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To obtain an accurate picture of microbial processes is essential for in-depth understanding of the dynamics of microbial communities and metabolic potentials. In this study, an apparatus for automatic multiple in situ nucleic acid collections (MISNAC) loaded and controlled by a lander was designed and applied for in situ microbial filtration, cell lysis and nucleic acid collection at different time points during three cruises in the South China Sea. The MISNAC apparatus completed 390 L in situ water filtration and collected a total of 1,176 ng DNA with six working units in four deployments at ∼1,000 m depth. Microbial community structures in water samples obtained by the MISNAC and in situ microbial filtration and fixation (ISMIFF) apparatus, respectively, were compared by analyzing sequences of 16S rRNA amplicons. The result showed that these communities were largely consistent, regardless of the differences in the communities in the samples from different cruises and time points. In addition, the transcriptomes of the samples collected by the MISANC and a Niskin bottle dramatically differed in abundance and diversity of 16S rRNA gene reads, indicating that more in situ RNA molecules were preserved by the MISNAC, compared to the Niskin. The application of the MISNAC apparatus paved the way to time-series changes of deep-sea microorganisms and their response to various environmental factors.
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INTRODUCTION

The oceans, as the habitats for a vast variety of organisms, are still mysterious for us. It is remarkable that diverse biological communities playing vital roles in biogeochemical cycling were identified at the different layers of the oceans (Azam et al., 1983). Deep-sea planktonic microorganisms can survive in even tens of thousands of meters below the sea surface, with a striking feature of dark, high-pressure environment (Eloe et al., 2011; Nunoura et al., 2016). The deep waters in oceans are dramatically dynamic in terms of various environmental factors and geographical patterns, which have driven diversification of ecosystems in the tremendous body of waters in the oceans (Urbach et al., 2007). Sampling activities at the different depths and sites in the oceans have been conducted, but the collected samples still could not meet the requirement to capture the subtle changes of the deep-sea ecosystems. Because the majority of microorganisms in the deep-sea environment are not yet culturable, the ‘dark matter’ microbes in the deep waters were mostly undetectable. Metabolisms and in situ activities of the deep-sea microbes are largely illusive due to lack of high-quality nucleic acids for metatranscriptomic and metagenomic studies. Decoding the genomes of different microbial ecotypes is also challenging without long genomic reads from the third generation sequencers, which may be resolved by extraction of high-quality DNA/RNA using deep-sea in situ sampling facilities.

Marine microbiological studies mainly relied on water sampling equipment such as Niskin bottles, by which water samples from different layers of the ocean are collected from the deep ocean and brought to shipboard for filtration and subsequent experiments. For the deep-sea samples, it may take several hours to bring them up for further processing. Therefore, changes in pressure, light density, temperature and redox condition may affect the morphology, metabolism, and community structure of the microbes in the deep water samples (Estrada et al., 2009; Feike et al., 2012; Marietou and Bartlett, 2014). Particularly, for the microbial inhabitants in hydrothermal vents and anoxic zones, the drastic environmental differences will result in a different gene expression profile (Breier et al., 2014; Olins et al., 2017). Previous studies have compared the metatranscriptomes of the microbes in suboxic waters collected by Niskin bottles and in situ filtration apparatus in the central Baltic Sea and the Mediterranean Sea, which showed that sample handling, pressure, and other changes during the sample recovery might lead to physiological changes of the microbes and degradation of labile messenger RNA (Feike et al., 2012; Edgcomb et al., 2016). For sampling from the hadal trench (>6000 m depth), the microbial communities of water samples collected by Niskin bottles differed from those in situ filtered and preserved by an in situ microbial filtration and fixation (ISMIFF) apparatus (Wang et al., 2019a). To resolve the low biomass problem, the ISMIFF could filter a large volume of waters (up to 600 L) and fix the microbes in situ (Wang et al., 2019a). Although the microbes had been fixed, the degradation of nucleic acids and proteins continued. Without high-quality DNA and RNA, metagenomics and metatranscriptomics studies will be hindered. To solve this problem, nucleic acids of the deep-sea microbes should be released and attached to polymer columns or magnetic beans at the deep-sea sampling site. Furthermore, microbial samples could be extracted for better preservation and subsequent molecular work with deep-sea in situ microfluidic techniques. The deep-sea environmental sample processor (D-ESP) were designed and used to in situ finish a variety of molecular assays such as quantitative PCR in the deep-sea zone (Scholin et al., 2009; Ussler et al., 2013). More importantly, with the ability of multiple microbial filtrations and nucleic acid extractions, the variations of microbial communities and metabolic activities at a series of time points could be detected. In this study, on the basis of the ISMIFF, we designed an apparatus for multiple in situ nucleic acid collections (MISNAC), which is loaded and controlled by a lander named ‘Phoenix.’ The MISNAC apparatus was able to automatically finish in situ enrichment of microorganisms, cells lysis and nucleic acid collections at different time points at bottom sites of the South China Sea (SCS).



MATERIALS AND METHODS


MISNAC Apparatus Structure and Workflow

The MISNAC apparatus was in size of 90 cm × 90 cm × 40 cm, and was weighted 76 kg in air and 45 kg in sea water. The apparatus could be carried and controlled by a lander named “Phoenix” that had two 6 kW⋅h Li-ion batteries and might supply 24 V power for the MISNAC. The working depth of the MISNAC was up to 3000 m. The apparatus mainly consists of four subsystems: a chamber supporting and transition subsystem, a pipe docking subsystem, a flow control subsystem and a nucleic acid collection subsystem (Figure 1A). The chamber supporting and transition subsystem is composed of 10 filtration chambers, a supporting turntable with a transition gear, a motor and an angle sensor to monitor the switch of the filtration chambers. The pipe docking subsystem mainly includes a lead screw, a guide rail, a sealing joint linked to the chamber, a motor and a sensor. The flow control subsystem consisting of valves, pumps and a pressure sensor controls the inlets of seawaters, cell lysis buffer, and ethanol into a polyether tube at different steps. The nucleic acid collection subsystem is composed of two containers for lysate and ethanol, respectively, and polymer columns (Tiangen, Beijing, China) filled up with silica resin for nucleic acid attachment.
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FIGURE 1. Schematic structure of multiple in situ nucleic acid collections (MISNAC) from deep-sea zone. The four parts of MISNAC: a chamber supporting and transition subsystem (1), a pipe docking subsystem (2), a flow control subsystem (3) and a nucleic acid collection subsystem (4) are labeled on the diagram (A). The workflow of nucleic acid extraction was demonstrated in (B). The MISNAC apparatus was equipped on a lander named ‘Phoenix’ (C). The switch of filtration chambers of the MISNAC apparatus was demonstrated by the photographs taken by a camera on the lander (D,E).


The workflow of the MISNAC apparatus includes several steps described below (Figure 1B). First, seawater was filtered in situ after the movement of the pipe docking system that had connected the filtration pipe. A maximal speed was set to ∼500 ml/min. Second, about 200 ml cell lysis buffer (Tiangen, Beijing, China) was injected into the 100-ml filtration chamber to replace the remaining seawater. The lysate would be maintained in the chamber for ∼30 min for complete lysis of the microbial cells on the membrane. The microbial lysate was then flowed out of the filtration chamber, and mixed with equivalent dosage of 90% ethanol that was being pumped into the pipe from another container. Third, the polymer columns (Tiangen, Beijing, China) in the nucleic acid collection subsystem at the end of the pipe would collect the precipitated nucleic acids in the microbial lysate. The MISNAC apparatus has nine working units and one rinsing unit for cleaning of the pipe. At the ends of the pipe outlets, there are one-way valves to stop inflow of seawater. Thereby, after one working unit is completed, the whole pipeline will be rinsed automatically. The chamber supporting subsystem was then moved to the next working unit and the pipe docking subsystem connected the pipe again for the next filtration. The nucleic acids from the subsequent working units would be retained to a new polymer column switched by the flow control subsystem. Therefore, the MISNAC could collect nine sets of microbial nucleic acids in one lander deployment.



In situ Automatic Workflow for Multiple Nucleic Acid Extraction

The MISNAC apparatus was tested during three cruises in June–July, 2018 and September, 2019, at ∼1,000 m depth in the SCS (Supplementary Figure S1). Before the MISNAC apparatus was deployed with the lander (Figure 1C), the chambers and pipelines were cleaned with 75% ethanol and distilled deionized water to avoid contamination. A 0.22 μm polycarbonate membrane (Millipore, Bedford, MA, United States) with 142 mm diameter was placed into the filtration chambers, and then the pipe and chambers were filled with distilled deionized water. The MISNAC apparatus began to filter the water samples 1 h after landing of the lander on the seafloor, which could avoid uptake of the sedimentary particles disturbed by the lander into the chambers. The following actions were launched by the commands programed in the control unit of the lander according to the workflow described above (Figures 1D,E). Moreover, the working units without cell lysis and nucleic acid collection steps were regarded as ISMIFF control groups although DNA fixation buffer was not used (Wang et al., 2019a). The lander carried the conductivity, temperature, and depth (CTD) (Sea-Bird, Bellevue, WA, United States) instrument and Mini-Pro CO2 (Pro-Oceanus, Bridgewater, NS, Canada) sensor to monitor the changes of deep-sea environments factors.

During the cruises in June–July, 2018, upon onboard of the lander, the nucleic acids attached in the columns were washed with distilled deionized water by centrifuge at 4,000 rpm, and stored at -20°C onboard. In shipborne laboratory, the quality and quantity of nucleic acids were estimated by Qubit 2.0 Fluorometer (Life, United States) immediately. The polycarbonate membranes from the ISMIFF units were transferred and stored at -80°C. Afterward, the polycarbonate membranes for ISMIFF samples were sliced into small pieces by a sterilized scissor and then subjected to total DNA extraction using the MO BIO Power Soil DNA Isolation Kit (MoBio, Carlsbad, CA, United States) in the laboratory according to the manufacturer’s protocol. The quality and quantity of the extracted DNA were estimated using Qubit 2.0 Fluorometer (Life, United States).

During the cruise in September, 2019, we changed the polymer columns (Tiangen, Beijing, China) that were more specific for RNA collection. The RNA molecules were washed off from polymer columns along with DNA using DNase/RNase-Free deionized water (Tiangen, Beijing, China) and stored at -80°C immediately after the lander returned on board. The quality and quantity of RNA were estimated by Qubit 2.0 Fluorometer (Life, United States) in shipborne laboratory. In addition, 10 L water sample was collected during the cruise using a Niskin bottle. The water sample was then filtered using 0.22 μm polycarbonate membrane (Millipore, Bedford, MA, United States) and immediately stored at -80°C as a control. In the laboratory, the membrane was sliced into small pieces and lysed using the lysis buffer (Tiangen, Beijing, China). The RNA/DNA collected by the polymer columns (Tiangen, Beijing, China) was washed with DNase/RNase-Free deionized water (Tiangen, Beijing, China).



High-Throughput Sequencing and Analysis of Amplicon Reads of 16S rRNA Genes

RNA fragments were removed from the nucleic acids obtained by the MISNAC units and ISMIFF using RNaseA (TaKaRa, Dalian, China) with a final concentration of 0.1 ng/μl and incubated for 10 min at 37°C. The V3–V4 region of 16S rRNA genes was amplified using a pair of universal primers: forward primer 341F (5′-CCTAYGGGRBGCASCAG-3′) and reverse primer 802R (5′-TACNVGGGTATCTAATCC-3′) (Claesson et al., 2010; Klindworth et al., 2012) with a 6-nucleotide barcode. The 6-nucleotide barcodes added to the 5′ end of the universal primers were used to distinguish different samples. The PCR reaction system contained 1 ng DNA as template, 20 pmol of each forward primer 341F and reverse primer 802R, 1 μl HS DNA Polymerase, 4 μl dNTP Mixture and 10 μl 5 × PrimerSTAR® Buffer (TaKaRa, Dalian, China) in a 50 μl total reaction volume. Moreover, the PCR reaction procedure comprised an initial denaturation at 98°C for 10 s, followed by 28 cycles consisting of denaturation at 98°C for 10 s, annealing at 50°C for 15 s, and extension at 72°C for 30 s and a final 5 min elongation at 72°C with a thermal cycler (Bio-Rad, United States). The PCR products of partial 16S rRNA genes were purified using the Cycle-Pure Kit (Omega, Norcross, GA, United States) to degrade excess primers and nucleotides. Illumina library for the equally-pooled 16S rRNA gene amplicons was prepared by the TruSeq® Nano DNA LT Kit (Illumina, San Diego, CA, United States) and sequenced on an Illumina Miseq platform (Illumina, San Diego, CA, United States).

The raw sequencing data of 16S rRNA gene amplicons were trimmed using the NGS QC Toolkit (v2.3.3) (Patel and Mukesh, 2012), and then the paired-end reads were assembled using PEAR (v0.9.5) (Zhang et al., 2014). Afterward, the assembled reads were analyzed by QIIME pipeline (Caporaso et al., 2010). Based on the barcodes, the 16S rRNA reads were assigned to different water samples. The separated reads with the similarity threshold of 97% were clustered to the operational taxonomic units (OTUs) using UCLUST (Edgar, 2010), and the longest read of each OTU was used as the representative read for further taxonomic classification analysis with the SILVA 132 database by PyNAST and Ribosomal Database Project (RDP) classifier version 2.2 (Qiong et al., 2007; Gregory Caporaso et al., 2010). The taxa at phyla and order levels were used for microbial community structure and diversity analyses with exclusion of the OTUs assigned to chloroplasts, mitochondria and eukaryotes. Moreover, the taxa at order level were used for principal component analysis (PCA) analysis.



Identification and Classification of 16S rRNA Genes in Metatranscriptomes

DNA fragments were removed from the nucleic acid extraction obtained by the MISNAC and Niskin using the TURBO DNA-freeTM Kit (Ambion, Carlsbad, CA, United States). The cDNA was synthesized from RNA for library preparation using the Ovation RNA-Seq System V2 Kit (Qiagen, Hildon, Germany). The cDNA libraries were constructed by the TruSeq Nano DNA LT Kit (Illumina, San Diego, CA, United States) and sequenced on an Illumina Miseq platform (Illumina, San Diego, CA, United States). The MISNAC and Niskin samples were processed with two replicates. The raw data of metatranscriptomes were trimmed by the Fastp to remove the low quality reads (Q20 over 80% of the reads) and adaptors (Chen et al., 2018). The quality-filtered reads were merged using PEAR (v0.9.5) (Zhang et al., 2014). The 16S rRNA fragments > 150 bp were extracted from the paired-end merged reads with rRNA_HMM (Huang et al., 2012) and were used to explore diversity and structure of microbial communities using the QIIME (Ramiro et al., 2014).



RESULTS AND DISCUSSION

To examine the in situ nucleic acid collection abilities of the MISNAC apparatus in the deep-sea zone, three research cruises were conducted at ∼1,000 m depth in the SCS in June–July, 2018 and September, 2019 (Supplementary Figure S1). During the two cruises between June and July of 2018, the MISNAC apparatus loaded by the ‘Phoenix’ lander completed the microbial sampling from 390 L waters by four filtration units in four deployments (Figure 1 and Table 1). In the first cruise, four MISNAC and three ISMIFF units were finished, which resulted in a total of 1,182 ng DNA (Table 1). In the second cruise, two MISNAC and five ISMIFF units were used for collection of 1,904 ng DNA. Although the MISNAC apparatus could complete the nucleic acid collection of nine water filtrations in one launch, only up to three of MISNAC units were used in this study in one launch due to time limitation in the cruises. Moreover, the other working units without cell lysis and nucleic acid collection steps were regarded as ISMIFF controls. In this study, the poor efficiency of nucleic acid collection by the polymer columns at the low temperature probably resulted in low DNA recovery, which has been verified in the laboratory.


TABLE 1. DNA samples for sequencing of 16S rRNA gene amplicons.

[image: Table 1]The temperature, dissolved oxygen, salinity, and CO2 were measured at different time points and sites (Figure 2). The oxygen decreased from the sea surface to the bottom and was higher in PD-8 than those measures at the benthic sites of other deployments. In PD-9, we observed a stepwise decrease of dissolved oxygen from 5.12 to 2.10 ml/L after the lander was sitting on the seafloor. The average CO2 concentrations of PD-8 and PD-9 were 893.32 ± 8.54 and 959.61 ± 7.75 ppm, respectively, which exhibited a striking difference between the two deployments at the same site. For PD-10, we observed a steady decrease of CO2 concentration at ∼1,000 m depth, while a reverse trend was shown at PD-11 site (Figures 2B,C). The salinity at the seafloor fluctuated slightly in hours with an average of 34.25 ± 0.12 PSU (Figure 2).
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FIGURE 2. Profile of depth, temperature, dissolved oxygen concentration, salinity, and CO2 concentration along with the time points of lander deployment in the SCS. The data of physical environments were obtained in PD-8 (A), PD-9 (B), PD-10 (C), and PD-11 (D). The locations of four deployments were shown in Table 1 and Supplementary Figure S1. The arrows represent the time points at which the MISNAC apparatus was initiated. nd denotes next day.


The 14 MISNAC and ISMIFF samples were used for sequencing of 16S rRNA amplicons, followed by classification of the reads to reveal the microbial communities in the samples obtained by different methods at different time points (Figure 3 and Supplementary Figure S2). In total, 124,400 16S rRNA reads were obtained (at least 3,492 16S rRNA amplicon reads for each of the samples) (Table 1). We plotted the rarefaction curves of the observed OTUs using the sequences of the 16S rRNA gene amplicons (Figure 4A). All the curves reached a plateau, suggesting that the sequencing depth allowed to capture almost all the species in the samples. We also estimated the diversities of the microbial communities using the Shannon index (Figure 4B). Our statistics result also showed that the microbial communities of the MISNAC and ISMIFF samples were not significantly different in the same cruise (U-test, p > 0.05).
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FIGURE 3. Microbial community structures at phylum level. The microbial samples in waters were collected at two ∼1,000 m depth sites by two methods: in situ filtration on membranes (ISMIFF); multiple in situ nucleic acid extraction (MISNAC). The information of samples was described in Table 1.



[image: image]

FIGURE 4. Rarefaction curve of observed OTUs (A) and Shannon index (B). The OTUs and Shannon index were calculated at a 3% dissimilarity using amplicon reads of 16S rRNA genes. The details of the samples are referred to Table 1.


Analysis of the sequencing data of the 16S rRNA gene amplicons showed that 12 phyla were dominant (>2%) in the samples: Proteobacteria, Thaumarchaeota, Chloroflexi, Nanoarchaeaeota, Planctomycetes, Patescibacteria, Omnitrophicaeota, Marinimicrobia, Actinobacteria, Bacteroidetes, Acidobacteria, and Gemmatinonadetes (Figure 3), which were totaled to be 93.7 ± 1.3% of the communities. The dominant phyla were further sorted into 21 major orders (>2%) (Supplementary Figure S2). At both phylum and order levels, the dominant taxa were not significantly different between the communities in the MISNAC and ISMIFF samples (one-way ANOVA, p > 0.05). The presence of some minor groups affiliated with Chloroflexi and Planctomycetes in the MISNAC samples might explain their higher biodiversity, compared with the ISMIFF (Figure 4B). Nevertheless, we could still observe slight differences in microbial communities between the samples obtained by the same method (Figure 3). This might reflect the daily variations of microbial communities in the deep-sea since the waters were filtered at different time points (Table 1). The PCA analysis was performed using the percentages of the orders in the different water samples (Figure 5). The samples from the same cruises tend to be clustered together, while those collected by different methods in each cruise could not be separated clearly. This again suggests that the slight community structural differences were caused by environmental variations such as CO2 flux at the sampling locations and times. This hypothesis will be examined in future by using all the nine sampling units of the MISNAC to obtain nucleic acids for detection of microbial community variations in continuous time periods.
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FIGURE 5. PCA analysis of microbial communities in the samples collected by different methods. The samples were as described in Table 1.


The prevalence of Proteobacteria in epipelagic layer and deep-sea subsurface sediments of the SCS had been reported (Tao et al., 2008; Yi et al., 2018). This is also the fact for the Chloroflexi that were almost ubiquitous in the global deep oceans (Morris et al., 2004; Varela et al., 2010). However, the percentages of Firmicutes in our ISMIFF and MISNAC samples were much less than those recently reported (Yi et al., 2018; Zhang et al., 2019), which might be due to different sampling locations, depths and times. Archaeal 16S rRNA gene sequences were affiliated with two dominant archaeal phyla Thaumarchaeota and Nanoarchaeaeota. Thaumarchaeota represented by Nitrosopumilus was one of the dominant species widely distributed in marine waters including the SCS (Hu et al., 2011; Zhang et al., 2019), which was critical for maintaining both carbon and nitrogen cycles in the waters and sediments (Wang et al., 2019b). In addition, the high abundance of Nanoarchaeaeota was also noticed in the sampling sites, which was not detected in previous studies (Tao et al., 2008; Yi et al., 2018; Zhang et al., 2019). This might be due to the collection of bottom water samples in this study. The spreading of Nanoarchaeaeota was also observed in hadal bottom waters and sediments (Cui et al., 2019; Gao et al., 2019).

Moreover, as the largest tropical marginal sea adjacent to the Pacific Ocean, the SCS was proposed to be vital in the global carbon cycle (Chen et al., 2001; Dai et al., 2009). The dissolved organic matter (DOM) in the deep-sea from the SCS might originate from surface photosynthesis of phytoplankton and terrestrial organic compounds, which might follow day–night rhythm. Therefore, the relative abundance of heterotropic microorganisms might have diurnal periodic changes, which perhaps explains the variations in the microbial community structures of our samples obtained with the same apparatus at different time points. However, the small number of time points for the current study was not sufficient to deduce the periodic changes of the deep-sea communities in day–night cycle.

Recently, we demonstrated the capacity of the MISNAC for RNA collection. During the third cruise, we obtained in situ RNA by the MISNAC with lander deployment PD-12 (Supplementary Figure S1). The sequencing information of metatranscriptomes was shown in Supplementary Table S1. The 16S rRNA gene reads extracted from metatranscriptomes were taxonomically sorted into Proteobacteria, Actinobacteria, Marinimicrobia, Planctomycetes, Chloroflexi, Verrucomicrobia, Thaumarchaeota and Euryarchaeota, indicating that they were the most active microbes in the sampling site (Figure 6A). Using the Niskin sample obtained in the third cruise, we also obtained the metatranscriptome with a replicate for a comparison. The relative abundances of 16S rRNA reads assigned to Euzebyales and Solirubrobacterales increased and those for Vibrionales and SAR11 decreased in the Niskin metatranscriptomes, compared with the MISNAC, which might be caused by the environmental changes such as pressure, temperature, and light during sampling by Niskin bottle and subsequent treatments onboard (Figure 6A). Moreover, the MISNAC metatranscriptomes contained notably more observed OTUs in 16S rRNA fragments, compared to the Niskin counterparts, as suggested by the rarefaction curves (Figure 6B). The result indicated that the in situ RNA of the microbes were better preserved by the MISNAC apparatus, while a large fraction of RNA molecules were degraded in the cells during the sampling by the Niskin bottle. The answer to the factors that raised the transcriptomic differences between the MISNAC and Niskin samples will be provided by future analyses using the frequency of functional genes in the transcriptomes.
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FIGURE 6. Classification of 16S rRNA transcripts at order level (A) and rarefaction curve of observed OTUs (B) in metatranscriptomes. The microbial samples in waters were collected at ∼1,000 m depth site during the third cruise PD-12 by two methods: multiple in situ nucleic acid extraction (MISNAC) and Niskin bottle (NISKIN). The 16S rRNA reads extracted from the metatranscriptomes were classified to reveal the active microbes in the samples. The number of observed OTUs was calculated at a 3% dissimilarity. The details of the samples are referred to Supplementary Table S1.


The application of MISNAC apparatus in nucleic acid extraction at ∼1,000 m depth in the SCS may facilitate the designation of autonomous in situ laboratories in the deep oceans. To the best of our knowledge, the MISNAC is the first deep-sea apparatus that can independently accomplish a series of tasks using the associated multiple working units, and will provide nucleic acids for subsequent molecular work and cell lysis for in situ analysis of cell components in the microbial cytoplasma. The D-ESP already has a capacity to perform quantitative PCR of functional genes using in situ extracted DNA but it could work at one time point in each deployment (Ussler et al., 2013).



CONCLUSION

The results in this study suggested that autonomous extraction of nucleic acids with multiple working units was feasible in deep oceans. With the MISNAC for automatic in situ samplings, in situ enrichment of the autotrophic microbes with 13C-labeled CO2 will allow us to uncover and quantify the carbon fixation processes by deep-sea organisms in near future. The largely consistency of microbial community structures between the MISNAC and ISMIFF samples indicates that the autonomous apparatuses could be applied for microbial sample collections in other extreme aquatic environments. Continuous sample collection by MISNAC apparatus will be applied to further explore diel variations of microbial community structure and to capture quick responses of functional genes in deep sea environments in future.
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The DNA samples collected by MISNAC and ISMIFF were as demonstrated by their sample IDs. The microbial filtrations and nucleic acids were obtained by four lander
deployments at deep-sea sites in the SCS (Supplementary Figure S1). The \3-V4 regions of 16S rRNA genes were amplified and sequenced on an lllumina platform.





