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Surprisingly high rates of microbial respiration have recently been reported in hadal
trench sediment, yet the potentially active microorganisms and specific microbe-
microbe relationships in trench sediment are largely unknown. We investigated the
bulk and active prokaryotic communities and co-occurrence interactions of different
lineages in vertically sectioned sediment cores taken from the deepest points of the
Mariana and Mussau Trenches. Analysis on species novelty revealed for the first time
the high rate of novel lineages in the microbial communities of the hadal trenches. Using
95, 97, and 99% similarity as thresholds, averagely 22.29, 32.3, and 64.1% of total
OTUs retrieved from sediments of the two trenches were identified as the potentially
novel lineages, respectively. The compositions of the potentially active communities,
revealed via ribosomal RNA (fRNA), were significantly different from those of bulk
communities (fDNA) in all samples from both trenches. The dominant taxa in bulk
communities generally accounted for low proportions in the rRNA libraries, signifying
that the abundance was not necessarily related to community functions in the hadal
sediments. The potentially active communities showed high diversity and composed
primarily of heterotrophic lineages, supporting their potential contributions in organic
carbon consumption. Network analysis revealed high modularity and non-random co-
occurrence of phylogenetically unrelated taxa, indicating highly specified micro-niches
and close microbial interactions in the hadal sediments tested. Combined analysis
of activity potentials and network keystone scores revealed significance of phyla
Chloroflexi and Gemmatimonadetes, as well as several potentially alkane-degrading taxa
in maintaining microbial interactions and functions of the trench communities. Overall,
our results demonstrate that the hadal trenches harbor diverse, closely interacting, and
active microorganisms, despite the extreme environmental conditions.
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INTRODUCTION

The deep ocean harbors around 75% of prokaryotic biomass and
more than half of the prokaryotic production of the global ocean
and is a key site for organic carbon remineralization and long-
term carbon storage in the biosphere (Aristegui et al., 2009).
Research efforts in the past decades have achieved dramatic
advances on understandings of diverse deep-sea habitats, such
as seamounts, cold seeps, brine pools, and hydrothermal vents
(Corinaldesi, 2015). However, one type of deep-sea habitat, the
hadal zone, is seldom touched due to the great technological
challenges for investigation.

The hadal zone is the marine habitats with depth greater
than 6,000 m. It is the deepest part of the ocean and is
comprised primarily of deep trenches (Jamieson et al., 2010;
Jamieson, 2015). This area is the end of the vertical transport
of photosynthetic organic matter in the ocean and is also the
“tunnel” for material and energy exchanges between the ocean
and the deep earth, playing a special ecological role in the marine
ecosystem (Jamieson, 2015; Liu et al., 2018b). The hadal zone
is featured with many extreme physical-chemical conditions,
such as low temperature and extremely high hydrostatic pressure
(Taira et al., 2005; Jamieson et al., 2010). These environmental
factors exert strong negative effects on cell growth and biological
activities, causing great challenges to the survival of organisms
(Mota et al., 2013; Tamburini et al., 2013). However, the hadal
zone is not a “biological desert.” Multiple sources of organic
matter inputs, combined with special topography and frequent
tectonic activities, promote the accumulation of organic matter
in the trenches (Ichino et al., 2015; Jamieson, 2015; Liu et al.,
2018b). High content of organic matter, abundant microbial cells,
and active microbial carbon turnover have been reported in
the sediment of multiple trenches, making the hadal trenches
“hot spots” of organic carbon degradation in the deep ocean
(Danovaro et al., 2003; Glud et al., 2013; Wenzhofer et al., 2016;
Luo et al.,, 2018).

Despite the expanding reports about the active microbial
carbon turnover in the trench sediments, limited information
is known regarding the hadal microbial communities and the
possible microbial processes that are driving the carbon cycles
occurring in the hadal trenches. To date, only a handful studies
have been conducted to investigate the diversity of microbial
communities in water (Eloe et al., 2011; Le6n-Zayas et al., 2015;
Nunoura et al, 2015, 2016; Peoples et al., 2018; Liu et al,
2019) and sediment (Nunoura et al., 2018; Zhang et al., 2018;
Cui et al,, 2019; Peoples et al, 2019) of the hadal trenches.
These studies revealed that the hadal zone contains a distinct
composition of microbial communities, mainly enriched by
heterotrophic taxa, such as members from phyla Marinimicrobia
(SAR406 clade), Bacteroidetes, Chloroflexi (SAR202 clade), and
Thaumarchaeota (Nunoura et al., 2015, 2016; Peoples et al., 2018;
Liu et al., 2019). The findings seem to be well matched with the
observed high rate of organic carbon turnover in the trenches
(Nunoura et al., 2015; Tarn et al., 2016; Peoples et al., 2019).
However, majority of the existing studies about hadal microbial
communities utilized ribosomal RNA gene (rDNA) as their
molecular target, which detect the bulk community including

not only the metabolically active taxa but also the dormant,
deceased taxa and even extracellular DNAs that persisted in
the environments (Liu et al,, 2015; Li et al, 2017). Recent
studies have reported that only 6.5-34.5% of cells from pelagic
microbial communities of the Mariana and Kermadec trenches
were alive (Peoples et al., 2018). Whether the dominant taxa
identified in the previous studies are alive and active in the
hadal trenches is still an open question. In addition, it is still
not known what kinds of microbe are alive and potentially the
major contributor of microbial activities in the hadal zone and
what the relative activities of different microbial taxa are in the
alive community.

The composition and ecological functions of the microbial
community are sustained by individual microorganisms via
complex ecological interactions, such as cooperation, cross-
feeding, competition, and predation (Faust and Raes, 2012).
A better understanding of the biogeochemical cycling processes
requires insights into the interactions among members within
microbial communities (Faust and Raes, 2012; Reji et al., 2019).
Reconstruction of an ecosystem-wide co-occurrence network
has been applied to explore ecologically meaningful interactions
between different microbial taxa in diverse environments
(Williams et al., 2014; Cheung et al., 2018; Reji et al., 2019).
To date, nothing is known regarding the interactions between
different microbial taxa in the hadal trenches, and the relative
significance of different taxa in maintaining the structure and
functions of the hadal microbial community is not clear.

The trenches are typically V-shaped, comprising two slopes
and the deeper trench floor, resulting in a distinct and
elongated area in the seafloor, topographically separated from
the upper ocean (Jamieson, 2011; Liu et al., 2018b). Such
physical separation, combined with the extreme environmental
conditions, was believed to result in many special and novel
organisms in the hadal trenches (Jamieson et al., 2010; Jamieson,
2015). In supporting such hypothesis, a large number of
new species have been reported for faunal communities in
different trenches (Wolff, 1970; Jamieson, 2015). For example,
as many as 250-310 new species have been found in 8 of the
trenches explored during the Soviet Vitjaz and Danish Galathea
expeditions, leading to the concept of “hadal community”
(Wolft, 1959, 1970; Liu et al, 2018b) or “hadal biosphere”
(Nunoura et al., 2015; Liu et al., 2018b). However, it has
never been tested if a large number of novel lineages
exist in the hadal microbial communities. In this study,
we investigated for the first time the abundance, species
composition, and spatial variations of the bulk and active
prokaryotic community in sediment cores taken from the
deepest points of the Mariana and Mussau trenches, using
high-throughput sequencing on amplicons of both 16S rRNA
gene and 16S rRNA, respectively. The objectives are to (1)
determine the diversity and compositions of bulk and potentially
active prokaryotic communities; (2) test the novelty of the
hadal prokaryotic lineages; (3) compare the species composition
and spatial variations of the potentially active prokaryotic
communities in both trenches; and (4) study the relative
activities and interactions of potentially active prokaryotic taxa
in sediments of the hadal trenches.
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MATERIALS AND METHODS

Site Description and Sampling Procedure
Sediment samples were obtained from the Mariana and Mussau
trenches during the cruise from December 2016 to January
2017 by the MV Zhangjian. The sampling site MT (11.4037°N,
142.3630°E), with water depth of 10,853 m, is close to
the Challenger Deep of the Mariana Trench (Supplementary
Figure S1). The site MST (0.8973°N, 148.8892°E), with water
depth of 7,011 m, is located close to the deepest point of
the Mussau Trench (Supplementary Figure S1). In situ O,
uptake rates in both sites were much higher than those from
the abyssal plain, suggesting active microbial metabolism (Luo
et al, 2018). Sediment samples were collected using a box
corer (with a base area of 400 cm? and a height of 25 cm)
attached to the Hadal Lander II, developed recently by Shanghai
Engineering Research Center of Hadal Science and Technology
of Shanghai Ocean University (Luo et al., 2018). Two hours after
the lander reached the seafloor, the sampling chamber was slowly
driven into the seafloor until it reached around 21 cm below
the sediment surface. A lid was then released to seal the box
corer, and the lander was recovered. After recovering on board,
the sediment samples were immediately subsampled using 50-
mL sterile centrifuge tubes, and the tubes were stored under
—80°C on board.

DNA/RNA Extraction and Reverse

Transcription

Sediment cores were thawed on ice and were depth fractioned
to 0-2, 2-3, 3-4, 4-5, 5-6, 6-7, 7-8, 8-9 and 9-10 cm
subsamples. Total DNA and RNA were co-extracted from
triplicate 1-g sediments of each depth fraction using the
PowerSoil® Total RNA Isolation Kit and DNA Elution Accessory
Kit (MoBio Lab, United States), with minor modifications:
after the lysis step, synthetic 400-bp DNA and 383-bp RNA
fragments, prepared according to Supplementary Material (see
section “Supplementary Methodology”), were added to each
sample (1 x 10° copies each) as nucleic acid recovery control
(NRC). The rest of the steps of the DNA/RNA extraction
followed the manufacturer’s instructions, and the extracted
nucleic acids were subsequently frozen at —80°C until use.
Extraction blanks were included for each batch of extraction
and did not result in detectable nucleic acids. The RNA samples
were treated with DNase I and subjected to the synthesis
of cDNA using the GoScript™ Reverse Transcription System
(Promega, United States) and random primers. The no-template
and no-transcriptase control reactions included in each reverse
transcription run did not result in detectable cDNA.

Quantitative PCR (qPCR) Analyses

Each DNA and ¢cDNA sample was tested with three SYBR®
Green qPCR assays to determine the copy numbers of bacterial
and archaeal 16S rRNA and 16S rDNA, as well as copy
numbers of NRCs. Details of primer sequences, in silico testing
of specificities, and performance of each qPCR assay were
provided in Supplementary Tables S1-S3. For procedures of the

qPCR analysis, please refer to Supplementary Material section
“Supplementary Methodology” and Liu et al. (2015). Percent
recovery of the DNA and RNA NRCs was determined for each
sample by dividing the measured copy numbers with total copies
added (1 x 10° copies). The copy numbers of the bacterial and
archaeal 16S rDNA and 16S rRNA reported in the manuscript
have been corrected by the percent recovery of DNA and RNA
NRCs in each sample.

PCR Amplification of 16S rRNA and

rRNA Gene

DNA and cDNA samples were amplified with a barcoded primer
set 515F/907R targeting V4-V5 hypervariable regions of the
prokaryotic community (Supplementary Tables S1, S2). The
detailed procedure of PCR reactions including reaction mixtures
and thermocycle programs was the same as that of Liu et al.
(2018a). Negative control and positive control were included in
each amplification run. Within each depth fraction, triplicate
PCR products were acquired for each molecular marker (DNA
or cDNA), and they were then combined as two samples (DNA
and cDNA). cDNAs from 6-7 to 8-9 cm of the MT site failed
in PCR amplifications and were excluded from further analysis.
Eight additional samples were prepared for DNA and cDNA
from four depth fractions of MST, serving as replicates to
monitor the variations between different runs of the PCR and
the sequencing process. Ultimately, a total number of 42 samples
(20 cDNA and 22 DNA samples) were successfully prepared and
went through sequencing. PCR products from each sample were
gel purified using AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, United States) and quantified using
QuantiFluor™-ST (Promega, United States).

lllumina MiSeq Sequencing, Sequence

Processing, and Diversity Analysis

Purified amplicons from different samples were equimolar
pooled and subjected to paired-end sequencing (2 x 300)
on an Illumina MiSeq platform (Illumina, San Diego, CA,
United States) in Majorbio Bio-Pharm Technology Co.
Ltd. (Shanghai, China). Raw fastq files were demultiplexed,
quality-filtered by Trimmomatic (Bolger et al, 2014), and
assembled by FLASH (Magoc and Salzberg, 2011). Chimeric
sequences were identified and removed using UCHIME
and operational taxonomic units (OTUs) were clustered
with 97% similarity cutoff using UPARSE (version 7.1). The
taxonomy of each OTU was assigned by RDP Classifier against
the SILVA 16S rRNA database (SSU132) with a confidence
threshold of 70%. Sequences found within our sequenced PCR
negative control and those similar to known contaminants
related with human sources or contaminants reported in
previous hadal trench studies (Nunoura et al., 2015; Peoples
et al., 2019) were discarded (please refer to Supplementary
Material for full list). These processes resulted in 6,680
7,5476 sequences for different samples in the generated OTU
table, and the sequences were resampled according to the
minimum sequence number among all samples. Diversity
indices including Sobs, Chao 1, Shannon index, Simpson
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index, and Good’s coverage were calculated using Mothur
(version 1.35.1).

Novelty of the Prokaryotic Taxa From the

Hadal Trenches

The degree of novelty of the hadal prokaryotic lineages was
assessed by comparing the detected 16S rRNA and rDNA
sequences to those present in public databases. Representative
sequences from each OTU were compared with the SILVA SSU
Ref (releasel32) (Quast et al., 2013; Yilmaz et al., 2014) and NCBI
Nucleotide (nt) databases (Wheeler et al., 2008), using 97 and
99% identity values as proxies of novel lineages. The 235-Mb
SILVA SSU Ref and 72-G NCBI nt databases were downloaded
on April 21, 2019, and served as reference for BLAST (v2.9.0).
A cutoff e-value of 1E-05 was used, and 10 target sequences were
allowed for each query sequence. The valid BLAST results were
examined to find out novel OTUs that showed <95%, <97%, or
<99% identities with existing sequences in public databases. The
list of novel OTUs was extracted out, and their distribution and
relative abundance in different MT or MST sediment prokaryotic
communities were analyzed.

Variations of Community Composition
Between Different Trenches or Different

Molecular Markers

Beta-diversity analysis was conducted to reveal variations of the
prokaryotic communities in different depths, different trenches,
and different molecular markers. To achieve a comprehensive
understanding on hadal prokaryotic communities, published
data of 38 rDNA libraries from sediment of Mariana Trench
and Kermadec Trench were also included and were labeled as
MT-ref. and KT-ref.,, respectively (Peoples et al,, 2019). Raw
sequence reads were downloaded from the NCBI SRA database
and gone through the sequence processing procedure together
with the raw sequences from this study. The generated OTU
table was resampled to the minimum sequence number (5,667
sequences per sample). A Bray-Curtis similarity matrix was
then generated based on microbial compositions at class level
and was visualized using non-metric multidimensional scaling
(nMDS) and hierarchical clustering (UPGMA) using PRIMER
6.0 package. One-way analysis of similarity (ANOSIM) was
performed to test for differences between different trenches
(groups MT, MST, MT-ref,, and KT-ref.) or between different
molecular targets (groups rDNA and rRNA). Significance levels
of the differences between compared groups were tested using
permutational methods with 1,000 permutations.

Co-occurrence Network Analysis on

Dominant Taxa From Both Trenches

Co-occurrence network analysis was conducted to investigate
the interactions between potentially active prokaryotic lineages
in sediment of the hadal trenches, based on the OTU table
containing only the 20 rRNA libraries. To increase the sensitivity
of the network, only OTUs that fulfilled the following three
criteria were included in the network analysis: (1) with average
relative abundances >0.05% in total sequence reads of all rRNA

libraries, (2) present in >50% of total samples, and (3) present
in at least 3 samples in each trench (Berry and Widder, 2014;
Cheung et al, 2018). Correlations between OTUs were then
calculated using the SparCC program with 20 iterations and
500 bootstraps (Friedman and Alm, 2012). Only the edges
with significant (p < 0.001) and strong correlations (correlation
coefficient > 0.500) were kept (Cheung et al., 2018), and the
network was visualized by Cytoscape (version 3.7.1; Shannon
et al,, 2003). Topological parameters of the network were
calculated using NetworkAnalyzer plugin (Assenov et al., 2008).
The potential modules were identified with the Markov cluster
(MCL) algorithm using clusterMaker2 plugin (Morris et al,
2011). Betweenness centrality and degree centrality scores were
adopted as indexes to evaluate the significance of OTUs in
the network, and the OTUs with the highest values of either
betweenness centrality or degree centrality were identified as
putative keystone taxa (Reji et al., 2019).

RESULTS

Diversity and Composition of the
Prokaryotic Communities in Hadal
Sediments Revealed by 16S rDNA and
rRNA

After sequence processing and resampling, our final data set
contained 280,560 sequences in total (6,680 sequences/sample).
The total numbers of OTUs retrieved were 1,456, 1,102, 1,833,
and 1,927 from MT rDNA, MT rRNA, MST rDNA, and MST
rRNA libraries, respectively. Analysis of alpha diversity suggests
that both the species richness (e.g., Chao 1) and diversity
indexes (Shannon) were higher in rDNA libraries than in
rRNA libraries for the MT samples (Supplementary Figure S2
and Supplementary Table S4). In contrast, in MST samples,
comparable Chao 1 values were observed for rDNA and rRNA
libraries, whereas the Shannon index was obviously higher in
rRNA libraries than rDNA libraries (Supplementary Figure S2
and Supplementary Table S4). The Good’s coverage ranged from
95.1 t0 99.9% in all rDNA and rRNA libraries, with an average of
97.2% (Supplementary Table $4), suggesting that the majority of
the diversity of the studied microbial communities was covered.

Quantitative PCR revealed that bacteria dominated the
prokaryotic communities in all of the tested samples from the two
trenches (Figure 1). The archaeal community only accounted for
6.12-34.72% and 0.42-1.99% of total prokaryotic rDNA copies
and 1.94-3.78% and 0.00-0.12% of prokaryotic cDNA copies,
in MT and MST sediments, respectively (Figure 1). The copy
numbers of the prokaryotic rDNA and rRNA (cDNA) were the
highest at the surface or near the surface of sediments and
decreased rapidly with increasing depth (Figure 1).

A sequence analysis of different rDNA and rRNA libraries
showed that the prokaryotic communities from MT and
MST sediment samples mainly consisted of taxa from 29
dominant classes in 16 phyla. Among them, 26 classes were
bacteria and only 3 classes (unclassified Woesearchaeota,
Methanomicrobia, and Marine Group I) were archaea (Figure 2).
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FIGURE 1 | Changes in abundance (log transformed) and relative abundance of bacterial and archaeal rRNA (cDNA) and 16S rDNA at different depths of MT and
MST sediments. Data points show the mean and standard deviations among triplicate samples of each depth fraction. Relative abundance of Archaea (Arch.%) and
Bacteria (Bact. %) in total prokaryotic communities were calculated using mean abundance of Archaea or Bacteria in each depth fraction.
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The rRNA libraries from MT sediment samples mainly consisted
of classes Gemmatimonadetes, Actinobacteria, SAR202 clade,
and Alphaproteobacteria and JG30-KF-CM66 clades and on
average account for 51.53% of the total sequences. The rRNA
libraries from MST sediments were dominated by classes
of Alphaproteobacteria, SAR202 clade, Gemmatimonadetes,
Deltaproteobacteria, and Acidobacteria, accounting for 70.97% of
the total sequences from MST rRNA libraries (Figure 2). It is clear
that the species composition of the rRNA libraries was drastically
different from those of rDNA libraries from the same sediment
sample in both trenches (Figure 2).

Novel Prokaryotic Lineages in Hadal

Sediments

We assessed the degree of novelty of prokaryotic diversity
in the hadal sediment by comparing the detected 16S rRNA
gene sequences to those present in public databases. OTU
representative sequences were compared with the SILVA and
NCBI databases using 95, 97, and 99% identity values as

thresholds. OTUs showed that identities <95%, <97%, or <99%
with existing sequences in public databases were defined as
potential novel OTUs. The result showed that averagely 22.29%
(ranged from 18.11 4 7.82% to 30.23 £ 11.77%) of OTUs from
rDNA and rRNA libraries of both trenches were identified as
novel OTUs at the 95% identity level (Figure 3A). Averagely
32.30% (ranged from 16.45 £ 7.00% to 45.97 = 10.00%) of OTUs
from rDNA and rRNA libraries were identified as novel OTUs
at the 97% identity level (Figure 3A). When using 99% identity
as threshold, novel OTUs averagely account for 64.08% (ranged
from 43.27 £ 12.93% to 75.46 £ 8.63%) of total OTUs from
different libraries (Figure 3A). The novel lineages defined at 95%
identity averagely represent 5.01% (ranged from 1.65 £ 0.89% to
12.13 £ 4.16%) of total reads from rDNA and rRNA libraries
of both trenches (Figure 3B). The sequences of novel lineages
account for 3.91 £ 0.72% to 20.03 £ 6.42% (average value
12.11%) and 16.40 £ 2.67% to 53.01 + 4.71% (average value
35.57%) of the total reads from different types of libraries from
both trenches, at 97 and 99% identity thresholds, respectively
(Figure 3B). These novel lineages belong to more than 30 phyla,
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FIGURE 3 | Identified novel OTUs based on BLAST analysis against the SILVA and NCBI nt databases. Novel lineages were defined using 95, 97, and 99% identity
as thresholds, respectively. (A) Proportion of novel OTUs in the total number of OTUs retrieved from the rDNA and rRNA libraries of different trenches. (B) Relative
abundance of the novel OTUs in the total sequence reads from rDNA and rRNA libraries of different trenches. The bar and error bar show the mean and the standard
deviation among different samples from the same trench. (C) Taxonomy of the novel OTUs at class level, and the proportion of OTUs from each class in the total
number of novel OTUs. OTUs that account for <2% of identified novel OTUs from rDNA and rRNA libraries of different trenches were classified as “Others.”
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within which Woesearchaeota, Parcubacteria, Planctomycetes,
Chloroflexi, Proteobacteria, and Actinobacteria are the major
groups (Figure 3C).

Variations in Compositions of the Hadal
Prokaryotic Communities Between
Different Trenches or Different Molecular

Markers

The nMDS based on all of the 42 rDNA and rRNA libraries
in this study and 38 additional rDNA libraries from the
literature (Peoples et al,, 2019) revealed two large groups at
the 20% similarity level: the rDNA group and the rRNA group
(Figure 4). Within the two groups, several smaller groups were
formed, separated by different trenches (Figure 4). ANOSIM
analysis suggests significant differences between the observed
groups (Table 1). It is interesting to note that the R values
were significantly greater for comparisons between different
molecular markers (rDNA vs. rRNA) than between different
trenches using the same molecular targets (P < 0.050, t-test)
(Table 1). In addition, when combining all rDNA samples from
different trenches into one group, named as “All rDNA; it
showed a significant difference from the “All rRNA” group
(ANOSIM, R = 0.864, P = 0.001, Table 1), suggesting again
that the differences between the molecular markers were
significantly larger than those between different trenches or
between different depths.

Relatedness between abundance and potential activities was
further explored by plotting the relative abundance of OTUs
in the rRNA library (rRNA frequency) against their relative
abundance in the rDNA library (rDNA frequency) (Figure 5).
Majority of the tested 24,199 and 31,113 data points are located
off the 1:1 line. As a result, only weak correlations exist between
rRNA and rDNA frequencies for OTUs from each sample tested
in this study (Pearson correlation coefficient R = 0.1970 and
0.1840, Figure 5). It is important to notice that the most
abundant prokaryotic lineages in the bulk communities of MT
and MST sediments (rDNA libraries) generally showed low
contribution to overall activities, as revealed by their low relative
abundance in rRNA libraries (Figure 5 and Supplementary
Figure S$3). In contrast, the most active OTUs as indicated
by their high percentage in rRNA libraries generally show low
abundance in the bulk community (low percentage in rDNA
libraries) (Figure 5).

The Dominant Taxa in rRNA Libraries

In this study, dominant taxa were defined as OTUs that averagely
contribute >0.3% of total sequences among all rDNA or rRNA
libraries of the same trench. In total, 62 and 69 OTUs were
identified as dominant taxa in rRNA libraries from MT and
MST, respectively (Figure 6). These OTUs mainly belong to
classes/phyla Gemmatimonadetes, Actinobacteria, SAR202
clade, JG30-KF-CM66, Alphaproteobacteria, Betaproteobacteria,
Deltaproteobacteria, ~Gammaproteobacteria, —Acidobacteria,

Sample groups
MT-rDNA
MT-rRNA
MST-rDNA
MST-rRNA
MT-ref.
KT-ref.

O+ ¥ %¥dd

———40%

2D Stress: 0.11

FIGURE 4 | Non-parametric multidimensional scaling ("MDS) based on Bray-Curtis similarity of species composition at class level. Different symbols represent
different sample types (rDNA vs. rRNA) from different trenches (MT, MST, MT-ref., and KT-ref.). Circles with solid and dashed lines indicate 20 and 40% similarity

levels, respectively.
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TABLE 1 | Analysis of similarity (ANOSIM) between different trenches (MT, KT, and
MST) and different molecular targets (rDNA and rRNA), based on Bray—Curtis
similarity of species composition at class level.

MT-rDNA MST-rDNA KT-ref. MT-ref. MT-rRNA
MST-rDNA 0.877*
KT-ref. 0.835" 0.762
MT-ref. 0.765"* 0.693  0.204**
MT-rRNA 0.620** 0.951*  0.975 0.936™
MST-rRNA 0.917** 0.999~  0.997~ 0.951% 0.838™
All 'DNAT vs. All(RNAT 0.864**

R-values were shown in the table to indicate the difference between each pair of
comparison. The values with gray background are comparisons between different
molecular targets, and those with white background are comparisons between
different trenches using same molecular target. **Significance levels P < 0.001. TAll
rDNA group includes MT-rDNA, MST-rDNA, MT-ref., and KT-ref. All rRNA group
includes MT-rRNA and MST-rRNA.

Phycisphaerae, and Planctomycetacia, accounting for 54.73 and
60.47% of the total sequences in MT and MST rRNA libraries,
respectively (Supplementary Figures S4, S5). The identified
dominant taxa in rRNA libraries generally showed rRNA: rDNA
ratios higher than 1, and some of the OTUs even showed rRNA:
rDNA ratios higher than 100 (Figure 6).

The detailed classification and distribution of the top 20 most
dominant OTUs in rRNA libraries of each trench were further
analyzed (Figure 6). Generally, the most dominant OTUs in
MT rRNA libraries were mainly uncultured OTUs belonging
to Gemmatimonadaceae of phylum Gemmatimonadetes (3
OTUs), JG30-KF-CM66 (4 OTUs), Anaerolineaceae (1 OTU),
and SAR202 clade (2 OTUs) of phylum Chloroflexi. The rest
10 OTUs were from phlya Proteobacteria, Actinobacteria,
Firmicutes, Deinococcus-Thermus, and Synergistetes. The most
dominant OTUs in MST rRNA libraries were less diverse than
those in MT sediments. The OTUs were mainly from family
Gemmatimonadaceae of phylum Gemmatimonadetes (2 OTUs);
families Rhodospirillaceae (6 OTUs) and Rhodobacteraceae
(1 OTU), and order Rhodospirillales (1 OTU) from
Alphaproteobacteria; SAR202 clade (4 OTUs), JG30-KF-CM66
(I OTU), and unclassified lineage (1 OTU) from phylum
Chloroflexi; and family Desulfurellaceae (2 OTUs) and order
Desulfuromonadales (1 OTU) from Deltaproteobacteria.

Co-occurrence Patterns of Potentially
Active Prokaryotic Taxa in Sediment of

the Two Trenches

A total of 119 OTUs that were commonly present in rRNA
libraries of both trenches went through the initial filtering
step and were included in the network analysis. These OTUs
are mainly from 15 phyla, among which Chloroflexi (40
OTUs), Proteobacteria (34 OTUs), Planctomycetes (17 OTUs),
and Gemmatimonadetes (10 OTUs) are the largest group
(Figure 7A). Markov cluster (MCL)-based modular analysis
revealed that the network of potentially active prokaryotic
communities from both trenches showed high modularity. There

were 13 modules identified to contain >3 OTUs. Modules 1 and 2
are the largest clusters, containing around half of the OT'Us in the
network (Figure 7B). Generally, each module was comprised of
OTUs from diverse prokaryotic lineages, and different modules
have different compositions (Figures 7A,B). Among all taxa
present in the network, OTUs from Chloroflexi (mainly SAR202
clade) are the most widely distributed, present in 8 of the 13
identified modules (Figure 7).

In the network, degree centrality and betweenness centrality
scores were predicted as metrics of keystone taxa (Reji et al.,
2019). The top 10 OTUs with the highest degree centrality
scores were members of Anaerolineaceae (1 OTU), JG30-
KF-CM66 (2 OTUs), SAR202 (1 OTU), Rhodospirillaceae
(3 OTUs), Xanthomonadales (2 OTUs), and OM1 clade (1 OTU)
(Figure 7A and Supplementary Table S5). OTUs with top 10
highest betweenness centrality scores belong to the SAR202
clade (4 OTUs), JG30-KF-CM66 (1 OTU), Rhodobacteraceae
(I OTU), Rhodospirillaceae (1 OTU), Xanthomonadales
(1 OTU), BD7-8 marine group (1 OTU), and Phycisphaeraceae
(1 OTU) (Figure 7A and Supplementary Table S5). Majority of
the identified keystone OTUs showed high values in one type
of centrality, i.e., degree centrality or betweenness centrality.
However, OTU1414, OTU3165, and OTU2509 from uncultured
Rhodospirillaceae, JG30-KF-CM66, and Xanthomonadales,
respectively, showed high scores for both degree and betweenness
centrality. All of the nodes with the highest degree centrality were
located in the center of modules 1 and 2 (Figure 7A), while those
with the highest betweenness centrality were widely distributed
in different modules and usually located at the junctions of
different modules (Figure 7B). Another observation is that the
keystoneness of the OTUs was not related with their relative
abundance. Majority of the identified keystone OTUs were not
the most abundant OTUs in rRNA libraries.

DISCUSSION

High Level of Novelty for Prokaryotic

Communities in Hadal Sediments

This study assessed for the first time the novelty of prokaryotic
communities in hadal sediments by comparing the detected 16S
rRNA and rDNA sequences to those present in the SILVA and
NCBI databases. Three identity values, i.e., 95, 97, and 99%,
were selected as thresholds of potentially novel OTUs. The 95%
identity is usually adopted as a proxy for genus, and 97% identity
is widely used in microbial ecology studies as a broad proxy for
identifying new species (Salazar et al., 2016). However, it is well
known that 16S rRNA genes from different species may also show
identities higher than such value (Fox et al., 1992; Acinas et al,,
2004; Stackebrandt, 2006). New thresholds of 98.2-99.0% have
been proposed and widely applied for identification of potentially
new species (Stackebrandt and Ebers, 2006; Meier-Kolthoft et al.,
2013; Kim et al., 2014). Therefore, the 97% identity value was
used in this study as a conservative threshold to identify the new
species, and the 99% identity value was utilized to identify all
putatively new lineages/OTUs (Salazar et al., 2016).

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1521


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

Active Communities in Hadal Trenches

FIGURE 5 | Relationships between 16S rRNA and rDNA frequencies of each OTU in rDNA and rRNA libraries of each individual sample in the MST and MT
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Our results showed that averagely 22.29, 32.30, and 64.08%
of OTUs from the rDNA and rRNA libraries of both trenches
were identified as novel OTUs at 95, 97, and 99% identity levels,
respectively (Figure 3A). The proportion of novel lineages in
prokaryotic communities of the hadal sediment was comparable
to those of the global bathypelagic microbial communities
(Salazar et al., 2016). However, the novel lineages detected in
this study averagely account for 5.01, 12.11, and 35.57% of
total reads at 95, 97, and 99% identity thresholds, respectively
(Figure 3B). Such finding is different from other marine habitats,
where the novel lineages usually represent minor fractions of
the total reads and have been considered as members of the
“rare biosphere” (Sogin et al, 2006; Salazar et al., 2016; Mo
et al.,, 2018). For example, the novel lineages only represented
2.2, 4.5, and 9.1% of total sequences in the global bathypelagic
oceans, at 95, 97, and 99% identities, respectively (Salazar et al.,
2016), and represent 5.5% of total sequences in global epipelagic
and mesopelagic waters from the Tara Ocean samples (at 97%
identity threshold; Sunagawa et al., 2015). The relatively high
abundance of novel lineages in the trench sediment suggests
their potential significance in activity and functions of hadal
microbial communities and also demonstrates that the hadal
trenches may be a reservoir of new microbial species. These
novel lineages were with high diversity and belong to more
than 30 phyla, including many understudied phyla such as
Parcubacteria, Planctomycetes, Chloroflexi, and Woesearchaeota
(Figure 3C). Further exploration on phylogeny and genomic
features of these novel hadal lineages will greatly expand our
current understanding on the diversity, ecological function, and
life strategies of trench microorganisms.

Significant Difference Between rDNA

and rRNA Revealed Diversities

Compared with rDNA, ribosomal RNA (rRNA) is generally more
related with activity states of the cells, as rRNA molecules are
degraded rapidly in physically damaged or dead cells (Blazewicz
et al., 2013; Maivili et al., 2013; Liu et al., 2015) and its abundance
is positively correlated with cellular activities such as metabolism

and growth (Campbell et al.,, 2011; Hunt et al., 2013). On the
other hand, dormant cells of certain microbial taxa were also
reported to contain measurable amounts of rRNA in some cases
(Blazewicz et al., 2013). Therefore, quantification and sequencing
of rRNA detect the “potentially active” fractions of the microbial
community. The ratios between rRNA and rDNA sequences
(rRNA: rDNA ratio) can be further applied as a means of
normalized rRNA transcripts against cell count to identify the
metabolically active taxa (Steven et al., 2017). rRNA sequences
and rRNA: rDNA ratios have been widely applied to characterize
the active communities in different marine habitats, such as salt
mash sediment (Kearns et al., 2016), surface seawater (Campbell
etal., 2011), deep-sea water (La Cono et al., 2009; La Cono et al.,
2015), deep-sea sediment (Yanagawa et al., 2013; Hoffmann et al,,
2017), and ice sheet (Stibal et al., 2015).

Our results revealed significant differences between species
composition of the rDNA and rRNA libraries from sediments of
hadal trenches, and the differences between molecular markers
(i.e, rDNA vs. rRNA) were even larger than those between
different depths (0-10 cm), different trenches (MT, MST,
and KT-ref.), or different sampling times (MT and MT ref.)
(Figure 4 and Table 1). Significant differences between the
rDNA and rRNA revealed that diversities have also been widely
reported in microbial communities from other environments
(La Cono et al., 2009, 2015; Campbell et al., 2011; Yanagawa
et al, 2013; Stibal et al.,, 2015; Kearns et al., 2016; Hoffmann
et al, 2017). However, the rRNA and rDNA relationships
of the microbial communities from hadal trenches showed
features that are drastically different from those of other
environments. For example, strong correlations were observed
between RNA and DNA frequencies among different taxa
in surface seawater, marine sediments, or Arctic thermokarst
lakes, although overall species compositions from rRNA and
rDNA libraries were significantly different (Campbell et al.,
2011; Matheus Carnevali et al., 2018). In contrast, for hadal
microbial communities tested in this study, correlations between
rRNA and rDNA frequencies of different taxa were very weak
(R < 0.2000, Figure 5), suggesting that the potential activity
of an OTU in hadal sediment does not follow its relative
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FIGURE 6 | Dominant taxa in the potentially active prokaryotic communities in the sediments from MT and MST. The OTUs averagely representing >0.3% of total
sequences among all rRNA libraries from the same trench were selected. The numbers below the x-axis are OTU names. Vertical bars show the average relative
abundance of each OTU in the total sequences of all rRNA libraries from the same trench. The orange and blue bars indicate the novel OTUs identified at the 97 and
99% identity thresholds, respectively. Heatmaps show the top 20 most dominant taxa among all rRNA libraries of the same trench and their distributions at different
depths. OTUs in the heatmap follow the same order with the x-axis of the bar chart. Labels beside the heatmap show the lowest identified taxonomy for each OTU.
Colored circles show class/phylum that each OTU belongs to. The scattered triangles at the lower panel show log-transformed rRNA%: rDNA% ratio of each OTU,
which was calculated using the average percentage of each OTU in rRNA libraries and rDNA libraries from the same trench. The dashed line indicates the 1:1 line.

@ Gammaproteobacteria

abundance in the bulk community. Peoples et al. (2018) reported  microbial communities are either dead or with activities lower

that only 6.5-34.5% of microbial cells from hadal waters
were active, suggesting that majority of the cells in hadal

than the detection limit of the method utilized (biorthogonal
non-canonical amino acid tagging). The existence of a large
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FIGURE 7 | Co-occurrence network of the potentially active prokaryotic taxa in hadal sediments of MT and MST. Each node represents an OTU, and each edge
represents a positive correlation. Nodes were colored according to (A) class level taxonomy or (B) modules predicted using the MCL algorithm. The size of the node
indicates the average relative abundance of the OTU among all rRNA libraries, while the width of the edge is proportional to the level of correlation. Labeled numbers
on nodes indicate the name of identified keystone OTUs. The keystone nodes with the highest degree centrality were labeled at network (A), while those with the

highest betweenness centrality were labeled at network (B).

number of low-activity/dormant or dead cells in the hadal
habitats could be a possible reason for weak correlations
between rRNA and rDNA frequencies we observed in the
hadal sediments.

Importantly, many of the most dominant taxa in the bulk
communities analyzed in this study showed an unproportionally
low contribution to community activities as revealed by their
low percentage in corresponding rRNA libraries (Figures 3, 5
and Supplementary Figure S3). These taxa mainly belong
to Candidatus Nitrosopumilus and Marine Group 1 of
Thaumarchaeota, SAR406 clade of Marinimicrobia, and
Flammeovirgaceae of Bacteroidetes (Supplementary Figure S3),
which have also been reported to be the dominant taxa in rDNA
libraries from hadal sediments in previous studies (Nunoura
et al.,, 2018; Cui et al., 2019; Peoples et al., 2019). Therefore,
caution must be exercised when interpreting the possible
contributions of these abundant taxa to the overall ecological
functions of the hadal prokaryotic communities. Indeed, Peoples
et al. (2018) found that the isolates of several dominant bacterial
taxa in rDNA libraries of hadal trenches cannot grow at pressures
greater than 40 MPa, but they remained intact for long terms
under extremely high pressure (90 MPa), suggesting that these

bacteria may exist in the hadal trenches but with low activity
or in dormant state. Currently, hadal microbial communities
have been mainly studied via DNA-based analysis, which may
overestimate the importance of some numerically abundant
but less active taxa. We propose that the combination of the
rRNA-based diversity analysis and DNA-based technologies
such as metagenomic analysis would greatly improve the
understanding on metabolic activity and function of the hadal
microbial communities.

A concern regarding RNA-based technologies is the possible
degradation of RNA during sample recovery from deep sea, due
to changes in environmental conditions such as temperature
and pressure. However, recovery of deep-sea water (~3,000 m
depth) and onboard processing within 24 h have been shown
to cause only slight changes in rRNA diversity, by comparing
with pressure-retained samples or samples filtered in situ (La
Cono et al,, 2009, 2015). In this study, sample recovery via
landers and onboard sample processing (i.e., sediment coring
and subsampling) usually took <5 h; the rRNA diversities
are therefore expected to have limited changes from their
in situ conditions. Nevertheless, the possible impacts due to the
potentially larger extent of environmental changes for sample
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recovery from hadal depth than those from 3,000 m need to be
further addressed (Wang et al., 2019).

The Active Prokaryotic Taxa in the

Sediment of Hadal Trenches

High rates of microbial carbon turnover have been widely
reported in the bottom sediment of multiple trenches (Glud et al.,
2013; Wenzhofer et al., 2016; Luo et al., 2018). Our results showed
that the potentially active prokaryotic communities which
possibly contribute to the observed biogeochemical activities in
the hadal sediments were highly diversified, as revealed by the
high level of species richness and diversity of rRNA libraries
(Supplementary Figure S2 and Supplementary Table S4). To
discover the major prokaryotic taxa that potentially contribute
to the observed biogeochemical activities in hadal trenches,
dominant OTUs in rRNA libraries of the both trenches were
identified (Figure 6). These OTUs generally showed rRNA: rDNA
ratios greater than 1, and even higher than 100 for some of the
OTUs (Figure 6). According to the models of Steven et al. (2017),
these OTUs represent metabolically active taxa of prokaryotic
communities in the tested hadal sediment of the two trenches.
The dominant OTUs identified in rRNA libraries mainly
belong to classes/phyla Gemmatimonadetes, Actinobacteria,
SAR202  clade,  JG30-KF-CM66,  Alphaproteobacteria,
Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria,
Acidobacteria, Phycisphaerae, and Planctomycetacia (Figure 6
and Supplementary Figures S4, S5). Members of these taxa have
been reported to perform aerobic or anaerobic degradation of
diverse types of organic matter, including proteins, fatty acids,
cellulose, chitin, pectin, fluoranthene, phenanthrene, and many
aromatic compounds (Dai et al., 2005; Oren, 2014; Liang et al,,
2015; Smalley et al., 2015; Chen et al., 2016; Landry et al., 2017),
supporting their potential contributions to the observed high
rates of microbial carbon turnover in hadal sediments (Glud
etal., 2013; Luo et al.,, 2018).

Co-occurrence of Potentially Active

Prokaryotic Taxa in the Hadal Sediments

To our knowledge, this is the first study exploring the co-
occurrence network and modular patterns of potentially active
sediment prokaryotic communities in hadal trenches. Markov
cluster (MCL)-based modular analysis revealed as many as
13 modules that contain >3 OTUs (Figure 7B), suggesting
that highly diversified micro-niches and structured microbial
communities exist in sediment of the hadal trenches. The
topology of the network exhibited a high level of modularity,
similar to those constructed from other complex environments,
such as soil (Williams et al., 2014), wetland sediment (Cheung
et al,, 2018), and seawaters (Reji et al., 2019). Each module was
comprised of OTUs from multiple unrelated prokaryotic
taxa that are not necessarily associated at phylogenetic
closeness (Figures 7A,B). For example, the largest module
1 was mainly comprised of phyla Chloroflexi, Acidobacteria,
Gemmatimonadetes, and Proteobacteria, with 1 or 2 OTUs from
each of the additional phyla Armatimonadetes, Bacteroidetes,
Marinimicrobia, Nitrospinae (Nitrospinaceae), Planctomycetes,

Zixibacteria, and Thaumarchaeota (Nitrosopumilus) (Figure 7).
Co-occurrence of the different microbial taxa in the same module
suggests that they may have similar nutritional preferences or
similar eco-physiological responses to varying environmental
conditions at different depths of the sediment or have close
metabolic interactions with each other (Faust and Raes, 2012;
Reji et al., 2019).

There were varied criteria to identify the keystone taxa in
the co-occurrence network, including solely based on highest
betweenness centrality (Banerjee et al, 2016) or based on
combined scores of high degree centrality, high closeness
centrality, and low betweenness centrality (Berry and Widder,
2014). In this study, keystone taxa in the modules were identified
based on both degree centrality and betweenness centrality
scores, following recent studies in oceanic habitats (Reji et al.,
2019). The taxa with high degree centrality values are “hub” nodes
that have many connections in the network, while those with
high betweenness centrality values serve as “bridges” between
subnetworks or modules and are important for the flow of
information between different parts of the network (Reji et al.,
2019). The “hubs” and “bridges” identified in this study mainly
belong to classes Anaerolineaceae, JG30-KF-CM66, SAR202,
Alphaproteobacteria (Rhodobacteraceae and Rhodospirillaceae),
Gammaproteobacteria (Xanthomonadales), Phycisphaerae, and
Actinobacteria (OM1 clade) (Figure 7 and Supplementary
Table S5). Although many of those keystone OTUs are not
the most abundant taxa in the rRNA libraries, they occupy the
important localities in the network and therefore may play key
roles in mediating network interactions and maintaining the
overall metabolic functions of the active microbial communities
in sediments of the hadal trenches tested (Banerjee et al., 20165
Cheung et al., 2018).

Phyla Chloroflexi and
Gemmatimonadetes Are Important in
Mediating the Activity and Functions of

Trench Prokaryotic Communities
Around half of the dominant OTUs in rRNA libraries

of both trenches belong to Gemmatimonadetes (class
Gemmatimonadetes) and Chloroflexi (classes SAR202,
Anaerolineae, and JG30-KF-CM66) (Figure 6 and

Supplementary Figures S4, S5), making them the top phyla
of the potentially active communities in the hadal sediments
tested (Figure 2). Gemmatimonadetes and Chloroflexi have
been repeatedly reported to be dominant groups in rDNA
libraries from sediment of the Mariana Trench and other
trenches (Nunoura et al., 2018; Cui et al., 2019; Peoples et al.,
2019). Our results demonstrate that these taxa not only are
numerically abundant but also have high activity potentials in
the prokaryotic communities of MT and MST sediments. These
results suggest the important role of Gemmatimonadetes and
Chloroflexi in driving the organic carbon turnover in the hadal
trenches. Both phyla encompass a tremendously wide range of
metabolic strategies from photosynthesis to aerobic or anaerobic
heterotrophy (DeBruyn et al, 2011; Zeng et al., 2014; Landry
et al., 2017; Mehrshad et al., 2018a,b). The metabolic versatility
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of these taxa might be a possible reason for their significance
in hadal trenches where organic matters are from complex
sources and with high level of recalcitrance (Jamieson, 2015;
Liu et al., 2018b).

In addition to high abundance and activity potentials,
Chloroflexi members were also important in mediating the
interaction among different prokaryotic taxa in the tested hadal
trenches, as around half of the keystone OTUs identified in the
co-occurrence network belong to this phylum (Figure 7 and
Supplementary Table S5). Particularly, OTUs from the SAR202
clade were found to be widely distributed in 8 of the 13 identified
modules in the network (Figures 7A,B), suggesting great niche
separations among different SAR202 lineages. On the other hand,
however, the majority of these SAR202 OTUs were connected
with each other (Figure 7A), and 4 of the 10 OTUs with the
highest betweenness centrality values belong to the SAR202
clade, serving as important “bridges” in connecting different
modules. For example, OTU3180 connected with as many as 4
modules (modules 2, 3, 4, and 6). OTU1792 was the only node
connecting with a remote module (module 13) in the major
body of the network (modules 1, 3, and 4). The synchronous
occurrence of wide distribution, close intra-clade connection, and
high betweenness centrality were not observed for other classes
in the network, making the SAR202 clade a key group of bacteria
potentially mediating interactions between different niches in the
surface sediment of the hadal trenches tested in this study. In fact,
SAR202 have been reported to have diverse metabolic pathways
that may link the biogeochemical cycles of carbon, nitrogen, and
sulfur (Thrash et al., 2017; Colatriano et al., 2018; Mehrshad
et al., 2018a). SAR202 lineages were also reported to develop
specialized metabolism to oxidize different groups of recalcitrant
organic compounds, via expansion of different combinations of
paralogous genes (Landry et al., 2017; Saw et al,, 2019). The
diversified metabolisms and capability to degrade various groups
of recalcitrant organic matter would allow SAR202 to adapt
different niches, linking different biogeochemical reactions, and
could be a possible reason for the important role of SAR202 clade
in maintaining network structure and mediating interactions in
prokaryotic communities in the sediment of hadal trenches.

Alkane Degradation as a Potentially
Important Pathway in Carbon Turnover

of Hadal Trenches

A recent study by Liu et al. (2019) reported that the pelagic
microbial communities in bottom seawaters of the Mariana
Trench were enriched with alkane-degrading bacteria
(Oleibacter, Thalassolituus, and Alcanivorax) and alkane-
degrading activities. However, the alkane-degrading taxa
identified in Liu et al. (2019) were not detected in sediment
rDNA or rRNA libraries of this study. Instead, we identified
several OTUs in sediments of the Mariana Trench, belonging
to Planomicrobium, Xanthomonadales, Anaerolineaceae, and
SAR202 clade (Figure 6 and Supplementary Table S5),
members of which have been reported to be active or
as potential alkane-degraders in aerobic or anaerobic
conditions (Engelhardt et al, 2001; Head et al, 2006;

Liang et al., 2015; Gutierrez, 2017; Landry et al., 2017). OTUs
from Planomicrobium, Anaerolineaceae, and SAR202 were
among the top 20 most dominant members in the rRNA libraries
of MT samples (Figure 6), and members of Anaerolineaceae and
Xanthomonadales were identified as keystone taxa in the co-
occurrence network of potentially active prokaryotic community
(Figure 7A and Supplementary Table S5), suggesting the
important role of these hydrocarbon-degrading bacteria in
supporting the function and structure of active prokaryotic
communities in the sediment of MT. On the other hand,
abundant n-alkane, potentially sourced from bacteria, algae,
or contamination of diesel fuels, has been recently reported in
surface sediments of the Mariana Trench (Guan et al., 2019; Liu
et al.,, 2019), and the concentrations of alkanes increased along
the down slope of the trench (Guan et al., 2019). The high activity
potentials and keystone roles of the potential hydrocarbon-
degrading bacteria, together with the abundant alkane content in
sediment, led us to postulate that alkane degradation might be
an important pathway of carbon turnover in the sediment of the
Mariana Trench and are likely mediated by different taxa in the
sediment than in the water column of the trench.

CONCLUSION

With the expanding discovery of high content of sedimentary
organic matter and active microbial carbon turnover from
trenches, the significance of hadal microbes in deep-sea carbon
cycle, as well as their contributions to phylogenetic and functional
diversities of the marine prokaryotic communities, cannot be
ignored. This study examined for the first time the “potentially
active” sediment prokaryotic communities in hadal trenches
of the western Pacific and demonstrated the high proportions
of novel lineages existing in trench microbial communities,
supporting the hypothesis that topographical isolation and
extreme environmental conditions lead to new species in the
hadal zone (Jamieson et al., 2010; Jamieson, 2015). The potentially
active prokaryotic communities exhibited significantly different
compositions from the bulk communities. In addition, many
numerically abundant taxa in the bulk communities were found
to have unproportionally low activity potentials, suggesting
the decoupling between the abundance of microbial taxa
and their ecological functions in the hadal environment.
Our results also revealed the importance of members from
classes Gemmatimonadetes, Actinobacteria, SAR202 clade, JG30-
KF-CM66, Alphaproteobacteria, Gammaproteobacteria, and
Phycisphaerae in maintaining metabolic activity and structural
stability of the prokaryotic communities in sediment of the
hadal trenches, for their dominance in rRNA libraries, high
rRNA: rDNA ratios, or high keystone scores in the network
interactions. Many of these classes, such as Gemmatimonadetes,
SAR202, and JG30-KF-CM66, are largely understudied, despite
their high abundance and prevalence in the marine habitats
(Zeng et al., 2014; Mehrshad et al., 2018a,b). Further studies
should be direct to explore the metabolic pathways, in situ
activities, and adaptation strategies of these important taxa in
the extreme environmental conditions of the hadal zone. Finally,
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this study is a snapshot of the microbial processes in sediment
of the two trenches. Both the rRNA content and rRNA: rDNA
ratios of different taxa observed in our results may be subject to
changes at temporal or spatial scale, due to the variable supply
of organic matter and their heterogenic distribution in the hadal
trenches (Jamieson, 2015; Stewart and Jamieson, 2018), as well as
different growth strategies of microbial taxa (R vs. K strategies)
in response to perturbations of nutrient conditions (Roller et al.,
2016). More studies with larger spatial and temporal scales,
combined with hypothesis-driven cultivation experiments, are
needed to further explore the biogeography, relative activities,
and potential controlling factors for different microbial taxa that
are metabolically active in the hadal trenches.
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