNA extraction following the method described by Yuan et al. (2015). Briefly, each membrane filter was cut with sterilizing scissors and immersed in 1 mL DNA extraction buffer (100 mM EDTA, 1% SDS and 10 μg mL-1 proteinase K) for 24-h incubation at 56°C. After incubation, DNA was extracted using the CTAB method, further purified using the DNA Clean & Concentrator kit (Zymo Research, USA), and eluted in 25 μL 10mM Tris-HCl. The concentrations and purities of DNA were measured on a NanoDrop 2000 Spectrophotometer (Thermo Scientific, USA). DNA integrity was assessed by gel electrophoresis.

The V4 region of the eukaryotic 18S rDNA gene was amplified with the primers MEG_F (5’- GGCAAGTCTGGTGCCAG -3’) and MEG_R (5’- GACTACGACGGTATCTRATCRTCTTCG -3’) (Bråte et al., 2010). The PCR was performed as follows: 95°C for 5 min, followed by 25 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 40 s, with a final extension at 72°C for 10 min. The V4 hypervariable region of prokaryotic 16S rDNA was amplified with 515F (5’- GTGYCAGCMGCCGCGGTAA -3’) and 806R (5’- GGACTACNVGGGTWTCTAAT -3’) (Caporaso et al., 2011). The PCR was performed as follows: 95°C for 5 min, followed by 25 cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 40 s, with a final extension at 72°C for 10 min. PCR reactions were performed in a total volume of 25 µL using Ex Taq (Takara, China) with 20-300 ng template gDNA. All amplicons were paired-end sequenced (2×300 bp) using Illumina MiSeq platform (GENEWIZ, SuZhou, China).



Quality filtration, clustering and annotation of metabarcodes

Raw reads were subjected to quality filtration by trimming sequencing adaptor, primers, low quality bases and too short reads (<200 bp) with Cutadapt (v1.9.1), Vsearch (v1.9.6) and Qiime (v1.9.1) (Martin, 2011; Rognes et al., 2016; Bolyen et al., 2019). The remaining high-quality paired-end reads were assembled into metabarcodes with fastq mergepairs module of Vsearch (v1.9.6) and non-singleton ones were clustered into OTUs (Operational Taxonomic Units) with a 97% identity. Then the rest of metabarcodes were mapped to the OTU representative sequences to generate the OTU abundance profile. For taxonomic annotations, the representative OTU sequences of 18S rRNA genes were taxonomically classified by sintax algorithm (Edgar, 2016) compared with PR2 database (Guillou et al., 2012), and the confidence threshold was set to 0.8. The representative OTU sequences of 16S rRNA gene were taxonomically classified by Bayesian algorithm of the RDP classifier (Ribosomal Database Program, v2.2; Wang et al., 2007) using Silva128 Database (Quast et al., 2012). Taxonomic annotation was further manually checked particularly for highly abundant and ambiguous metabarcodes. The ecological functions of bacterial communities were further annotated using Functional Annotation of Prokaryotic Taxa (FAPROTAX) (Louca et al., 2016).

In addition to the total community, abundant, moderate, and rare subcommunities were analyzed separately. We defined ‘abundant’ OTUs as those having relative abundances above 0.1% of total sequences, ‘rare’ OTUs as those having relative abundances below 0.01% and ‘moderate’ OTUs as those having relative abundances between 0.01% and 0.1% (Campbell et al., 2011).



Diversity and statistical analyses

For alpha-diversity, richness and Shannon diversity index were calculated for each sample using the ‘vegan’ package in R (v4.0.3). Significance of the difference in alpha-diversity between groups was tested using the Wilcoxon rank sum test. Non-Metric Multidimensional Scaling (NMDS) ordination of community structure was performed using Bray-Curtis dissimilarity matrices in PRIMER 6 (Clarke and Gorley, 2009). Global and pairwise differences among groupings of samples were further tested by ANOSIM within PRIMER 6. Mantel tests with 9999 permutations were performed using the ‘vegan’ package in R, to examine the Spearman’s correlation between abiotic factors (temperature, salinity, pH, DO, nutrient and etc.), cross-domain biotic factors (PCoA 1 and 2 value of community) and the Bray-Curtis distances of communities. The circos plot are visualized using the ‘circlize’ package in R.



Community assembly process

To quantify the relative importance of deterministic and stochastic processes in microbial communities and subcommunities with different abundance, the phylogenetic null model of Stegen et al. (2013) was applied. Phylogenetic turnover between communities was first used to determine the effects of selection, followed by OTU turnover to determine the effects of dispersal and drift. Values of βNTI greater than 2 or less than −2 indicate the impact of environmental pressures on heterogeneous and homogeneous selection, respectively. If the |βNTI| is < 2 but with an |RCbray| >0.95, the community assembly is controlled by homogenizing dispersal or dispersal limitation, respectively. In addition, the |βNTI| < 2 and a |RCbray| < 0.95 suggest that the community assembly is not dominated by any single process, consisting of weak selection, weak dispersal, and diversification or drift. (Stegen et al., 2013).



Construction of microbial co-occurrence network

Spearman’s correlations between OTU relative abundance were calculated using the ‘rcorr’ function in the ‘Hmisc’ package, based on which co-occurrence network analysis was conducted. To reduce false-positive prediction, OTUs present in ≥6 samples with robust correlation (spearman rho > |0.8| and P<0.01) were considered for network analysis. Networks were visualized using Gephi (v0.9.2). Topological properties of nodes, including degree, betweenness centrality and modularity, were also calculated in Gephi. A random network with the same number of nodes and edges as a real network is generated in the ‘igraph’ R package. The topological characteristics of real and random networks, including modularity, clustering coefficient network diameter and average path length, are calculated and compared. Nodes with high degree (>50) and low betweenness centrality (<5000) values were considered to be keystone species in the co-occurrence network.




Results


Environmental parameters

The vertical profiles of several environmental parameters in SYBH showed depth-dependent pattern (Supplementary Figure 1). Temperature, pH and DO decreased with depth. Oxycline appeared around 80-90 m and the water became anoxic below 100 m. Contrastingly, salinity and the concentrations of silicate, phosphate increased with depth, which was more evident at depths below 80 m. Turbidity, the concentration of nitrate and nitrite showed a single-peak pattern with the maxima detected at 100 m, and 90 m, 40 m, respectively. The concentration of chlorophyll a also showed a single-peak pattern, with the maximum found at 40 m and 20 m at daytime and nighttime, respectively. The maximum of H2S concentration was detected at 150 m, which was the deepest sampling depth of this study, mirroring the anoxic condition. Considering all the measured environmental variables, the vertically heterogeneous environments above 150 m in the SYBH could be categorized into two major clusters: the oxic layer in the top 80 m and the suboxic-anoxic layer below 90 m. The oxic layer could be further divided to upper oxic layer (0-20 m) and middle oxic layer (40-80 m) (Figure 1D).



Taxonomic composition of planktonic microbiome

Microeukaryotic and prokaryotic plankton communities were examined separately in 18 samples collected from nine layers of the SYBH. Rarefaction curves and Shannon-Wiener curves depicted a leveling off with increased sequences for all samples, indicating that sequencing depth was sufficient to identify the majority of OTU richness and community diversity (Supplementary Figure 2). A total of 1,817,031 high-quality 18S rDNA metabarcodes and 1,083,134 high-quality 16S rDNA metabarcodes were obtained, and yielded 6,121 and 2,883 OTUs, respectively (Supplementary Table 1). Among these, 948 (relative abundance 4.29%) eukaryotic OTUs and 160 (relative abundance 1.61%) prokaryotic OTUs did not match any sequence in the reference databases (the ‘unclassified’ category in Figure 2), pointing to the undocumented genetic diversity in SYBH.




Figure 2 | Community composition of plankton microbiome in the SYBH. The relative abundances of microeukaryotic (A) and prokaryotic (B) plankton community across depths and time of the day. D, Day; N, Night. Venn diagrams showing the numbers of unique and shared OTUs of microeukaryotes (C) and prokaryotes (D) among three layers. All, whole community; Abundant, abundant plankton subcommunities; Rare, rare plankton subcommunities.



The taxonomic composition of planktonic microbiome in the SYBH was uneven across depths and the sampling times of the day (Figure 2). Microeukaryotic plankton community was dominated by Dinophyceae, Annelida and Fungi (Figure 2A). Dinophyceae and Annelida accounted for 13.55% and 14.02% of the reads within microeukaryotes, respectively, but there was no significant difference between day and night communities, nor among the three layers. Rhodophyta, Radiolaria and Fungi showed the most vertically heterogenous distribution (P<0.05) with Rhodophyta and Radiolaria mainly distributed in the upper oxic layer, while Fungi in the middle oxic layer. Such depth partitioning was more pronounced at nighttime (Supplementary Figure 3), leading to the significant day-night difference (P<0.05) in the upper oxic layer community of Haptophyta, Rhodophyta, Radiolaria, Apusozoa and Labyrinthulomycetes.

The prokaryotic plankton community was dominated by Proteobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Planctomycetes and Thaumarchaeota, which accounted for over 90% of the total sequences (Figure 2B). Within Proteobacteria, Gammaproteobacteria (average 52.60%) and Alphaproteobacteria (11.72%) dominated across all samples except for those from 100 m and 150 m at nighttime, where Epsilonproteobacteria and Gammaproteobacteria were abundant class (Figure 2B). Although no significant day-night difference was detected for prokaryotic plankton community, Cyanobacteria, Gammaproteobacteria, Epsilonproteobacteria, and Thaumarchaeota showed depth-dependent distribution (P<0.05). Cyanobacteria were mainly distributed in the upper oxic layer, Gammaproteobacteria in the middle oxic layer, while Epsilonproteobacteria and Thaumarchaeota in the suboxic-anoxic layer. Despite the low abundance, the relative abundance of nitrite-oxidizing bacteria (NOB) affiliated with the phylum Nitrospinae peaked at 90 m, where that of ammonium-oxidizing archaea (AOA) of the phylum Thaumarchaeota also peaked (Supplementary Figure 4). Such vertical niche partition was more remarkable when considering the ecological functions of prokaryotes (Supplementary Figure 5). Most of chemoheterotrophs were mainly distributed in the upper and middle oxic layers. Nitrifier and aerobic ammonium oxidizer were enriched at the middle oxic layer and peaked at oxycline of 80-90 m. Contrastingly, lineages responsible for dark oxidation of sulfur and sulfur-containing compounds were mainly found below 100 m.

After categorizing OTUs by relative abundance, we found that both eukaryotic and prokaryotic plankton communities in the SYBH were dominated by few abundant taxa (Supplementary Table 2). Among the total 6121 eukaryotic OTUs, 2.4% of OTUs (149) were classified as abundant taxa and accounted for 82.0% of total sequences. In contrast, 90.7% of OTUs (5552) were classified as rare taxa but only accounted for 5.4% of total sequences. Similar pattern was also observed in prokaryotes, as abundant taxa accounted for 3.9% of OTUs (111) but 77.1% of total sequences, while rare taxa accounted for 75.9% of OTUs (2188) but 5.8% of total sequences. Moreover, 91.28% of abundant 18S rDNA OTUs and 81.98% of abundant 16S rDNA OTUs were commonly found in three layers, accounting for 79.37% and 70.87% of total reads, respectively (Figures 2C, D). Nevertheless, the majority of layer-specific OTUs belonged to rare taxa. Plankton community composition also differed between abundant and rare taxa (Supplementary Figure 6). Abundant subcommunity of microeukaryotic plankton was dominated by Annelida, Dinophyceae and Fungi, while 14 lineages including Phaeophyceae, Hemichordata, Centroheliozoa and Perkinsea were exclusively present in rare subcommunity. Both abundant and rare subcommunities of prokaryotic plankton were dominated by Gammaproteobacteria, but Nitrospinae, Betaproteobacteria, Deltaproteobacteria and Acidobacteria was exclusively found in rare subcommunity.



The drivers shaping planktonic microbiome

NMDS ordinations and ANOSIM analysis revealed the distinct separation of microplankton communities from the upper oxic, middle oxic and suboxic-anoxic layer, suggesting that the microbiome assembly was mainly shaped by vertical heterogeneity of environment for both eukaryotic (R=0.592, P=0.001) and prokaryotic communities (R=0.552, P=0.001) (Supplementary Table 3). This was also the case when analyzing abundant, moderate and rare subcommunities separately (Supplementary Figure 7, Supplementary Table 3). The alpha-diversity were also compared between different layers and subcommunities (Figures 3A, B). Rare subcommunities of both microeukaryotic and prokaryotic plankton contained a significantly greater diversity of OTUs than abundant and moderate counterparts (Supplementary Figure 8). The alpha diversity of prokaryotic plankton gradually decreased with depths which was significant in rare subcommunity (P<0.05), while no significant change was detected in that of microeukaryotes across depths (Figures 3A, B). Moreover, significant day-night difference was only detected in the upper layer community of microeukaryotic plankton (R=0.948, P<0.05) (Supplementary Table 3), of which the rare subcommunity at daytime had significantly higher richness and diversity than that at nighttime (Supplementary Figure 9). All these results indicated that rare subcommunities contributed significantly to the biodiversity in the SYBH, and potentially the sensitivity of microeukaryotic and prokaryotic plankton to environment differed.




Figure 3 | Community structuring of microeukaryotic and prokaryotic plankton in the SYBH. The richness and Shannon Index of microeukaryotic (A) and prokaryotic (B) plankton communities. The error bars indicate SD, and asterisks (*) indicate significant differences at the level of P<0.05. (C, D) Non-metric multidimensional scaling (NMDS) ordination of plankton communities based on Bray–Curtis distances. upper, upper oxic layer; middle, middle oxic layer; anoxic, suboxic-anoxic layer. All, whole community; Abundant, Moderate and Rare indicate the abundant, moderate and rare plankton subcommunities, respectively.



Mantel test further suggested that prokaryotic plankton had stronger correlation with environmental variables than microeukaryotic plankton did (Figure 4; Supplementary Table 4). Except for the concentrations of inorganic nitrogen and chlorophyll a, all the other physicochemical properties showed a significant positive correlation with overall prokaryotic plankton community and three subcommunities (R=0.251~0.728, P<0.05). Contrastingly, the influence of environmental factors on microeukaryotic community was much weaker (R=0.210~0.474, P<0.05) and varied among subcommunities, of which rare subcommunity was most sensitive to environmental variables with salinity (R=0.657, P<0.001) and temperature (R=0.728, P<0.001) showed the strongest correlation. We also assessed the influence of cross-domain biotic factor on planktonic microbiome (Table 1). Mantel tests revealed that the rare subcommunities of microeukaryotic plankton were more sensitive to the cross-domain biotic factors, and the moderate and rare subcommunity of prokaryotic plankton played significant roles in microeukayotic community variation (R=0.344~0.524, P<0.01).




Figure 4 | The circos plot depicts the effects of environmental variables on the beta diversity of microeukaryotes and prokaryotes plankton communities revealed by Mantel tests. Each environmental variable and subcommunity are depicted by the arcs. The correlation between the relative abundance of community and environmental variable are depicted by the arcs with specific color. The area of ribbons indicate the contribution of each variables with significant positive correlation. Detailed results of Mantel test are shown in Supplementary Table 4. RA, Rare subcommunity; MO, Moderate subcommunity; AB, Abundant subcommunity; AL, whole community.




Table 1 | Mantel tests showing the effects of cross-domain biotic factors on microeukaryotic and prokaryotic plankton communities.





Co-occurrence network of planktonic microbiome

Given the contribution of rare taxa in the biodiversity of SYBH and potential effect of cross-domain biotic factor on planktonic community, we performed co-occurrence network analysis (Figure 5). All obtained network exhibited a scale-free and non-random distribution with power-law R2 = 0.824 (Supplementary Figure 10, Supplementary Table 5). The network was composed of 9238 positive and 416 negative edges, among which 1,343, 2,360 and 5,951 edges were from microeukaryote-prokaryote, microeukaryote-microeukaryote, and prokaryote-prokaryote connections with 62.74% of the negative edges were found between microeukaryotes and prokaryotes. Nodes linked by cross-domain edges were mainly composed of Gammaproteobacteria, Alphaproteobacteria and Syndiniales (Supplementary Table 7). Among 1629 nodes, the majority (49.54%) was rare OTUs followed by moderate (37.57%) and abundant (12.83%) OTUs (Figure 5A). The interactions with rare taxa were found to be most frequent in the network (Supplementary Table 6). Nodes were mainly represented by Gammaproteobacteria (18.97%), Alphaproteobacteria (13.20%), Syndiniales (6.02%). Eighteen prokaryotic OTUs and 2 eukaryotic OTUs were identified as keystone species with high degree (>50) and low betweenness centrality (<5000), which consisted of 6 rare OTUs, 13 moderate OTUs and 1 abundant OTU belong to Gammaproteobacteria, Alphaproteobacteria, Planctomycetacia, Actinobacteria, Verrucomicrobia, Radiolaria (Figure 5C; Supplementary Table 8). Among these keystone species, the top 2 OTUs with highest degree were affiliated to rare OTUs of Planctomycetes and Alphaproteobacteria.




Figure 5 | Co-occurrence network of planktonic microbiome in SYBH. The network was established by calculating correlations among OTUs. The nodes in the network are colored according to (A) subcommunities of different abundance; (B) modules and (C) taxa. The red and blue lines represent positive and negative correlations, respectively. The sizes of the nodes are scaled to the degree of connection.



The co-occurrence network was clustered into three major modules accounting for 81.64% of the total nodes (Figure 5B). All three modules were dominated by rare OTUs affiliated to Alphaproteobacteria and Gammaproteobacteria (Figure 5C). Three modules of prokaryotic OTUs exhibited distinct distribution pattern along the vertical gradient which was not observed for microeukaryotes (Supplementary Figure 11). Most of the prokaryotic OTUs from module I had higher relative abundance in the middle oxic layer, while the relative abundance of OTUs in module II and III was higher in the upper oxic layer (Supplementary Figure 11).



Ecological processes shaping the microeukaryotic and prokaryotic plankton communities

The relative contribution of each ecological process underpinning the assembly of microbial community was quantified by the phylogenetic null model analysis (Figure 6). It was found that stochastic processes, mainly dispersal limitation (83.09%), made crucial contributions to microeukaryotic plankton assembly, while prokaryotic assembly was dominated by deterministic processes consisting of heterogenous (42.65%) and homogenous selection (47.79%). Nevertheless, the effect of ecological drift was minor (<0.74%). The role of different ecological processes varied among subcommunities (Figure 6). Dispersal limitation made a significant contribution to microeukaryotic subcommunities assembly, accounting for 97.06%, 91.91%, 66.18% in abundant, moderate and rare subcommunities, respectively. Homogenous selection was not detected in abundant subcommunity but more diverse processes played a role in rare subcommunity. For prokaryotes, abundant taxa were driven mainly by dispersal limitation (54.41%) and heterogeneous selection (41.18%). The moderate taxa were mainly driven by deterministic processes (70.59%) with heterogeneous and homogeneous selection accounting for 42.65% and 27.94%, respectively, and dispersal limitation also made a significant contribution (27.21%). The effect of deterministic processes was overwhelming (100%) in rare subcommunity with homogenous and heterogenous selection contributed 57.35% and 42.65%, respectively. Generally, the contribution of deterministic processes to the microbial assembly increased with the taxa abundance, while that of stochastic processes showed the opposite trend.




Figure 6 | The relative contributions of the ecological processes in shaping plankton microbiome. Abundant, Moderate and Rare indicate the abundant, moderate and rare plankton subcommunities, respectively.






Discussion


Depth partitioning of plankton microbiome in the SYBH

Environmental heterogeneity is regarded as a universal driver of biodiversity (Stein et al., 2014), thus the strong vertically heterogeneous environment in the SYBH explained its higher plankton diversity than that in outer reef slope and other Chinese marginal seas (He et al., 2019; Liu et al., 2019; Li et al., 2020b). In this study, our joint analysis of microeukaryotic and prokaryotic plankton found that planktonic microbiome above 150 m in the SYBH was vertically structured along the abiotic gradients and grouped into three clusters as upper oxic layer (0-20 m), middle oxic layer (40-80 m) and suboxic-anoxic layer (90-150 m) (Figures 1D, 3). This finding is consistent with previous studies on Vibrio community (Li et al., 2020a) and overall bacterial communities (Zhang et al., 2021) in the SYBH, and such depth partitioning of microbial community was also found in the Hospital Hole (Davis and Garey, 2018). The decrease of richness and diversity with depths was detected in prokaryotic plankton community in the SYBH (Figure 3B) which is also in concert with previous findings of overall bacterial community (Zhang et al., 2021). Contrastingly, no significant variation of diversity was detected in microeukaryotes across depths (Figure 3A), indicating the different sensitivity of eukaryotic and prokaryotic community to the strong vertical stratification.

The vertical variation of relative abundance was particularly pronounced in some lineages. As expected, the abundance of oxygenic photosynthetic phytoplankton decreases has light decays at the depth of 90 m in the hole (Bi et al., 2018), which explained the greater abundance of Haptophyta, Rhodophyta and Cyanobacteria in the upper oxic layer (P<0.05, Supplementary Figure 3). However, no significant vertical variation among three layers was detected in the most dominant phytoplankton Dinophyceae, of which the versatile nutrient utilization and mixotrophy might make Dinophyceae less sensitive to the light availability and nutrient input (Edwards, 2019), and consequently thrive in the bule hole. Fungi dominated by the phylum Ascomycota was enriched (average 21.36%) in the middle oxic layer of the SYBH. The depth-dependent distribution of pelagic Fungi has been characterized to be universal in the global oceans (Morales et al., 2019) and integrated omics analysis pointed to that depth is also a significant factor in structuring the function of Fungi, particularly in carbonhydrate and lipid degradation (Morales et al., 2019; Chrismas and Cunliffe, 2020; Baltar et al., 2021). Thus, given the important roles of pelagic Fungi in marine biogeochemical cycles, the vertical distribution of Fungi in the SYBH suggests a potential variation in organic carbon speciation with depth.

With the increase of depth, the relative abundance of ammonium oxidizer Thaumarchaeota and nitrite oxidizer Nitrospinae increased and peaked at 90 m (Supplementary Figure 4) with a sharp reduction downward. Such vertical profile of nitrifying consortium well matches that of inorganic nitrogen concentrations, indicating that the main biological process below euphotic zone is nitrification and shifts to denitrification and anaerobic ammonium oxidation (annammox) below 90 m as speculated in previous studies (He et al., 2019; Xie et al., 2019). Moreover, increasing evidence has shown that the reciprocal feeding on diverse dissolved organic nitrogen (DON) such as urea and cyanate between Thaumarchaeota and Nitrospinae may fuel the nitrification in deep ocean (Palatinszky et al., 2015; Pachiadaki et al., 2017; Kitzinger et al., 2019), which might be overlooked in the past. In upper sunlit but N-deplete ocean waters, DON may also play a role in ‘regenerated’ primary production (Kamennaya et al., 2008). The depth-dependent ecological roles of DON are also mirrored by the distribution and expression of genes related to DON metabolism which differed significantly among surface and mesopelagic zones in the global oceans (Mao et al., 2022). Such vertical pattern could be more pronounced in the strongly stratified SYBH and as the reduced form of nitrogen, DON could be particularly important in structuring the microbial community in suboxic-oxic layer. Although no DON measurement has been so far attempted for SYBH, in the future omic approaches could be utilized to characterizing DON pool as it has been done in other ocean waters (Palatinszky et al., 2015; Pachiadaki et al., 2017; Mao et al., 2022).

The relative abundance of Epsilonproteobacteria sharply increased at the depth of 100 m and retained high (15.99%) down to 150 m. Most members of Epsilonproteobacteria are chemoautotrophs and play crucial roles in biogeochemical cycle of carbon, nitrogen and sulfur in extreme environments such as deep-sea hydrothermal vents (Akerman et al., 2013; Meyer and Huber, 2014). It has been reported to be more abundant in the deep layer of SYBH than those in other caves and other areas of South China Sea (He et al., 2019). The dominancy of Epsilonproteobacteria at suboxic-oxic layer can be attributed to the sulfidic environment below 100 m in SYBH which is totally disconnected from adjacent ocean (Bi et al., 2018; Xie et al., 2019).



Diel pattern of plankton community composition

The diel vertical distribution of mesozooplankton, micro- and nanophytoplankton in the SYBH have been characterized based on morphological analysis (Chen et al., 2018; Ge et al., 2020). Results in these studies showed that diel vertical variation was mainly detected in the oxic layer (<90 m) and the strong thermohalocline around 80-90 m is considered to be the barrier of vertical migration for plankton. In this study, metabarcoding analysis also revealed the significant daytime-nighttime difference of community composition, which was restricted in the upper oxic layer and was mainly detected in microeukaryotic community (Supplementary Figure 3).

Radiolarian was most abundant in the upper oxic layer of nighttime, reaching the highest relative abundance at 5 m (Figure 2A), suggesting their diel periodicity. Hu et al. (2018) reported the significant diel rhythmicity in the field community of Rhizaria including radiolarians and their acantharians relatives in the North Pacific Subtropical Gyre, which had higher metabolic activities at nighttime compared to that at daytime. Diel vertical migration (DVM) was also observed in acantharians in the Atlantic Ocean, but the pattern could vary among different waters (Massera Bottazzi and Andreoli, 1982). Members of Rhizaria are commonly found in the euphotic zone, host algal endosymbionts and prey on a variety of microorganisms (Decelle et al., 2012; Ohtsuka et al., 2015). Their diel rhythmicity could be related to the availability of light and picocyanobacterial prey (Massera Bottazzi and Andreoli, 1982; Hu et al., 2018), which may also explain why the different daily distribution of plankton only found in the upper layer of SYBH. Given the importance of Rhizaria in global plankton biomass and contribution to carbon export (Biard et al., 2016; Caron, 2016; Guidi et al., 2016), further investigation is desired to fully portrait their diversity and distribution in the SYBH.

Besides DVM, we also postulated that diel horizontal migration (DHM) could be a potential factor shaping the distribution of eukaryotic plankton in SYBH: plankton inhabit the walls of SYBH at daytime and horizontally migrate into water column at nighttime. Nocturnal horizontal migration has been observed in both freshwater and marine ecosystems (Webb and Wooldridge, 1990; White, 1998) and is hypothesized to help organisms find prey and avoid predator, like DVM does. It has been suggested that abiotic conditions are less likely to influence DHM than DVM when horizontal gradients of abiotic conditions are weaker relative to the vertical gradients (Burks et al., 2002), which is also the case in the SYBH. This could partly explain that relative to prokaryotes, the day-night difference of community composition was more evident in microbial eukaryotes, who were less sensitive to abiotic environmental factors in the SYBH (Figure 4). Moreover, viable sampling techniques are desired in the future to quantify the DHM organisms and assess the factors influencing DHM.



Distinct patterns and drivers of microeukaryotic and prokaryotic plankton assembly

Analysis of diversity, abiotic and biotic factors, co-occurrence network and assembly mechanism consistently pointed to the divergent assembly pattern and driving forces for prokaryotic and microeukaryotic plankton community in SYBH. Vertical heterogeneity significantly shaped the community composition of microeukaryotic plankton without affecting overall diversity (Figures 3A, B). Abiotic factors played a minor role in shaping microeukaryotic plankton community in SYBH, which is often found to be more influential in other aquatic ecosystems such as the northwestern Pacific Ocean (Wu et al., 2020). Moreover, compared to prokayrotes, microeukaryotic plankton community had less compact network topology with lower average degree and number of intradomain edges. The modularity of microeukaryotes OTUs in network showed less depth partitioning. Network complexity and connectivity are considered to be associated with sensitivity of microbes to environmental disturbances (Zhou et al., 2010). Weaker network connectivity of microeukaryotic community than bacterial community has been found in previous study, indicating the community assembly is less determined by environmental selection processes (Jiang et al., 2018), which is consistent with our results in assembly mechanism.

Quantifying the relative importance of each ecological process in community assembly highlighted the different roles in shaping the composition of microeukaryotic and prokaryotic plankton community in SYBH. We observed that stochastic processes, mainly dispersal limitation played a significant role in the community assembly of microeukaryotic plankton, which is consistent with previous findings in reservoir, intertidal zone, and costal upwelling system (Xue et al., 2018; Kong et al., 2019; Sun et al., 2022). In comparison to prokaryotic plankton, microeukaryotes were more dispersal limited which has hypothesized to increase with body size in planktonic communities (Finlay, 2002; Soininen et al., 2013; Villarino et al., 2018). Very limited vertical mixing and exchange with adjacent waters in SYBH forms a strong barrier to dispersal for larger planktonic organisms. Such barriers include persistent oceanographic features like thermhalocline and other sharp environmental gradients and the effect of barriers varies across taxa depending on both body size and abundance (Finlay, 2002; Martiny et al., 2006; Jenkins et al., 2007). Furthermore, although the role of ecological drift was minor for both planktonic community assembly, the contribution of it was slightly higher in microeukaryotic plankton. This still could be explained by the generally smaller size of prokaryotic plankton as smaller organisms are expected to have lower demographic stochasticity and ecological drift (Rosindell et al., 2011), thus resulting in higher population density than larger organisms. Ecological drift is also expected to be more significant with decreasing population size and community size (Liu et al., 2018). However, using community snapshots by amplicon sequencing may not fully quantify the random demographic events (Stegen et al., 2015) and effect of size and abundance on ecological drift of natural assemblage remain uncertain with scarce of field data (Liu et al., 2018).

Contrastingly, deterministic processes dominated over the stochastic processes in prokaryotic community but contributed much less to the assembly of microeukaryotic communities, confirming the stronger environmental filtering on prokaryotes in SYBH as shown by mantel test (Figure 4; Supplementary Table 4). The difference of assembly mechanism between prokaryotic and microeukaryotic community in SYBH is consistent with previous research on protist and bacteria in global surface waters (Logares et al., 2020) and upwelling system (Sun et al., 2022), but contradict with that in East China Sea’s euphotic zone where protist community is mainly structured by selection processes (Wu et al., 2018). Such inconsistency has been discussed in several studies on microbiomes across different ecosystems (Xue et al., 2018; Xiong et al., 2021; Lu et al., 2022; Sun et al., 2022), supporting that the combined effect of species, straits, habitat type, spatiotemporal scale and environmental gradient determine the relative contribution of determinism and stochasticity in shaping the microbial landscape (Chase and Myers, 2011; Hanson et al., 2012; Morrison-Whittle and Goddard, 2015).

Collectively, our results showed that microeukaryotic plankton community in SYBH was less sensitive to environmental filtering compared with prokaryotes. Their different physiological characteristics, particularly body size, fundamentally determine the community turn over, community size, physiological plasticity, niche breaths and eventually environmental sensitivity (Shade et al., 2012). Despite of weaker environmental sensitivity, the effect of cross-domain biotic factor, i.e. effect of prokaryotic community on microeukaryotic community, was significant, pointing to the importance of bio-interaction in shaping microeukaryotic community in SYBH. In present study of SYBH, there were more positive interactions than negative ones in co-occurrence network, suggesting that interspecies cooperation such as symbiosis (Supplementary Table 5) may play a critical role in supporting ecosystem function and stability in SYBH. Mutual interactions in the form of symbiosis can increase the fitness of hosts and allow them to exploit new ecological niches, which is prevalence in aquatic ecosystem and particularly important in extreme habitats such as hydrothermal vent and anoxic environment (Zehr and Caron, 2022). Obligate symbiosis with the chemoautotrophs including methanogens and sulfur oxidizers might be restricted in anoxic or microoxic environment, and movement of host like ciliate between oxic and anoxic zones may favor the symbiont growth (Dziallas et al., 2012). Denitrification in anoxic environments could be also performed by eukaryotic microbes like foraminifera harboring denitrifying symbionts (Bernhard et al., 2012). Thus, we also expect diverse symbiotic relationships would favor the organisms in blue hole to cope with extreme conditions like anoxia, low light and poor supply of labile organic matter (Northup and Lavoie, 2001; Krstulović et al., 2013).

About 14% of edges in co-occurrence network were between microeukaryotes and prokaryotes, indicating the nonnegligible cross-domain interaction in SYBH planktonic ecosystem. Among these, microeukayotes were most associated with Proteobacteria, and bacteria were most associated with Syndiniales (Supplementary Table 7), which was also found in the euphotic zone of Northwest Pacific Ocean (Wu et al., 2020) and permanently anoxic Cariaco Basin (Suter et al., 2022). Microbial interaction, especially parasitism involving Syndiniales is a very significant factor in structuring the global plankton community (Lima-Mendez et al., 2015) and particularly important in maintaining microbial food web productivity in resources-limited waters (Suter et al., 2022). Interestingly, although the network possessed a higher proportion of positive correlations than negative ones, 62.74% of negative correlations existed between microeukaryotes and prokaryotes, suggesting their predation or other competition relationship may play an important role in the pelagic food web of SYBH where the supply of nutrient and organic matter is limited (Boenigk and Arndt, 2002; Melanie and Sara, 2016). In comparison to prokaryotic plankton, we expect more complex biotic factors shaping the microeukaryotic assembly in SYBH, including microbe-microbe symbiosis, predation by mesoplankton or micronekton and diel migration at both vertical and horizontal directions. Although it has been pointed out biological interaction based on rDNA-derived OTU correlation may be overestimated due to variable rDNA copy number among some lineage such alveolates, next generation sequencing enables us to discover a vast array of potential biotic interactions in batch (Lima-Mendez et al., 2015), when morphological observation and physiological experiment are impractical.



The important ecological role of non-abundant taxa in SYBH

As normally found in most habitats (Pedros-Alio, 2012; Lynch and Neufeld, 2015), a skewed abundance distribution of plankton was also observed in SYBH, as the community across depths was dominated by a few abundant taxa. The richness of rare subcommunities was 7-fold and 6-fold greater than that of abundant ones for microeukaryotes and prokaryotes, respectively (Supplementary Figure 8), corroborating the well-recognized idea that rare biosphere contribute significantly to the microbial diversity (Debroas et al., 2015; Lynch and Neufeld et al., 2015). The sensitivity to environments also differed between subcommunities as supported by multiple evidence. Firstly, abundant taxa were commonly found in three layers in SYBH while rare taxa were habitat-specific (Figure 2C, D). Secondly, although deterministic processes represented played a minor role in shaping the assembly of microeukaryotic plankton community, the selection effect increased from abundant to rare subcommuniteis and the enhancement was more pronounced in prokaryotic plankton (Figure 6). This indicates that in comparison with abundant taxa, rare taxa were more sensitive to local environmental filtering, which in concert with previous studies on planktonic microbiomes in freshwater ecosystems (Liu et al., 2015; Xue et al., 2018). The high abundance resulted from active growth mirrors that abundant taxa are more competitive in resource acquisition and better adapted to habitats. However, high diversity and functional redundancy of rare taxa make them important in ecosystem resilience (Jousset et al., 2017).

Furthermore, non-abundant taxa are indispensable in maintaining the structure of microbial community as denoted in co-occurrence network with over 87% of significant biological interactions involved non-abundant taxa. Moreover, except for one abundant OTU, all keystone species in co-occurrence network were belonged to moderate and rare taxa. Compared to eukaryotic plankton of reservoir (Xue et al., 2018), the role of moderate taxa was more prominent in SYBH, which has been also found in estuarine ciliate community (Sun et al., 2017). Rare taxa are more likely to be ignored through morphological analysis and low-resolution sampling due to habitat specificity. Although deep sequencing of metabarcodes unveiled the rare biosphere in diverse habitats (Pedros-Alio, 2012), the role of rare taxa in maintaining the microbiome stability has not been addressed in SYBH. Moreover, much less attention has been paid to moderate taxa, which could contribute up to 30% of abundance (Logares et al., 2014) and critical to the dynamics of community (Mangot et al., 2013; Sun et al., 2017). Out of 20 keystone OTUs, 13 were affiliated with moderate taxa which is considered as initiating components in network with longer evolutionary history (Barabási, 2009). Future study on temporal variation of microbial community in SYBH could provide precise assessment on the role of non-abundant taxa on microbiome stability and have important implication in conservation strategy.



Limitation and perspective

Metabarcoding approaches come with some limitations. The most common one is the variation in rDNA gene copy number among different taxa, especially in microbial eukaryotes, hinders the directly translation of the rDNA read counts into absolute abundance of organisms (Burki et al., 2021). The rDNA copy number per genome positively correlates to cell size and biovolume (de Vargas et al., 2015). Thus, cautions should be taken when interpreting amplicon sequencing data, especially for organisms of large size or unique genome architecture (e.g., ciliate). Although metabarcoding analysis only provides relative or semiquantitative information, one can assume that such molecular biases would be relatively constant across samples and will allow the comparison between different ecological conditions (Pawlowski et al., 2016). Therefore, rDNA OTUs and reads can still be rough proxies for assessing, respectively, the genetic biodiversity and biovolume of microbial eukaryotic communities with great ecological relevance (de Vargas et al., 2015; Pawlowski et al., 2016).

Since the SYBH has been discovered for only six years, we are still at the stage of preliminary exploration and have to admit the sampling difficulty and technical limitation. SYBH sits on the coral reef and it is impractical to set up a large observation platform equipped with comprehensive and powerful facilities. Meanwhile, sinuous underwater structure and the slope at the depth about 150 m increase the difficulty of vertically sampling. Although several professional-grade facilities such as underwater remotely operated vehicle (ROV) have been exploited to obtain geomorphological profile of SYBH, more flexible sampler with less disturbance to organism is desired. In the future, portable and autonomous facility or unmanned aerial vehicles (UAV)-based system could provide a promising approach for remote sampling in the SYBH (Horricks et al., 2022).

Although the vertical profile of hydrochemical properties and microbial plankton community structure in the SYBH showed generally similar pattern among multiple investigations (He et al., 2019; Xie et al., 2019; Li et al., 2020a), variation in the depth of Deep Chlorophyll Maximum and community composition are still observed. Whether these inconsistencies are resulted from different sampling time of the day and season, or occasional observation is still unclear. Thus, replicate, high-resolution and time-series samples are needed to fully portrait the spatiotemporal distribution of life in SYBH. Moreover, currently available information about plankton diversity in SYBH are based on morphological identification (Chen et al., 2018; Ge et al., 2020; Fu et al., 2020) and DNA metabarcoding (He et al., 2019; Liu et al., 2019; Li et al., 2020a; Li et al., 2020b) which are impossible to differentiate the dead and live organisms. Thus, profiling the viability, metabolic activity and machinery of organism, particularly for those survive in anoxic conditions, is crucial for unveiling the ecological strategy and evolutionary adaptation of marine life in the SYBH, which could be achieved by viability assessment (Eva-Maria and Meysnan, 2012) and RNA-based approaches. Finally, integrated investigation on organisms from broad size spectrum and multiple habitats (plankton, bentho and neckton) are desired, which is essential for improve our understanding on the nature of bio-interaction and ecological functions in SYBH.
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