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Editorial on the Research Topic

Ecology, Metabolism and Evolution of Archaea-Perspectives From Proceedings of the

International Workshop on Geo-Omics of Archaea

INTRODUCTION

The Archaea is the most recently discovered and the least understood of life’s domains. Archaea
include several of the most extreme of extremophiles (e.g., Bolhuis et al., 2004; Dopson et al., 2004;
Takai et al., 2008; Zeng et al., 2009; Glynn, 2017): they possess unusual physiologies (Schäfer et al.,
1999; Thauer et al., 2008; Stahl and de la Torre, 2012; Evans et al., 2019; Tahon et al., 2021); perform
key roles in elemental cycles in a variety of extreme environments (Baker and Banfield, 2003; de la
Torre et al., 2008; Dodsworth et al., 2011; He et al., 2016; Mayumi et al., 2016; Colman et al., 2018;
Hua et al., 2019); inhabit deep crust ecosystems and deep-sea hydrothermal vents (e.g., Stevens
and McKinley, 1995; Ver Eecke et al., 2012), and their most ancient CO2 fixation pathway can be
catalyzed in vitro by a piece of metal (Martin, 2020; Preiner et al., 2020). They have also left isotopic
evidence indicating their prevalence among the most ancient microbial communities (Ueno et al.,
2006; Wei et al., 2011; Schopf et al., 2018; Cavalazzi et al., 2021).

Despite fascination for their ability to conquer extremes, broader appreciation of the importance
of archaea as ubiquitous members of microbial communities in “non-extreme” habitats continues
to evolve in parallel with advances in environmental genomics, taxonomically resolved microbial
activity studies, and laboratory cultivation studies (Wang et al., 2021a). The emerging view is that
archaea are prominent members of all terrestrial and marine communities (DeLong) and play
central roles in global carbon and nitrogen cycles in the ocean and on land (Hatzenpichler, 2012;
Spang et al., 2017; Yu et al., 2018; Evans et al., 2019; Qin et al., 2020; Zhang et al., 2020). Recent
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environmental genomics on uncultured asgard archaea (Eme
et al., 2017; Spang et al., 2017; van der Gulik et al., 2017;
Zhou et al., 2018; Liu et al., 2021; Xie et al., 2021) and the
isolation of co-cultures of the microscopically characterized
obligate symbiotic archeaon Candidatus Prometheoarchaeum
syntrophicum (Imachi et al., 2020) has led to exciting insights
into the role of the Archaea in eukaryogenesis. However, most
archaea remain uncultivated (Zhang et al., 2015; Spang et al.,
2017; Rinke et al., 2021) and therefore the world of the Archaea
remains an exciting frontier in biology.

To facilitate global efforts in addressing fundamental
questions related to the biology of archaea, an international
consortium of experts organized the International Workshop on
Geo-Omics of Archaea (IWGOA), with the overarching themes
of Ecology/Biogeochemistry, Metabolism, and Evolution. The
IWGOA was held in Shenzhen, China, from October 25th to
27th, 2019. Themeeting was attended bymore than 200 attendees
from China, Japan, USA, Australia, Germany, and France. Some
of the most exciting oral and poster presentations made at the
IWGOA are celebrated in this Research Topic Figure 1. The 21

FIGURE 1 | Conceptual framework to study archaeal biology. Archaea can be studied in a variety of environments in part through cultivation, environmental genomics,

and lipidomics. Diverse data streams can be integrated computationally and intellectually to address questions about archaeal metabolism, evolution, and ecology.

Archaeal biomarkers can be retrieved from modern and ancient systems to reconstruct the co-evolution of archaea and earth system within a geological framework.

manuscripts herein span different aspects of archaeal biology
in both extreme and “non-extreme” environments in both
marine and terrestrial settings and use a variety of approaches—
community ecology, environmental lipidomics and genomics,
organismal biology, and nucleic acid biochemistry—embodying
diverse research thrusts that makes archaeal biology so exciting.
At the same time, the manuscripts include over 100 authors from
Asia, North America, and Europe, realizing our goal to engage a
global audience in the biology of archaea.

ECOLOGY OF ARCHAEA IN
“NON-EXTREME” MARINE
ENVIRONMENTS

Several papers in the Research Topic explore the ecology of
archaea in marine environments. These studies are framed
by a perspective article by Ed DeLong on planktonic marine
archaea (DeLong). The perspective chronicles the exciting
discovery in the 1990s by DeLong and contemporaries that
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planktonic marine archaea are not methanogens within anoxic
niches in particulate organic matter, as originally hypothesized,
but rather physiologically and ecologically distinct organisms,
with distinct roles including chemolithoautotrophic ammonia
oxidation. The perspective then carries the torch to present and
future generations by highlighting the need to better understand
the flood of metagenome-assembled genomes (MAGs), advance
cultivation efforts, and further explore the importance of viruses
infecting these organisms. A minireview follows this lead but
focuses instead on archaea in estuaries, especially ammonia-
oxidizing archaea (AOA) and Bathyarchaeota (Zou et al.).
The review pegs Nitrosopumilales and Nitrosospharales as the
dominant AOA in estuarine waters and sediments and identifies
specific estuarine sub-lineages of AOA and Bathyarchaeota based
on a meta-analysis of 16S rRNA gene surveys. Emerging evidence
for the importance of Bathyarchaeota in both C1 metabolism
and the consortial degradation of complex organic carbon is
also reviewed.

Research papers on marine archaea included three studies
on factors affecting the distribution and diversity of archaea
in marine environments. One paper examined 16S rRNA
genes and transcripts in samples from the epipelagic and
deep chlorophyll maximum layer that were mixed to simulate
upwelling by western Pacific eddies (Dai et al.). Although less
abundant than AOA, heterotrophic Marine Group IIb (MGIIb)
Euryarchaeota were enriched in response to upwelling. Two
other studies focused on sediment cores collected from the
Pearl River Estuary in southeastern China. The first established
strong vertical stratification of dissolved organic matter (DOM)
consistent with increases in recalcitrant DOM with depth,
and corresponding stratification of microbial communities
(Wang et al., 2021b). Lignin and carboxyl-rich alicyclic
molecules were strongly correlated with Bathyarchaeia in deeper
sediments; correspondingly, BathyarchaeiaMAGs were enriched
with genes predicted to encode enzymes for the reductive
dearomatization and carboxylation of aromatic compounds.
Lai and colleagues examined vertical patterns in bathyal
sediments (water depth: 2,125m) associated with the Pearl
River Submarine Canyon and associated increased terrestrial
input during Pleistocene glacial maxima with increases in the
terrestrial Soil Crenarchaeotic Group (SCG; Nitrososphaerales)
along with heterotrophic Bathyarchaeia and Thermoprofundales,
implying a role for terrestrial input to the deep benthos in
structuring archaeal communities on millennial scales (Lai
et al.).

Two studies focused on roles of archaea in C1 metabolism
in marine settings. The first investigated the effects of organic
phosphate addition to coastal marine sediments with or
without the seagrass Zostera marina on methylotrophic
methanogenesis (Zheng et al.). Methanogenesis was stimulated
by organophosphates in both enrichments and pure cultures,
but responses were both taxonomically and spatially distinct.
Another study used DNA and RNA to probe community
structure and activity associated with sulfate-dependent
anaerobic oxidation of methane (AOM) in three cold seeps
in the northern South China Sea (Zhang et al., 2020). 16S
rRNA amplicons from DNA and RNA were distinct and

showed three different stages of community development
concordant with the development of communities of
Calyptogena clams.

Three studies focused on the archaeal lipidome and another
explored an archaeal exometabolome. Two of these studies
analyzed lipids extracted from ocean surface waters with
abundant MGII Euryarchaeota populations. The first correlated
surface planktonic communities dominated by MGII to a
distinct lipidome dominated by acyclic isoprenoid glycerol
dibiphytanyl glycerol tetraethers (GDGTs) with diglycosidic and
monoglycosidic headgroups (Ma et al.). The second reported
extremely low intact polar lipid content of GDGTs (1.21 × 10−9

ng lipid/cell) with surface planktonic communities from the
North Pacific Subtropical Gyre comprised of Thermoplasmatota
(MGII/MGIII) and devoid of AOA. This suggests a minimal
contribution of Thermoplasmatota to GDGT pools in ocean
waters, despite the detection of homologs of the archaeal
GDGT ring synthase genes encoding GrsA and GrsB (Li
et al.). A third paper reported on a novel application of
liquid chromatography ion mobility mass spectrometry (IM-
MS) to enhance the coverage and structural interpretation of
archaeal lipids (Law et al.). The approach was then used to
identify a novel phosphate- and sulfate-containing lipid in pure
cultures of the AOA Nitrosopumilus maritimus. Finally, another
paper characterized the exometabolome of N. maritimus by
liquid chromatography coupled to IM-MS (Law et al.). The
exometabolome was dominated by biologically active nitrogen-
containing metabolites, peptides, cobalamin, and cobalamin
biosynthetic intermediates, enforcing the important role of
N. maritimus in oceanic carbon and nitrogen cycles and
as a source of cobalamin. The latter two papers highlight
the importance of developing new technologies in mass
spectrometry for promoting research on archaeal lipidomics
and metabolomics.

ECOLOGY OF ARCHAEA IN EXTREME
AND TERRESTRIAL ENVIRONMENTS

Archaea are traditionally viewed to be important members
of microbial communities in extreme environments, such as
terrestrial hot springs. This is still true, and the importance
of archaea is expanded into other terrestrial environments, as
exemplified by papers on archaea in acid mine drainage, shallow
subsurface sediments, and suboxic swamp soils. One paper
extends the AOA theme from oceans to terrestrial geothermal
systems by describing nine new MAGs representing Candidatus
Nitrosocaldaceae (Luo et al.). The genomes represent two novel
species of Candidatus Nitrosocaldus and a member of a second
genus, Candidatus Nitrosothermus. The genomes contained
genes related to thermal adaptation and vitamin synthesis,
including cobalamin, extending the possible role of AOA in
cobalamin synthesis to thermophiles. A similar approach was
used to obtain five MAGs from acid mine drainage sediments
representing a novel family of the Parvarchaoeta (Luo et al.).
Like other Parvarchaeota genomes, the new MAGs lacked amino
acid biosynthetic pathways, but they did contain genes related
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to carbohydrate and protein utilization, adaptation to acid and
heavy metals, and sulfocyanin, the latter suggesting energy
conservation based on chemolithotrophic iron oxidation.

Two papers explored archaea in less extreme terrestrial
environments. The first described archaeal and bacterial
communities in oxic and anoxic clays from different depths
in a terrestrial borehole in the Jianghan Plain, China (Song
et al.). Archaea were abundant at all depths, comprising up to
∼60% of the microbial community. The dominant community
members were Bathyarchaeota, Euryarchaeota, Thaumarchaeota,
and Woesearchaeota. Another paper quantified methanotrophy
and nitrogen fixation and used stable isotope probing to identify
active methylotrophs in suboxic alpine swamp soils of the
Qinghai–Tibetan Plateau, Methylobacter-like bacteria as the
dominant active population, rather than archaea (Mo et al.).

NOVEL METABOLISM AND NUCLEIC ACID
BIOCHEMISTRY OF DIVERSE ARCHAEA

The Research Topic also included important contributions to
archaeal physiology and nucleic acid biochemistry. One review
article summarized mounting evidence for direct interspecies
electron transfer (DIET) between methanogens and other
microorganisms (Gao and Lu). The review article discusses
several examples of DIET as an alternative to electron-transfer
mediators like H2 or formate both for methanogenesis and
AOM, and rare occurrences of membrane-bound multiheme c-
type cytochromes (MHC) and electrically conductive cellular
appendages that may mediate these processes in methanogens.

Two papers explored proteomic responses to stress in
hyperthermophilic archaea from marine and terrestrial
systems. The first examined multiple stress responses in the
hyperthermophilic and piezophilic archaeon Thermococcus
eurythermalis A501 (Zhao et al.). A high percentage of
differentially abundant proteins were shared between thermal,
hydrostatic, and salinity stresses, particularly those involved
the biosynthesis and protection of macromolecules, amino acid
metabolism, ion transport, and binding activities. Another paper
probed the DNA damage response of Sulfolobus islandicus to
UV-induced DNA damage by a quantitative phosphoproteomic
analysis (Huang et al.). The study revealed 562 phosphorylated
sites in 333 proteins, including 30 that were induced by
UV treatment. Several of the UV-induced phosphorylations
were dependent on an Rio1 kinase homolog, based on
phosophorylation in the wild-type strain but not a deletion
mutant of rao1.

Finally, three papers provided insights into nucleic acid
biochemistry of archaea. The first shows one of the three B-
family DNA polymerases of S. islandicus, Dpo2, to be the main
DNA polymerase responsible for DNA damage tolerance (Feng
et al.). Dpo2 expression was induced by DNA damage, enhanced
viability to cells with DNA damage when overexpressed, and
participated in mutagenic translesion DNA synthesis. Also in S.
islandicus, Ye et al. used a combination of genetic and molecular
biology approaches to show that the CRISPR-associated factor
Csa3b is a repressor for acquisition of CRISPR spacers and

a transcriptional activator of Cmr-mediated RNA interference,
adding a key piece to the puzzle of the mechanism of immunity
in S. islandicus. Finally, the characteristics of the archaeal RNaseZ
in the maturation of 3’-ends of pre-tRNAs was investigated
in Methanolobus psychrophilus and Methanococcus maripaludis
(Wang et al.). Endoribonuclease activity was dependent on
cobalt ions, independent of CCA motifs, and active on intron-
embedded archaeal pre-tRNAs that are common in some archaea.

OUTLOOK ON ARCHAEAL RESEARCH
AND GLOBAL COOPERATION

We are sure you will enjoy the diverse and exciting research
contained in this Research Topic and share in our enthusiasm
for continued international collaboration on all areas of
archaeal biology. As exclaimed 4 years ago, “These are exciting
times for archaeal research” (Adam et al., 2017). Continuing
progress is expected to be made on archaea, particularly on
archaeal evolution and systematics, the functions of major yet-
uncultivated lineages, the role of archaea in eukaryogenesis, and
lipidomics approaches as biomarkers for understanding ancient
and modern archaeal communities.

In terms of evolution and systematics, we are seeing
increased use of the Genome Taxonomy Database (GTDB)
to aid in the taxonomic classification of both cultivated and
uncultivated archaea (Rinke et al., 2021). The GTDB, along
with the impending development of a code of nomenclature
to name and catalog archaea and bacteria by using genome
sequences as common currency (Murray et al., 2020), promises a
more robust evolutionary framework and better communication
among scientists studying archaea. We suggest that our research
community may be early to adopt these systems compared to
our counterparts studying bacteria due to the smaller size of
the community and better appreciation for the prevalence of
uncultivated archaea in nature and the power of meta-omics
technologies to study them. These systems form a foundation
for genome-focused studies across the domain, keeping in
mind that some MAGs suffer from data quality problems
not encountered in sequences from cultured organisms (Garg
et al., 2020), particularly when closely related strains cohabitate
and confound existing assembly and binning methods (Sczyrba
et al., 2017). Problems related to MAG binning fidelity of short
read assemblies are increasingly solved by including long-read
sequencing data to produce hybrid assemblies (Frank et al., 2016;
Xie et al., 2020; Ciuffreda et al., 2021), by utilizing Hi-C to
assay the physical proximity of DNA sequences (DeMaere et al.,
2020), and by employing single-cell genomics (Stepanauskas,
2012; Rinke et al., 2013; Pachiadaki et al., 2019).

Nevertheless, genomes from a plethora of both cultivated
and uncultivated archaea discovered at an unprecedented rate
(Nayfach et al., 2021; Rinke et al., 2021) are serving as invaluable
resources for studying both extant organisms and for probing
deep evolutionary relationships and key evolutionary transitions.
Eukaryogenesis will continue to be a major research frontier in
this area, but other important insights into archaeal evolution
await. For example, recent progress on the genomic evolution
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of diverse archaea in the context of Earth history provide
better ties between genome-based evolutionary models and the
sedimentary record (e.g., Colman et al., 2018; Wang et al., 2021b;
Yang et al., 2021). The fast-increasing volume and diversity
of high-quality environmental genomes should lead to fruitful
new ground in archaeal evolutionary studies along geological
time scales, which has been hampered by the lack of physical
fossils of microorganisms. We suggest that studies that integrate
molecular and sedimentary records, such as lipid biomarkers, will
be especially fruitful going forward.

Synthetic biology is also allowing breakthroughs in elucidating
the long-standing enigma of the “lipid divide” that distinguishes
the bacterial and archaeal cell membrane compositions (Martin
and Russell, 2003; Villanueva et al., 2017; Caforio et al., 2018).
These studies provide important insights into modern biology
and improve interpretations of contemporary and fossil archaea
and on the evolution of membrane biochemistry and function
(Zeng et al., 2019). At the same time there is a need to distinguish
between genomic potential for physiological traits and bona fide
expressed traits in situ or in cultured cells. For example, Sun et al.
(2021) and Villanueva et al. (2021) report exciting collections
of genes from uncultured archaea that suggest the ability for
coexistence of archaeal and bacterial lipids in the same cell. But
do they really synthesize those lipids? In order to learn more, we
need cultured cells.

As another example, He et al. (2016) reported the possibility of
widespread acetogenesis in archaea based on genomic potential,
but the only acetogenic growth of cultured archaea reported
so far was obtained from laboratory cultures of a methanogen
forced to grow on carbon monoxide (Rother and Metcalf, 2004).
There is a clear gap between our ability to ascertain novel
(meta)genomic potentials and our ability to link these inferred
abilities to physiological traits in cultured cells. Two of the
most prominent metagenomic-identified archaea from sediment
that have been brought to culture so far are Ca. Korarcheaum
cryptofilum (Elkins et al., 2008) and Ca. Prometheoarchaeum
syntrophicum (Imachi et al., 2020), both of which grow from
simple peptide fermentations, even though the former and its
close relatives (McKay et al., 2019) possesses a number of genes
for methanogenesis-related pathways (Xavier and Martin, 2019).

The flood of genomic data from archaea in new environments
highlights the need to cultivate new archaea in both mixed
and pure cultures in combination of traditional methods, and
new genome-guided approaches (Wang et al., 2021a). The fore-
mentioned Ca. Prometheoarchaeum syntrophicum can serve as a

great example of successful cultivation, which grows very slowly
to low cell density in culture with one or more hydrogenotrophs
(Imachi et al., 2020). Ca. Prometheoarchaeum needed over 7
years of enrichment cultivation to gain sufficient purity and
biomass for incisive experimentation. Despite being notoriously
difficult to grow, Ca. Prometheoarchaeum syntrophicum and
other challenging archaea (e.g., Ca. Korarchaeum) provide
irreplaceable templates for physiological and biochemical studies
of these novel organisms under controlled laboratory conditions.
Thus, cultivation must be a priority for future research,
and it will be a long-term endeavor. With all the exciting
challenges in archaeal research, improved cooperation would
be helpful to combine our expertise and accelerate archaeal
research in the next decade. Borrowing a phrase from the
early days of microbial ecology—“Everything is everywhere, but,
the environment selects” (Baas-Becking, 1934)—archaea truly
are everywhere and play important roles in any environment
that supports them. Illuminating these roles can help scientists
across the globe to identify and pursue common goals in
archaeal research.
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Planktonic archaea include predominantly Marine Group I Thaumarchaeota (MG I) and
Marine Group II Euryarchaeota (MG II), which play important roles in the oceanic
carbon cycle. MG I produce specific lipids called isoprenoid glycerol dibiphytanyl
glycerol tetraethers (GDGTs), which are being used in the sea surface temperature
proxy named TEX86. Although MG II may be the most abundant planktonic archaeal
group in surface water, their lipid composition remains poorly characterized because
of the lack of cultured representatives. Circumstantial evidence from previous studies of
marine suspended particulate matter suggests that MG II may produce both GDGTs and
archaeol-based lipids. In this study, integration of the 16S rRNA gene quantification and
sequencing and lipid analysis demonstrated that MG II contributed significantly to the
pool of archaeal tetraether lipids in samples collected from MG II-dominated surface
waters of the Northwestern Pacific Ocean (NWPO). The archaeal lipid composition
in MG II-dominated NWPO waters differed significantly from that of known MG I
cultures, containing relatively more 2G-OH-, 2G- and 1G- GDGTs, especially in their
acyclic form. Lipid composition in NWPO waters was also markedly different from MG
I-dominated surface water samples collected in the East China Sea. GDGTs from MG
II-dominated samples seemed to respond to temperature similarly to GDGTs from the
MG I-dominated samples, which calls for further study using pure cultures to determine
the exact impact of MG II on GDGT-based proxies.

Keywords: Marine Group II Euryarchaeota, Marine Group I Thaumarchaeota, Archaeal lipids, Ring Index,
Northwestern Pacific Ocean, East China Sea

INTRODUCTION

Planktonic archaea are dominated by Marine Group I Thaumarchaeota (MG I; Brochier-Armanet
et al., 2008; Spang et al., 2010) and Marine Group II Euryarchaeota (MG II; DeLong, 1992;
Zhang et al., 2015). MG I are chemolithoautotrophs that use nitrification as a major energy
acquiring mechanism (Könneke et al., 2005, 2014; Stahl and de la Torre, 2012) and occur
predominantly in the deeper depths of open ocean, coastal seas, and estuaries (Karner et al., 2001;
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Teira et al., 2006; Caffrey et al., 2007; Schattenhofer et al., 2009;
Xie et al., 2014; Nunoura et al., 2015; Sintes et al., 2015; Ingalls,
2016; Tian et al., 2018). Isolation, purification and laboratory
cultures of MG I have enabled a better understanding of
their physiology, biochemistry, and niche specification (Martens-
Habbena et al., 2009; Qin et al., 2014; Bayer et al., 2015; Elling
et al., 2015; Santoro et al., 2015).

Members of MG II have not been cultured; however,
information on their lifestyle has been obtained through
metagenomic studies. It is suggested that MG II live
heterotrophically and occur mostly in the photic zone (Iverson
et al., 2012; Zhang et al., 2015; Xie et al., 2018; Rinke et al., 2019;
Santoro et al., 2019; Tully, 2019). However, MG II ecotypes
have also been found in the deeper parts of the ocean (Li et al.,
2015; Liu et al., 2017). Deep ocean MG II clades do not contain
genes for proteorhodopsin, a light-driven protein present in MG
II from the photic zone (Li et al., 2015). Other euryarchaeotal
planktonic archaea include Marine Group III (MG III) that
occur throughout the water column (Fuhrman and Davis, 1997;
Haro-Moreno et al., 2017) and Marine Group IV (MG IV) that
occur predominantly in the deep sea (López-García et al., 2001).
MG III and MG IV are often present in low abundance. Little is
known in terms of their ecological distribution and physiology
(Santoro et al., 2019).

In parallel with molecular biology approaches, lipidomics is
a powerful tool to study archaeal biogeochemical functions and
adaptation to the environment. Notably, the development of
high performance liquid chromatography – mass spectrometry
(HPLC-MS) allows the identification of a wide range of archaeal
membrane lipids (e.g., Schouten et al., 2000, 2008; Sturt et al.,
2004; Becker et al., 2013; Wörmer et al., 2013; Zhu et al., 2013).
Archaea possess unique membrane lipids: glycerol dibiphytanyl
glycerol tetraethers (GDGTs) and archaeols (ARs; Koga and
Morii, 2005; Koga and Nakano, 2008; Schouten et al., 2013). In
living cells, thaumarchaeal lipids are dominated by intact polar
lipids (IPLs) with monoglycosidic (1G-) or diglycosidic (2G-),
phosphatidic (P-) or glycophosphatidic (HPH-) headgroups
attached to the glycerol sn-1 hydroxyl position (Supplementary
Figure S1). The core structure of GDGTs (C-GDGTs) may
contain up to eight cyclopentane moieties (Supplementary
Figure S1; de Rosa and Gambacorta, 1988; Kate, 1993; Schouten
et al., 2013), one or two additional hydroxyl groups (OH-, 2OH-
GDGTs; Supplementary Figure S1; Lipp and Hinrichs, 2009; Liu
et al., 2012), or double bonds (unsaturated GDGTs with one to
six double bonds; Zhu et al., 2014). AR containing a methoxy
group at the sn-1 position of the glycerol moiety (MeO-AR) and
macrocyclic archaeols (MARs) and unsaturated archaeols (uns-
ARs; Zhu et al., 2013, 2016; Elling et al., 2014) are also observed
in oceanic settings.

GDGTs contain information that can be used to evaluate
paleo sea surface temperature (SST) (e.g., TEX86 index; Schouten
et al., 2002), terrestrial organic matter input to the ocean
(e.g., BIT index; Hopmans et al., 2004), or biogeochemical
redox state in the ocean (e.g., Methane Index; Zhang et al.,
2011). Although GDGTs have applications in paleoceanography
and microbial ecology, their specific taxonomic sources remain
ambiguous. Lipidomic studies on Nitrosopumilus maritimus, the

first representative of MG I isolated from marine environments,
reported lipids including GDGTs with zero to four cyclopentyl
moieties and crenarchaeol, a GDGT containing one cyclohexyl
and four cyclopentyl moieties (Könneke et al., 2005; Schouten
et al., 2008). Crenarchaeol has so far only been observed
in Thaumarchaeota (Sinninghe Damsté et al., 2002b; Elling
et al., 2017) and has been postulated as a biomarker for
archaeal nitrification (de la Torre et al., 2008; Pearson et al.,
2008). Similarly, MeO-AR is reported to be present in all
thaumarchaeal strains studied to date but does not appear to
occur in crenarchaeal or euryarchaeal species. Thus, MeO-AR
may also be used as a tentative biomarker for Thaumarchaeota
(Elling et al., 2014, 2017).

Unsaturated acyclic archaeols (uns-ARs) with four double
bonds were recently suggested as potential biomarkers for MG
II based on analyses of uns-AR0:4 in suspended particulate
matter (SPM) of epipelagic waters from the eastern tropical
North Pacific, equatorial Pacific and off the coast of Cape Blanc
(Zhu et al., 2016). Using a combination of GDGT analysis,
metagenomics, and pyrosequencing of the SSU rRNA gene on
samples from North Pacific Subtropical Gyre water column, it
has been suggested that MG II also produce GDGTs, including
crenarchaeol (Lincoln et al., 2014). This could potentially affect
the use of TEX86, a SST proxy expressed as the ratio of
GDGTs with different degree of cyclization (Schouten et al.,
2002). TEX86 was proposed based on the premise that the
large majority of GDGTs in the water column were solely
produced by MG I (Schouten et al., 2002). Thus, the significant
contribution of a second archaeal clade to the oceanic GDGT
pool, as inferred by Lincoln et al. (2014), may complicate the
relationship between TEX86 and SST. The findings of Lincoln
et al. (2014) were debated by Schouten et al. (2014) who
raised concern about the low abundance of extracted DNA
and the use of C-GDGTs instead of IP-GDGTs, which are
considered to better represent living biomass. Additional results
were published by Besseling et al. (2020) who reported an
absence of MG II-derived GDGTs from surface waters in the
Atlantic Ocean and the North Sea. In addition, Zeng et al.
(2019) identified two enzymes responsible for GDGT cyclization
(i.e., GDGT ring synthases) and could only detect the related
genes in metagenomes from MG I species and not in the MG
II metagenomes. Together, these previous reports suggest that
MG I Thaumarchaeota may be the dominant source of cyclized
GDGTs in open ocean settings, although GDGT-producing MG
II have been reported elsewhere (Wang et al., 2015). Therefore,
the potential contribution of MG II to the GDGT pool in the
ocean remains controversial.

In this study, we characterized and quantified archaeal
membrane lipids in surface water samples from the Northwestern
Pacific Ocean (NWPO) and East China Sea and supported these
measurements with DNA sequencing and determination of cell
density in order to determine the sources of the archaeal lipids.
Both sample sets differed markedly in their archaeal community
members with MG II being dominant in NWPO samples and
MG I in East China Sea samples. Accordingly, the combined
sample set was ideally suited to constrain the contribution of
MG II to the marine archaeal lipid pool, to evaluate its effect
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on archaeal lipid based proxies, and to test previous hypotheses
regarding candidate lipids of MG II (Lincoln et al., 2014; Zhu
et al., 2016). In addition, this study presented the full range
of intact and core archaeal lipids that were detected in surface
waters, thus providing an important contribution towards a
better understanding of the archaeal lipid distribution and related
processes in the oceanic water column.

MATERIALS AND METHODS

Shipboard Sampling and Environmental
Parameters
Samples were collected on board the R/V Dongfanghong II
during the East China Sea 2014 cruise (October; E-samples;
The sampling plan and region were filed before the cruise
started and approved by the Chinese Ministry of Foreign Affairs)
and the NWPO 2015 spring cruise (April; N-samples). In situ
temperature and salinity were measured by a conductivity-
temperature-density (CTD) unit (Sea-Bird 911 CTD). Samples
for inorganic nutrients (nitrate, nitrite, phosphate, and silicate)
were filtered through 0.45 µm cellulose acetate filters and
stored at −20◦C until analysis with an AutoAnalyzer 3 HR
(SEAL Analytical).

During each cruise, samples of SPM were collected from
surface water (2 to 10 m; Figure 1 and Supplementary Table S1).
For each sample, 80–200 L of seawater were filtered using a
submersible pump through a GF/F filter (Whatman, 142 mm)
of 0.7 µm pore diameter. Filters were then stored at −20◦C
until analysis. Previous studies (Ingalls et al., 2012) suggested
that 0.7 µm GF/F filters may under-collect GDGTs in general
and IP-GDGTs specifically because archaeal cells can be less
than 1 µm (Könneke et al., 2005; Engelhardt, 2007). To
ensure comparability, lipids and DNA were extracted from
the same filters.

FIGURE 1 | Map of sample collecting locations. Blue dots represent samples
collected in Northwestern Pacific Ocean (NWPO) (N-samples). Orange dots
represent samples collected in East China Sea (E-samples).

Lipid Extraction
For each sample, lipids were extracted from 88% (7/8) of
a freeze-dried GF/F filter. The filter was cut into slices and
extracted using a modified Bligh and Dyer method (Zhang et al.,
2013). In brief, the extraction was performed four times using
methanol (MeOH), dichloromethane (DCM) and phosphate
buffer at pH 7.4 (2:1:0.8 v/v). After sonication (10–15 min each
time), additional DCM and buffer were added to achieve a
final MeOH/DCM/buffer ratio of 1:1:0.9. The bottom organic
phase was collected with a glass pipette (repeated at least
three times). The total lipid extract was dried under N2, re-
dissolved in MeOH and filtered using a 0.45 µm PTFE filter
before analysis.

Intact Polar and Core Lipid Analyses
Lipid separation was achieved on an ultra-high performance
liquid chromatography (UHPLC) system (Dionex Ultimate
3000RS) in reversed phase conditions with an ACE3 C18
column (2.1 × 150 mm × 3 µm; Advanced Chromatography
Technologies) maintained at 45◦C (Zhu et al., 2013). Target
compounds were detected by scheduled multiple reaction
monitoring (sMRM) of diagnostic MS/MS transitions
(Supplementary Table S2) on a triple quadrupole/ion trap
mass spectrometer (ABSciEX QTRAP4500) equipped with a
TurboIonSpray ion source operating in positive electrospray
ionization (ESI) mode.

Quantification of lipids was achieved by adding an internal
glycerol trialkyl glycerol tetraether standard (C46-GTGT; Huguet
et al., 2006). Structures of the different lipids detected can
be found in Supplementary Figure S1. Lipid abundance was
corrected for response factors of commercially available as well
as purified standards as described by Elling et al. (2014). In
brief, abundances of IPLs were corrected by determining the
response factors of purified 2G-GDGT-0 (for 2G-OH- and 2G-
GDGTs), 1G-GDGT-0 (for HPH-, 1G-OH-, and 1G-GDGTs),
2G-AR (for 2G-AR) and 1G-AR (for 1G-AR) standards versus the
C46-GTGT standard. Similarly, the abundance of C-GDGTs was
corrected by the response factor of purified GDGT-0 standard
versus the C46-GTGT standard. The abundances of C-AR, C-uns-
ARs and MeO-AR were corrected by the response factor of a
core archaeol standard (Avanti Polar Lipids, Inc. Alabaster, AL,
United States) versus the C46-GTGT standard. In this study,
C-uns-ARs are presented as C-uns-AR (u), where u = the
number of double bond equivalents (DBE), representing either
double bonds or rings and thus including both unsaturated and
macrocyclic archaeols.

Nucleic Acid Extraction, Quantitative
Polymerase Chain Reaction, and
Sequencing
DNA was extracted from 12% (1/8) of a GF/F filter (142 mm, ca.
4∼12 L filtered seawater) using the FastDNA SPIN Kit for Soil
(MP Biomedical, Solon, OH, United States) with a final elution in
100 µL deionized water.

The archaeal 16S rRNA gene was quantified in all samples
by quantitative polymerase chain reaction (qPCR; PIKO REAL
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96, Thermo Fisher Scientific). Abundance (cells per liter) was
normalized according to the dilution folds of DNA template
and the volume of filtered seawater. The qPCR primers were
Arch_787F (5′ ATTAGATACCCSBGTAGTCC 3′; Yu et al.,
2005) and Arch_915R (5′ GTGCTCCCCCGCCAATTCCT 3′;
Stahl, 1991).

Pyrosequencing was conducted on all samples, targeting
the archaeal 16S rRNA gene. Primers were Arch_524F (5′
TGYCAGCCGCCGCGGTAA 3′) and Arch_958R (5′ YCCG
GCGTTGAVTCCAATT 3′), which showed higher coverage
for archaeal 16S rRNA gene as described recently (Cerqueira
et al., 2017). Sequencing was performed using the Illumina
Miseq platform at Majorbio Bio-Pharm Technology, Co., Ltd.,
Shanghai, China. Sequencing analysis was performed on the free
online platform of Majorbio I-Sanger Cloud Platform1. Before
analysis, sequences were demultiplexed and quality-filtered using
QIIME (version 1.9.1). Sets of sequences with at least 97%
identified were defined as an OTU (operational taxonomic unit),
and chimeric sequences were identified and removed using
UCHIME (Edgar et al., 2011). The taxonomy of each 16S
rRNA gene sequence was analyzed using RDP Classifier2 against
the SILVA ribosomal RNA gene database using a confidence
threshold of 70% (Cole et al., 2009; Quast et al., 2013).

Calculations and Statistical Analysis
Cell densities of MG I, MG II, and MG III were inferred based on
total archaeal community composition derived from sequencing
(Table 1) and total archaeal cell density obtained by qPCR
(Table 2) according to equation 1 (MG I is taken as an example),
where n = cell density (cells/L) and f = relative abundance (%):

nMG I = ntotal archaea× fMG I (1)

The cellular lipid content (fg/cell) was calculated using the
equations below for the MG I community only (Eq. 2) and for the
whole archaeal community (Eq. 3), where n = cell density (cells/L)
and a = lipid abundance (ng/L). Intact polar GDGTs (IP-GDGTs)
were defined as the sum of HPH-, 2G-OH-, 2G-, 1G-OH-, and
1G-GDGTs. Total GDGTs are the sum of IP- and C- GDGTs.

Cellular lipid content of MG I =
a total or IP GDGTs

n MG I
× 106 (2)

Cellular lipid content of total archaea =
a total or IP GDGTs

n total archaea
× 106

(3)

Ring Index (RI) was calculated using Equation 4 according to
Zhang et al. (2016):

RI =
1× GDGT − 1+ 2× GDGT − 2+ 3× GDGT − 3+ 4× crenarchaeol

GDGT − 0+ GDGT − 1+ GDGT − 2+ GDGT − 3+ crenarchaeol
(4)

Cluster analysis in this study was performed by PAST
software using the unweighted pair-group average algorithm.

1https://www.i-sanger.com
2http://rdp.cme.msu.edu/

Correlation coefficients and p-values were obtained by analysis
using R software. The neighbor-joining trees were constructed
using MEGA software.

RESULTS

Oceanographic Settings
The N-sample set was collected in the NWPO in April,
2015 and the E-sample set was collected in East China Sea
in October, 2014. In situ temperature, salinity and nutrient
content were determined for every sample. Salinity varied
little between the two sample sets (Supplementary Table S1),
but the temperature and nutrient contents of them changed
substantially. The average in situ temperature of the N-samples
was 18.1◦C, with a range of 17.5–18.7◦C. The E-samples
had an average of 25.4◦C, with a range of 24.3–26.4◦C
(Supplementary Table S1).

The fixed nitrogen contents in the N-samples were two to four
times higher than those in the E-samples. The average nitrate
content of the N-samples was 4.19 µmol/L with a range of
0.77 to 8.84 µmol/L (n = 5); the average nitrate content of the
E-samples was 1.1 µmol/L with a range of 0.53 to 2.05 µmol/L
(n = 10). The average nitrite content of the N-samples was
0.16 µmol/L with a range of 0.02 to 0.27 µmol/L, while that
of the E-samples was 0.04 µmol/L with a range of 0.01 to
0.14 µmol/L.

Phosphate content averaged 0.11 µmol/L (ranging from 0.03
to 0.2 µmol/L, n = 5) in the N-samples and 0.05 µmol/L
(ranging from 0.03 to 0.08 µmol/L, n = 10) in the E-samples.
Silicate content averaged 2.45 µmol/L (ranging from 0.11 to
4.68 µmol/L) in the N-samples and 0.95 µmol/L (ranging from
0.24 to 1.57 µmol/L) in the E-samples (Supplementary Table S1).

Archaeal Community Structure
Results of the 16S rRNA gene sequencing showed that archaeal
communities substantially differed between the N- and E- sample
sets. In the N-samples collected in April 2015 (Figure 1),
the relative abundance of MG I ranged from 0.2 to 5.2%.
MG II represented the vast majority of 16S rRNA gene reads
with a range from 94.1 to 99.7% (Table 1 and Figure 2).
In contrast, in most E-samples collected in October 2014
(Figure 1), MG I accounted for more than 88.4% while MG II
accounted for less than 9.0% (except E-7 with MG I accounting
for 54.9% and MG II accounting for 43.1%; Table 1 and
Figure 2). For both sets of samples, MG III only accounted
for a small proportion of archaea, from 0.01 to 3.0% and other
unclassified archaea accounted for less than 3.0% of the total
archaeal sequences at all stations. Hence, we normalized the
sequencing results by setting the sum of MG I, II and III to
100% (Table 1).

Seven most prevalent archaeal OTUs were assigned to MG I
and 18 to MG II (7 to MG II A and 11 to MG II B; Figure 2
and Supplementary Figure S3). Among MG I, OTU 476 was
predominant in N-samples (occupied over 82.7% in MG I and
1.8 ± 1.3% in total reads). An exception was sample N-B3
that showed a predominance of OTU 227 occupying 88.0% in
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TABLE 1 | Relative abundance of archaea based on archaeal 16S rRNA gene sequencing, of all detectable archaeal lipids and total archaeal lipid content based on UHPLC-MS analysis.

Relative abundance of
archaea based on 16S rRNA

gene sequencing (%)

Relative abundance of total archaeal lipids (%) Total lipid
content
(ng/L)

Site MG I MG II MG III HPH-
GDGTs

2G-OH-
GDGTs

2G-GDGTs 1G-OH-
GDGTs

1G-GDGTs C-GDGTs IP-ARs C-AR C-uns-
ARs

MeO-AR

N-B3 5.2 94.3 0.5 0.5 6.6 9.4 0.4 21.0 60.6 0.2 0.1 0.7 0.4 12.0

N-A4 4.2 95.1 0.6 0.3 12.5 16.8 0.6 61.1 3.5 0.2 0.3 4.8 0.0 7.4

N-A8 2.6 94.9 2.4 1.4 13.3 26.0 0.7 44.6 8.6 0.3 0.5 4.6 0.1 4.1

N-B6 4.0 94.1 1.9 1.4 12.6 21.9 0.4 46.9 6.2 0.1 0.4 10.1 0.1 6.7

N-B9 0.2 99.7 0.1 0.1 11.6 19.4 0.7 45.6 19.4 0.1 0.1 2.7 0.1 2.9

Average of
N-samples

3.3 ± 1.7 95.6 ± 2.1 1.1 ± 0.9 0.7 ± 0.6 11.3 ± 2.7 18.7 ± 6.2 0.5 ± 0.2 43.8± 14.4 19.7± 23.7 0.2 ± 0.1 0.3 ± 0.2 4.6 ± 3.5 0.1 ± 0.1 6.6 ± 3.5

Average of
N-samples except
N-B3

2.8 ± 1.6 96 ± 2.2 1.3 ± 0.9 0.8 ± 0.7 12.5 ± 0.7 21 ± 3.9 0.6 ± 0.2 49.5 ± 7.7 9.4 ± 7 0.2 ± 0.1 0.3 ± 0.2 5.6 ± 3.2 0.1 ± 0.03 5.3 ± 2.1

E-1 93.4 6.3 0.3 0.5 2.1 8.2 0 22.0 29.9 0.6 0.2 36.4 0.2 1.4

E-2 88.4 8.5 3.0 1.0 3.5 10.0 0 22.7 28.2 0.3 0.1 33.8 0.4 2.1

E-3 ND* ND* ND* 1.4 8.9 11.5 0.14 32.7 24.6 0.1 0.0 20.4 0.3 11.5

E-4 90.4 9.0 0.6 1.1 4.6 8.5 0.03 23.1 26.0 0.2 0.1 36.2 0.3 3.3

E-5 99.5 0.5 0.02 0.0 5.0 10.5 0.05 50.1 20.3 0.4 0.2 13.3 0.2 6.6

E-6 ND* ND* ND* 0.4 6.0 7.0 0.12 34.8 25.6 0.3 0.1 25.5 0.2 9.3

E-7 54.9 43.1 2.0 0.7 6.0 7.8 0.11 29.3 20.8 0.1 0.1 35.0 0.3 9.8

E-8 99.1 0.9 0.01 0.0 6.4 7.7 0.15 64.8 12.7 0.0 0.2 7.7 0.4 22.3

E-9 96.5 3.3 0.2 0.0 3.6 8.7 0.05 51.8 23.9 0.1 0.2 11.3 0.3 6.7

E-10 97.6 2.2 0.2 0.2 2.6 11.6 0.04 55.0 18.6 0.2 0.3 11.4 0.2 10.8

Average of
E-samples

90 ± 13.8 9.2 ± 13.2 0.8 ± 1 0.5 ± 0.5 4.9 ± 2 9.1 ± 1.6 0.1 ± 0.06 38.6± 15.5 23 ± 5.1 0.2 ± 0.2 0.1 ± 0.1 23.1± 11.7 0.3 ± 0.1 8.4 ± 6.1

∗ND, not detected.
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FIGURE 2 | Heatmap based on the distribution of representative archaeal OTUs (labels marked in blue represent major OTUs from N-samples; labels in orange
represent OTUs from E-samples). Color scale on the right correspond to the percentage of OTU 16S rRNA gene amplicon reads over the total reads. Samples are
listed in the order of OTU-distribution cluster analysis result (blue labels are N-samples and orange labels are E-samples).

MG I and 1.0 ± 1.5% in total reads. OTU 213 and OTU 90
were predominant in E-samples (averaging 56.0 ± 24.0 and
31.3 ± 23.7% in MG I, 52.6 ± 24.9 and 27.1 ± 19.9% in total
reads, respectively; Figure 2).

Among MG II, OTU 160 and OTU 269 were predominant
in N-samples (affiliated to MG II A; averaging 45.0 ± 12.9
and 18.6 ± 6.4% in MG II, 44.0 ± 13.0 and 18.0 ± 6.1% in
total reads, respectively). OTU 310, OTU 89 and OTU 233 had
higher relative abundance in E-samples (affiliated to MG II B;
averaging 40.9 ± 13.2, 19.6 ± 12.9, and 14.2 ± 6.4% in MG II;
4.1 ± 7.2, 1.0 ± 1.2, and 1.2 ± 2.3% in total reads; Figure 2 and
Supplementary Figure S3).

Archaeal Cell Density and Total Lipid
Content
Archaeal cell density in each sample was quantified by qPCR
targeting the archaeal 16S rRNA gene. On average, 1.5 × 107

archaeal cells per liter of seawater (cells/L; Table 2) were observed
in N-samples (ranging from 3.2 × 106 to 4.4 × 107 cells/L).
E-samples showed a slightly higher average archaeal cell density
of 3.3× 107 cells/L (Table 2).

MG I and MG II specific cell densities were estimated
by multiplying their relative abundance within total archaeal
sequences with the qPCR-derived archaeal cell density (Eq. 1). As
a result, MG I ranged between 1.7 × 104 and 2.3 × 106 cells/L

in N-samples and between 7.1 × 106 and 5.6 × 107 cells/L in
E-samples. MG II in N-samples were 1–2 orders of magnitude
higher (3 × 106 to 4.2 × 107 cells/L) than in E-samples (2 × 105

to 5.6× 106 cells/L; Table 2 and Supplementary Figure S2).
The total archaeal lipid content varied greatly within each

sample set. Total archaeal lipids ranged from 2.9 to 12 ng/L
(average was 6.6 ± 3.5 ng/L) in N-samples and from 1.4 to
22.3 ng/L (average was 8.4± 6.1 ng/L) in E-samples (Table 1).

Archaeal Lipid Distribution
Except for sample N-B3 (characterized by a predominance
of C-GDGTs), all N-samples were dominated by 1G-GDGTs
followed by 2G-GDGTs and C-GDGTs (Figure 3 and Table 1).
These three components were also the major lipids in E-samples.
In both N- and E- samples, 2G-OH-GDGTs with 0–4 cyclopentyl
rings were detected, in which 2G-OH-GDGTs -3 and -4 have
not been reported in previous studies. These two compounds
were identified based on exact mass and retention pattern
with the sMRM method and also with a parallel quadrupole
time-of-flight tandem mass spectrometer (qTOF-MS) analysis
(Supplementary Table S2; cf. Zhu et al., 2013). 2G-OH-
GDGTs relative abundance ranged between 6.6 and 13.3% in
the N-samples and between 2.1 and 8.9% in the E-samples.
HPH-GDGTs accounted for less than 2% of total archaeal
lipids in every sample and 1G-OH-GDGTs (including 1G-
OH-GDGTs -0, -1, and -2) for less than 1% (Table 1).
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TABLE 2 | Cell density of Archaea based on qPCR and cell densities of Marine Groups I, II, and III inferred by archaeal community composition from sequencing (the cell
numbers are equivalent to gene copies assuming one cell contains one 16S rRNA gene of studied archaea); abundances of GDGTs, IP-GDGTs and intact polar
crenarchaeol (IP-Cren, including HPH-, 2G- and 1G- crenarchaeol); cellular lipid contents in GDGTs and IP-GDGTs estimated for MG I and the whole archaeal cells.

Cell density (cells/L) Lipid abundance (ng/L) Cellular lipid content
based on MG I cell

density (fg/cell)

Cellular lipid content
based on archaea

cell density (fg/cell)

Site Archaea MG I MG II MG III GDGTs IP-GDGTs IP-Cren GDGTs IP-GDGTs GDGTs IP-GDGTs

N-B3 4.4E + 07 2.3E + 06 4.2E + 07 2.3E + 05 11.8 4.6 1.0 5.16 1.99 0.27 0.10

N-A4 1.7E + 07 7.4E + 05 1.7E + 07 1.1E + 05 7.0 6.8 2.0 9.47 9.12 0.40 0.39

N-A8 5.1E + 06 1.3E + 05 4.8E + 06 1.2E + 05 3.9 3.5 0.8 28.8 26.2 0.76 0.69

N-B6 3.2E + 06 1.3E + 05 3.0E + 06 5.8E + 04 6.0 5.6 1.4 46.9 43.6 1.89 1.76

N-B9 7.4E + 06 1.7E + 04 7.3E + 06 8.5E + 03 2.8 2.2 0.7 165 132 0.38 0.30

E-1 1.9E + 07 1.7E + 07 1.2E + 06 6.3E + 04 0.9 0.5 0.2 0.05 0.03 0.05 0.02

E-2 2.3E + 07 2.0E + 07 2.0E + 06 7.0E + 05 1.4 0.8 0.3 0.07 0.04 0.06 0.03

E-3 2.0E + 07 ND* ND* ND* 9.1 6.3 2.4 ND* ND* 0.45 0.31

E-4 3.6E + 07 3.3E + 07 3.2E + 06 2.1E + 05 2.1 1.2 0.5 0.06 0.04 0.06 0.03

E-5 4.0E + 07 3.9E + 07 2.0E + 05 6.7E + 03 5.7 4.3 2.3 0.14 0.11 0.14 0.11

E-6 2.5E + 07 ND* ND* ND* 6.9 4.5 2.1 ND* ND* 0.27 0.18

E-7 1.3E + 07 7.1E + 06 5.6E + 06 2.6E + 05 6.3 4.3 1.6 0.89 0.61 0.49 0.33

E-8 3.9E + 07 3.9E + 07 3.5E + 05 5.7E + 03 20.5 17.7 8.8 0.53 0.45 0.52 0.45

E-9 5.5E + 07 5.3E + 07 1.8E + 06 1.3E + 05 5.9 4.3 2.5 0.11 0.08 0.11 0.08

E-10 5.7E + 07 5.6E + 07 1.3E + 06 9.6E + 04 9.5 7.5 4.3 0.17 0.13 0.17 0.13

∗ND, not detected.

FIGURE 3 | Cluster analysis based on the distribution of all detectable archaeal membrane lipids. Chemical structures are shown in Supplementary Figure S1.
Blue labels are N-samples and orange labels are E-samples.

GDGTs with 0–3 cyclopentyl rings and crenarchaeol were
detected (see chemical structures in Supplementary Figure S1
and relative abundances in Supplementary Table S3) but

the crenarchaeol isomer, unsaturated GDGTs and OH-GDGTs
were not detected. The ring distribution of 2G-GDGTs was
different from those of HPH-, 1G-, and C- GDGTs. The

Frontiers in Microbiology | www.frontiersin.org 7 June 2020 | Volume 11 | Article 103418

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


fmicb-11-01034 June 4, 2020 Time: 19:8 # 8

Ma et al. MG II Contribute to Archaeal Lipids

former group was dominated by GDGTs -1, -2, and -3
while GDGT-0 and crenarchaeol predominated in the latter
(Supplementary Table S3).

ARs accounted for 1.4 to 37.3% of total archaeal lipids
(Table 1) with core unsaturated ARs (C-uns-ARs, with 1 to
7 DBE) being the most abundant AR types (Table 1 and
Supplementary Figure S1). IP-ARs (including 1G- and 2G- AR),
C-AR, and methoxy archaeol (MeO-AR) all represented less than
1% of total archaeal lipids in every sample (Table 1 and Figure 3).

A cluster analysis performed on the comprehensive lipid
distribution showed distinct lipid distributions between the
N- and E- samples. The N-B3 sample had a significantly
different lipid distribution from other samples and was thus
subsequently considered as an outlier. Lipid distributions of N-
and E- samples mainly differed upon the relative abundance
of C-GDGTs, 2G-GDGTs, 1G-GDGTs, 2G-OH-GDGTs, and
C-uns-ARs (Figure 3). In MG I-dominated E-samples, 1G-
GDGTs ranged from 22 to 64.8% (38.6 ± 15.5% in average),
C-GDGTs from 12.7 to 29.9% (23 ± 5.1% in average), and
2G-GDGTs from 7 to 11.6% (9.1 ± 1.6% in average; Table 1).
By contrast, in MG II-dominated N-samples, lipid distribution
showed higher relative amounts of 1G-GDGTs (49.5 ± 7.7% in
average), 2G-GDGTs (21 ± 3.9% in average) and lower amounts
of C-GDGTs (9.4 ± 7% in average; Table 1). Among the minor
lipids, the E-samples showed higher amounts of C-uns-ARs
(23.1 ± 11.7% in average) while the N-samples had a higher
relative abundance of 2G-OH-GDGTs (12.5 ± 0.7% in average;
Figure 3 and Table 1).

DISCUSSION

Potential Contribution of MG II
Euryarchaeota to the Archaeal
Tetraether Lipid Pool
Previous studies showed that MG II usually inhabit the surface
photic zone while MG I are found in deeper layers of the water
column (e.g., Zhang et al., 2015; Ingalls, 2016), which is consistent
with the observed microbial community in the N-samples but
not in the E-samples. Seasonality may explain the observed
contrasted community structure between the two sample sets
as it was previously observed to impact MG I (Massana et al.,
1997; Murray et al., 1998; Galand et al., 2010; Hollibaugh et al.,
2011; Pitcher et al., 2011b) and MG II (Pernthaler et al., 2002;
Galand et al., 2010) communities. Previous studies reported MG I
blooms during low phytoplanktonic productivity season (Pitcher
et al., 2011a), which is consistent with the predominance of
MG I in the E-samples collected in October (He et al., 2013).
In contrast, the MG II-dominated samples (N-samples) were
sampled in spring. This is in agreement with the detection of
a spring MG II bloom in surface waters at German Bight in
the North Sea (Pernthaler et al., 2002). Besides, we observe
that the predominant MG II OTUs (OTU 160 and OTU 269;
Figure 2 and Supplementary Figure S3) in the N-samples
collected in April are phylogenetically affiliated to MG II A, which
were previously observed to be predominant in summer when

FIGURE 4 | Variation of inferred cellular lipid contents: (A) Assuming MG I
being the sole source of GDGTs and (B) assuming archaea including MG I
and MG II being the source of GDGTs. The cellular lipid content was
calculated by dividing the lipid concentrations measured from UHPLC-MS by
the cell numbers (MG I or total archaea) estimated from qPCR and
sequencing. Blue columns represent the average value of the N-samples.
Orange columns represent the average value of the E-samples. Bars
represent standard deviation in each sample set. In Figure (A) the primary y
axis on the left represents values of the N-samples and secondary y axis on
the right represents values of the E-samples. The scale of the primary y axis is
different from the secondary y axis. In Figure (A), the bars are hatched to
highlight that these values are hypothetical.

nutrients become depleted. On the contrary, MG II B seem to
be more abundant during winter when nutrients are replenished
(Galand et al., 2010).

The unambiguous difference in archaeal community structure
between the two sample sets offers the opportunity to analyze in
detail the lipid contribution by the uncultivated MG II archaea in
the samples they dominate. For this purpose, IPLs were analyzed
from the same filters used for archaeal community analysis. IPLs,
particularly those with phosphate head groups, are assumed to be
rapidly degraded upon cell death (White et al., 1979; Harvey et al.,
1986) and hence are representative of the active living archaeal
community at the moment of sampling. We thus consider the
overprint from extinct cell biomass to be minimal.

MG I are considered as the dominant source of IPL-GDGTs
in the ocean (Schouten et al., 2013). In this study, we determined
how much lipid a MG I cell would contain if all detected GDGTs
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were exclusively produced by MG I cells (Eq. 2). In the E-samples,
cellular GDGT content varies from 0.05 to 0.89 fg/cell (0.25 fg/cell
in average; Table 2 and Figure 4A) and cellular IP-GDGT from
0.03 to 0.61 fg/cell (0.19 fg/cell in average; Table 2 and Figure 4A)
for MG I. These values are close to previous estimates of MG
I cells based on both environmental and pure culture samples
(1 fg/cell, Sinninghe Damsté et al., 2002b; 0.25 fg/cell, Schouten
et al., 2012; 0.9 to 1.9 fg/cell, Elling et al., 2014).

In the MG II-enriched N-samples, assuming all GDGTs
derive from MG I cells, the calculated cellular archaeal lipid
quota would be 5.16 to 165 fg/cell (51 fg/cell in average)
for total GDGTs and 1.99 to 132 fg/cell for IP-GDGTs (43
fg/cell on average; Table 2 and Figure 4A). These values are
two orders of magnitude higher than the results found in the
E-samples as well as in former studies. We hypothesize that
the overestimation of cellular lipid content in the N-samples
may be due to neglecting GDGT production from the MG II
communities as previously suggested by Lincoln et al. (2014)
in the North Pacific Subtropical Gyre shallow and intermediate
depths. Consequently, cellular lipid contents in total GDGTs
and IP-GDGTs were calculated based on the total archaeal
cell density (Eq. 3; Table 2). Total cellular GDGT content
in the N-samples then ranges from 0.27 to 1.89 fg/cell (0.74
fg/cell on average) and cellular IP-GDGT content from 0.1 to
1.76 fg/cell (0.65 fg/cell on average; Table 2 and Figure 4B).
These values are in the same order of magnitude as the
estimates from the E-samples as well as from previous studies.
Therefore, the observed GDGT distributions can be most
plausibly explained by the production of GDGTs by MG II
community members.

Our observations are inconsistent with those made in a recent
study (Besseling et al., 2020), which estimated the potential
contribution of MG II to the IPL pool by analysis of (sub)surface
waters of the North Atlantic Ocean and the coastal North Sea.
These authors did not detect IP-GDGTs and other archaeal IPLs
in samples dominated by MG II and concluded that MG II
contributed neither to GDGTs nor to any other known archaeal
IPLs (Besseling et al., 2020). Nonetheless, potential alternative
lipids belonging to the abundant MG II were not identified.
Currently, we can only speculate that the inconsistency between
our study and theirs may be due to geographical difference
or different quantification approaches. Ultimately the analysis
of an MG II isolate, when available, will shed more light on
the lipid composition for archaeal lipids of this ubiquitous
planktonic archaeal group.

Differences of Lipid Distribution Between
MG I and MG II Enriched Sample Sets
Cluster analysis of the lipidomic distributions suggests
significant differences between the N- and E- samples,
which further supports a potential contribution from MG
II to the lipid pool (Figure 3). MG I-enriched E-samples
show high abundances of 1G-GDGTs, 2G-GDGTs and
C-GDGTs (Figure 3), which is consistent with former
studies in MG I-enriched marine environments (Schouten
et al., 2008; Pitcher et al., 2011b; Sinninghe Damsté et al.,

2012). Besides, Elling et al. (2017) comprehensively described
the lipid inventory of 10 Thaumarchaeal cultures in which
members of Group 1.1a, inhabiting marine environments,
were characterized by high abundances of 1G-GDGTs,
2G-GDGTs and 2G-OH-GDGTs (in decreasing order of
abundance). MG II-dominated N-samples exhibit lower
amounts of C-GDGTs and increased amounts of 1G-GDGTs,
2G-GDGTs and 2G-OH-GDGTs. Higher relative abundance
of 2G-GDGTs in MG II-dominated N-samples is consistent
with the observation in the Mediterranean Sea water column,
where MG II were positively correlated with 2G-GDGTs
(Besseling et al., 2019).

In addition, we observed high abundances of C-uns-
ARs in MG I-enriched E-samples (between 7.7 and 36.4%;
23.1 ± 11.7% in average) and low values in the N-samples
(between 2.7 and 10.1%; 5.6 ± 3.2% in average; Table 1).
Hence, C-uns-ARs may potentially be biomarkers for MG I,
as also demonstrated by significant correlations between MG
I cell density and abundances of C-uns-ARs (except outlying
sample E-7; Supplementary Figure S4a). However, C-uns-ARs
have never been observed in pure cultures of MG I as well as
in other Thaumarchaeota (Elling et al., 2017). Instead, other
studies attributed C-uns-ARs to MG II or methanogen sources
(Zhu et al., 2016; Baumann et al., 2018). Specifically, Zhu et al.
(2016) observed that C-uns-AR0:4 was particularly abundant
in the euphotic zone of the Equatorial Pacific. Baumann et al.
(2018) reported C-MARs in two strains of (hyper)thermophilic
methanogens. Thus, these compounds may be produced by
a large range of Archaea, including both MG I and MG II.
Furthermore, both in the N- and E- sample sets, C-uns-AR (4)
dominated, followed by C-uns-AR (6), C-uns-AR (5), and C-uns-
AR (3) (Supplementary Table S5). Accordingly, the unsaturation
degree of C-uns-ARs showed little variation between the N- and
E- sample sets (Supplementary Table S5). This suggests that
the contrasting temperature and archaeal community structure
between the two sample sets have little effect on the unsaturation
degree of C-uns-ARs in this study.

Previous studies of SPM from surface water identified HPH-
GDGTs, especially HPH-crenarchaeol as produced by MG I
(Besseling et al., 2019; Sollai et al., 2019). In this study, HPH-
GDGTs are detected in every sample as a minor constituent (less
than 1.5%); however, HPH-crenarchaeol systematically shows
higher relative abundance in MG I-dominated E-samples than
in MG II-dominated N-samples (Supplementary Table S3),
further supporting potential chemotaxonomic specificity of
HPH-crenarchaeol for MG I. Among core lipids, crenarchaeol
(Sinninghe Damsté et al., 2002a,b; Schouten et al., 2013) and
MeO-AR (Elling et al., 2014, 2017) were both postulated as
biomarkers for MG I. We do not observe any correlation between
MG I and crenarchaeol in the present data set, suggesting that
core crenarchaeol does not appear to be a universal biomarker
for MG I (Supplementary Table S4). Instead, core crenarchaeol
correlates with MG II cell density (Supplementary Table S4).
This is consistent with the positive correlations between the
abundance of specific MG II subgroups with HPH-crenarchaeol
and 2G-crenarchaeol observed in the Mediterranean Sea water
column (Besseling et al., 2019). But this is inconsistent with the
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FIGURE 5 | Plot of in situ temperature against the ring index. Significant
correlations exist in 1G- and C- GDGTs, with R2 value of 0.89 and 0.92
(p-value < 0.001, regression lines are not shown), respectively.

genome-mining results suggesting that MG II do not contain
the recently discovered genes encoding the enzymes responsible
for ring insertions in GDGTs (Zeng et al., 2019). However, Zeng
et al. (2019) also noted that MG II from natural environments
may use other pathways for GDGT synthesis (including ring
structures), which have yet to be characterized. MeO-AR in
both the N- and E- samples shows low absolute abundance
(relative abundances less than 0.5%; Figure 3 and Table 1).
The relative abundance of MeO-AR slightly increases in MG
I-enriched E-samples (Figure 3 and Table 1) but there is no
significant correlation between MG I cell density and MeO-
AR abundance (Supplementary Figure S4b). Accordingly, its
reliability as diagnostic MG I biomarker is also questionable.

Based on the discussion above, no specific biomarkers for
MG II could be identified. Previous findings based on genome
analysis suggested that MG II may have the potential to synthesize
mixed membranes consisting of archaeal type ether lipids
with bacterial/eukaryotic G3P glycerol-phosphate backbones
(Villanueva et al., 2016; Rinke et al., 2019). However, our results
demonstrate a circumstantial link between the existence of the
commonly found GDGTs and the dominance of MG II in the
NWPO where MG I were present at less than 5.2% of the total
archaeal community.

Temperature Is the Main Driver for
Archaeal Lipid Distribution in Samples
With Different Archaeal Communities
The TEX86 proxy was developed to reconstruct past SSTs based
on GDGT distribution and is now being regularly used in
paleoceanography studies (Schouten et al., 2002, 2013; Tierney
and Tingley, 2015). The prerequisite for this proxy is that
temperature should be the main driver of GDGT distribution

in the environment. It was indeed demonstrated in culture
experiments on archaeal strains that higher temperatures led
to higher cyclization degree (Uda et al., 2001, 2004; Lai et al.,
2008; Boyd et al., 2011). However, several studies pointed to
additional environmental factors which could also influence
GDGT cyclization degree. For instance, TEX86 values increase in
late growth phases (Elling et al., 2014), at lower O2 concentrations
(Qin et al., 2015) and with lower ammonia oxidation rate (Hurley
et al., 2016; Evans et al., 2018). Besides, archaeal community
structure is known to have an effect on GDGT distribution
(Wuchter, 2006; Herfort et al., 2007; Turich et al., 2007; Elling
et al., 2015). In this study, no crenarchaeol isomer was detected
precluding the calculation of TEX86. The ring index (RI), which
behaves similarly to TEX86 (Schouten et al., 2002), was thus
computed in order to estimate the potential impact of MG
II-produced GDGTs on the TEX86 proxy (Figure 5; Eq. 4;
Zhang et al., 2016).

The Ring Index of 1G- and C- GDGTs shows strong
correlations with in situ temperature, with lower RI
corresponding to lower in situ temperatures in MG II-dominated
N-samples and higher RI to higher in situ temperatures in MG
I-dominated E-samples (Figure 5 and Supplementary Table S6).
This implies that in situ temperatures apparently influenced
the RI of these lipid pools in both sample sets with different
archaeal communities.

The low sensitivity of 2G-RI to temperature indicates that
the cyclization degree of 2G-GDGTs may be less impacted by
temperature. 2G-GDGTs are dominated by GDGTs -2 and -
3 and crenarchaeol, while the other GDGT pools show higher
abundances of crenarchaeol and GDGT-0 (Supplementary
Table S3). In addition, the MG II-dominated N-samples show
higher abundances of 2G-GDGTs (Table 1). The lack of
correlation between 2G-RI and temperature may suggest a
potentially high impact of the planktonic archaeal community
structure on archaeal temperature reconstruction proxies.
Indeed, our results suggest that (i) MG II may be significant
contributors of 2G-GDGTs (Figure 3 and Table 1) and (ii)
2G-GDGT cyclization degree is only weakly impacted by
temperature. These data call for further investigation aiming at
determining (i) the global contribution of MG II to the archaeal
lipid pool produced in the water column and (ii) the export
mechanisms of IPLs and particularly 2G-GDGTs to the seafloor.
Understanding these two key points are of prime importance for
evaluating the potential impact of MG II communities on the
TEX86-based paleotemperature proxies.

CONCLUSION

16S rRNA gene sequencing results of two sample sets
collected from surface waters of NWPO and East
China Sea highlighted substantial differences in archaeal
community structures between the two sample sets, with
MG II dominating the former and MG I the latter. By
examining the absolute lipid abundance and archaeal cell
densities estimated from qPCR and sequencing analysis,
we revealed a potentially high contribution of MG II
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to archaeal tetraether lipids in MG II-dominated samples
collected from surface waters of the NWPO. This is consistent
with an early observation of MG II contribution to the GDGT
pool in the North Pacific Subtropical Gyre. Archaeal lipid
distribution in these samples differed from the MG I-dominated
samples collected from East China Sea surface waters. Notably,
higher abundances of unsaturated archaeols were observed in the
MG I-dominated samples than in the MG II-dominated ones.
The widespread occurrence of these unsaturated compounds
implies that they may be synthesized by a large range of
Archaea. However, the lipid distribution differences seemed to
only marginally impact the cyclization degree of the whole
GDGT pool produced in the surface waters. Overall, this study
provides new clues on the distribution of MG II archaeal
lipids and their biological sources in oceanic surface water,
while cautioning the use of archaeal lipid-based proxies for
paleoclimate reconstruction.
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Sulfolobus islandicus codes for four DNA polymerases: three are of the B-family (Dpo1,
Dpo2, and Dpo3), and one is of the Y-family (Dpo4). Western analysis revealed that
among the four polymerases, only Dpo2 exhibited DNA damage-inducible expression.
To investigate how these DNA polymerases could contribute to DNA damage tolerance
in S. islandicus, we conducted genetic analysis of their encoding genes in this archaeon.
Plasmid-borne gene expression revealed that Dpo2 increases cell survival upon DNA
damage at the expense of mutagenesis. Gene deletion studies showed although dpo1
is essential, the remaining three genes are dispensable. Furthermore, although Dpo4
functions in housekeeping translesion DNA synthesis (TLS), Dpo2, a B-family DNA
polymerase once predicted to be inactive, functions as a damage-inducible TLS enzyme
solely responsible for targeted mutagenesis, facilitating GC to AT/TA conversions in the
process. Together, our data indicate that Dpo2 is the main DNA polymerase responsible
for DNA damage tolerance and is the primary source of targeted mutagenesis. Given
that crenarchaea encoding a Dpo2 also have a low-GC composition genome, the
Dpo2-dependent DNA repair pathway may be conserved in this archaeal lineage.

Keywords: Sulfolobus islandicus, DNA polymerase, genetic analysis, DNA damage tolerance, Crenarchaeota,
Dpo2, Dpo4

INTRODUCTION

Multiple DNA polymerases are required in all organisms to duplicate their genomes and repair
DNA lesions generated from endogenous compounds and environmental factors. Whereas
Escherichia coli, the best-studied bacterial model, contains five DNA polymerases, the human
genome codes for >15 such enzymes (Vaisman and Woodgate, 2017). These DNA polymerases
are of two main types based on their cellular functions: those that are devoted to copy genomes
with high fidelity and processivity (replicative polymerases) and those that mainly function in DNA
repair (specialized polymerases) (McCulloch and Kunkel, 2008). To date, four families of replicative
enzymes are known, that is, Families A, B, C, and D. These replicative polymerases are endowed
with the 3′–5′ exonuclease activity that proofreads the synthesized product, and their active centers
are only compatible with the Watson–Crick base paring, a characteristic that is essential for copying
DNA with high accuracy. Most specialized polymerases capable of translesion DNA synthesis (TLS)
belong to the Y-family, and they bypass DNA lesions by accommodating bulky or distorted template
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at their enlarged active centers. However, there are two
exceptions: the bacterial Pol II and the eukaryotic Pol ζ. Although
belonging to the B-family DNA polymerases, they are also capable
of conducting TLS (Sale, 2013; Chatterjee and Walker, 2017; Yang
and Gao, 2018). To date, B-family TLS DNA polymerase has not
been identified in Archaea, the third domain of life.

Archaea also code for multiple DNA polymerases as for
bacteria and eukaryotes. For example, Sulfolobales, an order
of thermophilic acidophiles in Crenarchaeota, have four DNA
polymerase genes (dpo1 through dpo4), coding for three B-family
DNA polymerases (Dpo1, Dpo2, and Dpo3) and one Y-family
polymerase (Dpo4). All four DNA polymerases of Saccharolobus
solfataricus (Sakai and Kurosawa, 2018) (formerly Sulfolobus
solfataricus P2) (Zillig et al., 1980) have been expressed as
recombinant proteins and analyzed in vitro. This reveals that only
Dpo1 synthesizes DNA with high processivity and fidelity, and
its DNA synthesis is easily blocked by lesions in DNA templates
(Gruz et al., 2003; Zhang et al., 2010; Choi et al., 2011; Yan et al.,
2017). By contrast, the S. solfataricus Dpo4 can bypass various
DNA lesions in vitro (Boudsocq et al., 2001; Ling et al., 2004;
Johnson et al., 2005; Zhang et al., 2006; Fiala et al., 2007; Sherrer
et al., 2009; Choi et al., 2011). For Dpo2, the protein carries
substitution for key amino acid residues in the PolC motif at its
putative active center and exhibits a low primer extension activity
in biochemical assays (Rogozin et al., 2008; Choi et al., 2011). As a
result, Dpo2 was predicted as an inactive polymerase (Makarova
et al., 2014). However, transcriptome analyses reveal that dpo2
is the only DNA polymerase gene that exhibits DNA damage-
inducible expression in three different Sulfolobales organisms
including Sulfolobus acidocaldarius, S. solfataricus, and Sulfolobus
islandicus (Frols et al., 2007; Gotz et al., 2007; Feng et al., 2018;
Sun et al., 2018). This raises an important question as to which
DNA polymerase could have an important role in DNA repair
in Sulfolobales.

In this work, we aimed to investigate the function of
these archaeal DNA polymerases in DNA damage repair with
S. islandicus, a genetic model for which very versatile genetic tools
have been developed (Peng et al., 2017). S. islandicus codes for
four DNA polymerases (Guo et al., 2011), as for other species
in Sulfolobales. Genetic studies on the function of all four DNA
polymerase genes in DNA repair unravel that the B-family Dpo2,
but not the Y-family Dpo4, is the main polymerase that mediates
the tolerance of bulky DNA lesions and is absolutely required for
targeted mutagenesis in S. islandicus.

MATERIALS AND METHODS

Strains, Cell Growth, and DNA Damage
Treatment
The genetic host of S. islandicus E233S (Deng et al., 2009) was
derived from the original isolate S. islandicus REY15A (Contursi
et al., 2006). The E233S strain and its deletion derivatives of
each DNA polymerase gene (Supplementary Table S1) were
grown at 78◦C in SCV media (basal media supplemented with
0.2% sucrose, 0.2% Casamino acids, and 1% vitamin solution)
(Deng et al., 2009), and uracil was supplemented to 20 µg/ml.

pSeSD_dpo2/E233S and pSeSD/E233S strains were cultured in
ACV medium in which sucrose was replaced with D-arabinose
at the same concentration (Peng et al., 2012).

For DNA damage treatment with different mutagenic
chemicals, S. islandicus strains were grown to an exponential
growth phase [absorbance at 600 nm (A600) = 0.2] in SCV/ACV
media, and the cultures were treated with a DNA damage agent
(1, 2, and 3 µM of NQO or 10 µg/ml of cisplatin) as specified
in each experiment. Treated cultures were incubated for 24 h,
during which cell samples were taken for A600 measurement,
colony-forming unit (CFU) assay, apparent mutation rate assay,
flow cytometry analysis, and preparation of cell extracts as
previously described (Sun et al., 2018). DNA damage experiments
with ultraviolet (UV) light were conducted under the dark
condition: 25 ml of culture was transferred into a petri dish of
9 cm in diameter, placed in the center of a CL-1000 Ultraviolet
Crosslinker (UVP, Analytik Jena), and irradiated with a setting
of 50 J/m2 at 254 nm. Treated and untreated cultures were then
incubated for 6 h, during which cell samples were taken for
CFU assay, the apparent mutation rate assay, and preparation
of cell extracts.

Construction of Deletion Mutants of DNA
Polymerase Genes in S. islandicus
The CRISPR-based genetic manipulation method developed in
our laboratory (Li et al., 2016) was employed to construct deletion
mutants of S. islandicus for all four DNA polymerase genes (dpo),
that is, dpo1, dpo2, dpo3, and dpo4. Genome-editing plasmids
carrying a mini-CRISPR array with a spacer targeting each DNA
polymerase gene and a donor DNA flanking the corresponding
mutated allele were constructed as follows: (a) spacer DNA
fragments were prepared by annealing of two complementary
oligos (e.g., KOdpo2spf and KOdpo2spr). (b) Spacer fragments
were individually inserted into the pSe-Rp vector [a vector
carrying repeat sequences of CRISPR system (Peng et al., 2015) at
the SapI site, giving pAC-dpo1, pAC-dpo2, pAC-dpo3, and pAC-
dpo4 vectors]. (c) Donor DNAs were obtained by the splicing by
overlap extension (SOE) PCR (Feng et al., 2018) in which the first
set of primers (e.g., KOdpo2Larm-F and KOdpo2SOE-R) were
used to yield the upstream part of the donor DNA, whereas the
second set of primers (e.g., KOdpo2SOE-F and KOdpo2Rarm-
R) were used to amplify the downstream part. These two DNA
fragments were then spliced together by PCR using the primer
combination of the forward primer of upstream fragment and
the reverse primer of the downstream fragment, for example,
KOdpo2Larm-F and KOdpo2Rarm-R primers, and this yielded
donor DNAs carrying a deletion allele of each DNA polymerase
gene. (d) Each donor DNA was inserted into the corresponding
pAC-dpo vectors at the SphI and XholI sites, yielding genome-
editing plasmid, pGE-dpo1, pGE-dpo2, pGE-dpo3, and pGE-
dpo4, individually. The plasmids and DNA oligonucleotides
employed in this work are listed in Supplementary Table S1
and S2.

Next, each genome-editing plasmid was introduced into
S. islandicus E233S by electroporation, giving transformants on
selective plates. Deletion mutant strains were identified by PCR
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amplification of each mutant allele using, for example, KOdpo2
F/KOdpo2 R and dpo2inner F/dpo2inner R primers and verified
by DNA sequencing of deletant alleles. Finally, genome editing
plasmids were cured from the mutants by counterselection for
pyrEF marker using uracil and 5-FOA, yielding 1dpo2, 1dpo3,
and 1dpo4 for further experiments.

Immunoblotting Analysis
Ten milliliters of NQO/UV-treated or reference cultures were
collected by centrifugation and resuspended in 150 µl of TBST
buffer (50 mM of Tris–HCl, 100 mM of NaCl, and 0.1% Tween-
20, pH 7.6). Cells in the cell suspensions were then disrupted
by sonication using a JY92-IIN ultrasonic homogenizer (Scientz
Biotechnology), giving cell extracts for each cell sample. Proteins
in each sample (10 µg) were separated according to their
sizes on a 10% gel by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE). Proteins in the gel were then
transferred onto a nitrocellulose membrane using a Trans-Blot
Semi-Dry Transfer Cell (Bio-Rad). For immunoblotting, the
membrane was first immersed in 5% skim milk blocking agent
for 60 min and then incubated with individual primary antibody
for another 60 min and finally with corresponding secondary
antibody for 60 min. Hybridization signals were generated on the
membrane using the ECL western blot substrate (Millipore) and
visualized by exposure of the membrane to an X-ray film.

Determination of Cell Viability
Cells in 1 ml of NQO/UV-treated or untreated reference cultures
were harvested by centrifugation. Cell pellets were resuspended
in 1 ml fresh SCV medium from which 100 µl of cell suspension
was taken out and used for a serial dilution to 10−5; 100 µl of
diluted cell sample was plated onto an SCV plate supplemented
with 20 µg/ml uracil. After incubation for 7 days, colonies that
appeared on plates were counted, and the resulting data were used
for the calculation of survival rates, which were expressed as the
percentage of viable cells in NQO/UV-treated cultures relative to
those in the corresponding untreated references.

Determination of Apparent Mutation
Rates and Mutation Spectrum
Cells in drug/UV-treated or reference cultures were collected by
centrifugation. After being resuspended in fresh SCV medium,
1,000 µl of cell suspension was plated on SCV plates containing
20 µg/ml of uracil, 160 µM of 6-methylpurine (6-MP) and
0.5 mM of GMP (6-MP plates), using a two-layer plating
technique as previously described (Deng et al., 2009). In the
meantime, an aliquot of the cell suspension was serially diluted,
and the diluted cell samples were plated on drug-free SCV plates.
After incubation for 7 days, colonies that appeared on plates were
counted and the resulting data were used for the calculation of
the apparent mutation rate.

To identify mutations of the apt gene in 6-MPr mutants,
∼120 colonies for each sample were randomly picked up on
6-MP plates from two independent experiments and used as
templates for PCR amplification of the marker gene using the
primer set of Sisapt F/Sisapt R. The resulting PCR products

were sent for DNA sequencing in BGI. Sequencing results were
then aligned with the genomic region containing the putative
promoter and coding sequence of the apt gene using BioEdit
7.0.9.0 (Hall, 1999). Mutated sites of the apt gene were identified
and classified into different types based on the nature of the
mutations, and mutations identified for each mutant strain were
compiled together, yielding the mutation spectrum in which
hotspots could be readily identified.

Flow Cytometry Analysis
Flow cytometry of S. islandicus cells was conducted as previously
described (Han et al., 2017). Briefly, NQO-treated or reference
samples were fixed by 70% ice-cold ethanol individually for
an hour on ice. Cells were harvested by centrifugation at
8,000 rpm for 4 min. After being washed twice with 10 mM
of Tris–HCl, 10 mM of MgCl2, pH 8.0 buffer, cell pellets were
resuspended in the staining buffer containing 40 µg/ml of
ethidium bromide (Sigma) and 100 µg/ml of mithramycin A
(Apollo Chemical, Tamworth, United Kingdom) and incubated
on ice for 30 min. Stained cell samples were then analyzed by flow
cytometry with an Apogee A40 (Apogee System, Hertfordshire,
United Kingdom) equipped with a 405-nm laser. A dataset of at
least 30,000 cells was collected for each sample.

Phylogenetic Analysis
Dpo2 homologs were identified using National Center for
Biotechnology Information (NCBI) Blast, with the protein
sequence of the S. islandicus REY 15A Dpo2 as a query. 16S
rDNA sequences of crenarchaeotal species were retrieved from
NCBI. Phylogenetic analysis was performed on the Phylogeny.fr
platform (Dereeper et al., 2008). Specifically, protein sequences
of Dpo2 homologs and 16S rDNA sequences were first aligned
individually using the MUSCLE program (v3.5). The poorly
aligned regions were then removed by Gblocks program (v0.91b)
using the default setting. The phylogenetic trees were constructed
using PhyML program (v3.0) with default setting. At last, the trees
were visualized using the TreeDyn program or the Interactive
Tree Of Life (iTOL) webserver (Letunic and Bork, 2019).

RESULTS

Expression of Dpo2 Protein Is Tightly
Controlled During DNA Damage
Treatment
Previous transcriptome studies showed that among the four
DNA polymerase genes, only dpo2 undergoes DNA damage
response (DDR) expression in S. solfataricus, S. acidocaldarius,
and S. islandicus (Frols et al., 2007; Gotz et al., 2007; Feng
et al., 2018; Sun et al., 2018). To investigate the expression of all
four DNA polymerases at the protein level, the wild-type (WT)
strain of S. islandicus was incubated with NQO, a mutagen that
predominately induces helix-distorting bulky adducts (Bailleul
et al., 1989), in a time course of 24 h. Cell samples were taken at
different time points during the incubation and used for western
blotting analysis. We found that (a) no apparent fluctuation of
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protein content was observed for Dpo1, Dpo3, and Dpo4 during
the drug treatment and that (b) the Dpo2 protein, although
present at a level below the detection limit before the drug
addition, attained the highest level at 6 h post NQO addition
(p.n.a.), with the plateau level maintained for 9 h in the cell
before dropping down, and became barely detectable at 24 h
p.n.a. (Figure 1). These results suggested that the content of Dpo2
could be correlated to the level of DNA damage in S. islandicus.

To gain a further insight into the Dpo2 regulation, relative
Dpo2 contents were compared in S. islandicus cells treated with
three different concentrations of NQO (1, 2, or 3 µM), again in
a time course window of 24 h. We found that the drug triggered
differential expression of Dpo2: upon the treatment with 1 µM
of NQO, the plateau level of the enzyme was delayed for 3 h in
the cells; when the maximum level was attained, it was ∼4-fold
lower than that in the cells treated with the two higher doses, that
is, 2 and 3 µM of NQO (Supplementary Figure S1). In addition,
the NQO-mediated growth inhibition was also dose dependent:
although the addition of 1 µM of NQO yielded little influence
on the change of the optical density of the cultures during
incubation, the drug moderately impaired the culture growth at
2 µM, whereas much stronger growth inhibition was observed
for the cultures treated with 3 µM of NQO (Supplementary
Figure S1). Strikingly, the plateau periods of Dpo2 expression
were also correlated to the drug concentrations in NQO-treated
cultures, being ∼6, 9, and 12 h for cultures treated with 1, 2,
and 3 µM of NQO, respectively (Supplementary Figure S1).
Because the amount of DNA lesion increases along with the
elevation of drug concentration, these results indicated that Dpo2
expression is regulated by DNA damage: the gene expression is to
be activated in the cell upon the occurrence of DNA lesions and
to be deactivated upon the complete removal of the lesions from
its genomic DNA. To this end, these data suggested that Dpo2
could be important for DNA damage repair in S. islandicus.

Dpo2 Overexpression Enhances Cell
Viability Upon DNA Damage Treatment
To investigate the function of Dpo2, the encoding gene in
S. islandicus was cloned to pSeSD (Peng et al., 2012), giving the
expression plasmid pSeSD-dpo2 in which the dpo2 expression is
subjected to arabinose induction. The expression plasmid and
the cloning vector were introduced into the WT strain (E233S)
by transformation, giving pSeSD-dpo2/E233S and pSeSD/E233S,
respectively. These strains were then grown in ACV, a medium
with D-arabinose as the sole carbon source. When their cell
density reached A600 = 0.2, NQO was added to the cultures
at 0, 1, 2, and 3 µM individually. The cultures were further
incubated for 6 h, a time point at which Dpo2 was expected
to attain a plateau expression level in all NQO-treated cultures
(Supplementary Figure S1). Cells were then collected and used
for preparation of cell extracts. Dpo2 in the cell extracts was
subsequently detected by western blotting and hybridization
using antisera raised against Dpo2 or a penta-histidine tag. We
found that Dpo2 was expressed to a very high level in pSeSD-
dpo2/E233S cells grown in the ACV medium, which is consistent
with the feature of arabinose-inducible expression from the

expression vector (Peng et al., 2012). In contrast, the enzyme
was expressed to an undetectable level in the reference cells
(pSeSD/E233S) (Supplementary Figure S2). Because the two
cultures showed very similar cell cycle profiles (Figure 2A), these
results indicated that the occurrence of a large amount of Dpo2
in the cell does not influence the DNA replication and cell cycle
progression of S. islandicus.

However, during DNA damage treatment, the cells containing
large amounts of pre-expressed Dpo2 proteins showed a less
extent of chromosome degradation and consequently a lower
rate of cell death as revealed by flow cytometry (Figure 2A). To
verify the data, cultures of Dpo2-overexpressing strain and its
reference were plated for CFU to determine their survival rates.
As shown in Figure 2B, compared with the reference, which
has 49.1, 8.6, and 0.3% survival fraction post 1, 2. and 3 µM of
NQO treatment individually, dpo2-overexpression cells showed a
higher survival rate in the presence of all three levels of NQO,
being 64.2, 39.4, and 7.1%, respectively. The elevation of cell
survival rate by Dpo2 overexpression was positively related to
the drug doses, being 1. 3-, 4. 6-, and 22.9-fold for treatments
with 1, 2, and 3 µM of NQO, respectively. These data indicated
that Dpo2 overexpression greatly enhanced the resistance of
S. islandicus to NQO.

To investigate if Dpo2 overexpression could influence targeted
mutagenesis in S. islandicus, apparent mutation rates were
determined for the cells in the NQO-treated cultures as well as the
corresponding untreated references, using the apt-based forward
(loss-of-function) mutation assay as previously described (Zhang
et al., 2016). As shown in Figure 2C, spontaneous mutation rates
of the two strains were very similar in the absence of NQO,
indicating that Dpo2 polymerase did not exert any influence on
the replication fidelity of the organism even in the presence of a
large excessive amount (∼20-fold of the NQO-induced level; see
Supplementary Figure S2). However, in the presence of NQO,
the mutation rate of the marker gene was differentially elevated
in these two strains: 1. 6-, 2. 3-, and 3.9-fold higher mutation
rates were observed for the cultures of the overexpression
strain treated with 1, 2, and 3 µM of NQO, respectively,
compared with their corresponding references. These results
indicated that Dpo2 facilitates targeted mutations in S. islandicus
and may mediate the tolerance of DNA lesions induced by
external mutagens.

Both Dpo2 and Dpo4 Contribute to NQO
Lesion Tolerance in S. islandicus
To investigate the function of each DNA polymerases in the DNA
damage tolerance in S. islandicus, we attempted to construct gene
deletion mutants for each DNA polymerase gene as described
in the section “Materials and Methods”. Three were obtained,
including 1dpo2, 1dpo3, and 1dpo4, but construction of a
dpo1 gene deletant constantly failed in this archaeon. All three
mutants were then checked for the presence of the four DNA
polymerases by western analysis, with antisera raised against
each DNA polymerase. As shown in Supplementary Figure S3,
the absence of individual DNA polymerase in each mutant was
confirmed by the lack of the corresponding hybridization signal.
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FIGURE 1 | Expression profiles of four DNA polymerases in Sulfolobus islandicus. Exponential growth cultures (A600 = 0.2) of the wild-type (WT) strain, S. islandicus
E233S was treated with DNA damage agent (2 µM of NQO) or untreated (CK), and these cultures were then grown for 24 h during which cell samples were taken at
indicated time points (hours) and used for preparation of cell extracts. Proteins in the cell extracts (10 µg) were fractionated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and DNA polymerases were identified by western blotting and hybridization using antibodies raised against
each DNA polymerase. PCNA1, a subunit of the archaeal replication sliding clamp, serving as a loading control.

These results indicated that whereas dpo1 encodes the main
replicase that is essential for cell viability, dpo2, dpo3, and dpo4
code for non-essential DNA polymerases.

Next, the three mutants were studied for the contribution
of each non-essential DNA polymerase to cell survival and
mutagenesis. Again, NQO was used as the DNA damage agent for
testing DNA damage tolerance. We found that loss of dpo2 and
dpo4 reduced the cell viability of their NQO-treated cultures by
∼42 and∼26% individually, relative to that of the reference strain
(WT), and loss of dpo3 did not exhibit any influence because the
treated 1dpo3 and WT cultures showed very similar cell viability
(Figure 3A). These results indicated that whereas both Dpo2 and
Dpo4 confer NQO resistance to S. islandicus cells, Dpo3 does not
play a role in the correction of NQO-induced lesions.

DNA damage tolerance in these strains was further evaluated
by the forward mutation assay with the apt marker gene.
Whereas the mutation rate of 1dpo2 remained more or less
constant between treated and untreated cultures, treated cultures
of the remaining three strains showed >10-fold increases
in the mutation rate, relative to their untreated references
(Figure 3C). These results indicated that Dpo2 is responsible for
the mutagenic tolerance of NQO-induced lesions in S. islandicus.

Dpo4 Contributes to Untargeted
Mutations
To gain an understanding of the generation of untargeted
mutations in S. islandicus, a total of 120 colonies were randomly
picked up on forward mutation assay plates of the WT strain and
each dpo mutant and used as templates for PCR amplification
of the apt gene. The resulting PCR products were sequenced to

reveal spontaneous mutations that occurred in the marker gene
in these strains. The identified mutations were categorized into
six different types: three main types of base substitutions (BSs)
(including GC→ AT, GC→ TA, and GC→ CG substitutions),
other BS mutations, frameshifts, and other insertions and
deletions (indels). Their occurrence frequencies in the four
different strains were summarized in Table 1 and illustrated in
Figure 4. We found that profiles of untargeted mutations were
very similar for WT, 1dpo2, and 1dpo3, whereas 1dpo4 showed
a reduction in frameshift mutations (cf. 58% for WT vs. 42%
for 1dpo4), indicating that Dpo4 contributes to the formation of
untargeted indels in this organism.

Dpo2 Is Responsible for Mediating
UV-Induced Lesion Tolerance in
S. islandicus
To investigate which dpo gene(s) could mediate DNA damage
tolerance to UV irradiation in this archaeon, one of the most
common mutagens employed for DNA repair study in different
model organisms (Friedberg et al., 2005), these dpo deletants were
treated with 50 J/m2 of UV-C light (254 nm). Irradiated and
untreated cultures were then incubated for 6 h and analyzed for
cell viability and mutation rates, as described above for NQO
experiments. As shown in Supplementary Figure S4, UV-C light
also strongly induced Dpo2 expression, but it had little influence
on the expression of the remaining three DNA polymerases. As
in the NQO experiments, while UV-C light did not facilitate
the mutation rate in 1dpo2, the DNA damage agent stimulated
mutation rates in all remaining strains, being 6. 6-, 7. 5-, and
9.9-fold for WT, 1dpo3, and 1dpo4, respectively (Figure 3D).
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FIGURE 2 | Dpo2 overexpression elevates DNA damage tolerance of Sulfolobus islandicus at expense of mutagenesis. (A) DNA content profile. The X-axis refers to
DNA content, and the Y-axis indicates the cell numbers counted. Cell populations with one chromosome (1), two chromosomes (2), and DNA-less cells (L) are
marked. (B) Survival rates. Colony-forming units of untreated sample (0 µM) were arbitrary assigned to 100% for each strain (pSeSD, 0 µM; and pSeSD_dpo2,
0 µM), with which the survival fraction of NQO-treated sample was calculated. (C) Apparent mutation rate. Values were obtained by dividing the number of
6-methylpurine resistant (6-MPr) colonies with the number of colonies formed on the corresponding 6-MP-free plates. The dpo2-overexpression strain
(pSeSD_dpo2) and its reference (pSeSD) were grown in the absence or presence of NQO (0, 1, 2, and 3 µM) for 24 h. Cells were then collected and employed for
flow cytometry and determination of colony formation and apparent mutation rates. At least three independent experiments were performed with the standard
deviation shown in the error bar. Multiple t-tests or one-way ANOVA was performed in the statistical analysis, with p-values indicated in the bar graph.

In addition, only the deletion of dpo2 causes a reduction in
the survival rate (Figure 3B). These results indicated that only
Dpo2 can facilitate UV-damage tolerance, and the tolerance
occurred at the expense of an elevated level of mutagenesis
in this archaeon.

Dpo2 Shapes Mutation Spectra Induced
by Helix-Distorting Lesions
Next, NQO-induced mutation spectra were analyzed in detail for
treated cultures of all tested strains. As summarized in Table 1
and illustrated in Figure 4, NQO induced > 4-fold increase in
the fraction of GC → AT transitions in WT strain (cf. 23% in
untreated cells vs. 92% in treated cells), whereas the elevation
was completely abolished in 1dpo2 because the GC → AT
alteration rate did not change (cf. 29% vs. 30%), and furthermore,
major changes were observed for 1dpo3 and 1dpo4 (cf. 29% vs.
75% for 1dpo3; 25% vs. 80% for 1dpo4). Taken together, we
concluded that Dpo2 may have mediated GC to AT transitions
on NQO-induced lesions during error-prone DNA synthesis.

To gain a further insight into the Dpo2-mediated DNA
damage tolerance, we analyzed spontaneous mutation spectra
of 1dpo2 and WT as well as their targeted ones induced
by UV-C light and cisplatin, which produce helix-distortion
lesions including linked pyrimidine dimers and crosslinked
strand lesions, respectively (Friedberg et al., 2005). Untargeted
and targeted mutation data were summarized in Table 2, with
the corresponding mutation spectrum profiles illustrated in
Figure 5. We found that these mutagens induced different types
of dominant mutations in the WT S. islandicus cells: (a) for
UV irradiation, the GC → AT transition was elevated for 34%
(cf. 23% for untreated cells vs. 57% for treated cells), whereas
the tandem BSs of CC to TT and GG to AA were augmented
for 25% (0 vs. 25%); (b) the cisplatin-mediated GC → TA
transversion was elevated for 40% (14% vs. 55%). Given that
these targeted mutations were absent from 1dpo2 cells treated
with the same mutagens (Table 2 and Figure 5), we concluded
that Dpo2 is solely responsible for the generation of targeted
mutations in S. islandicus. Together, our data indicated that dpo2
codes for an error-prone DNA polymerase that bypasses various
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FIGURE 3 | Contributions of accessory DNA polymerases to cell survival and targeted mutagenesis upon NQO and ultraviolet (UV) treatment. (A,C). NQO treatment.
(B,D). UV-C irradiation. For NQO treatment, exponential cultures were grown in the presence of 2 µM of NQO for 24 h; and for UV irradiation, the cultures were
exposed to 50 J/m2 of UV-C light and incubated for 6 h for recovery. Then, untreated and treated cultures were plated for colony-forming units (CFU). CFU of
untreated sample (CK) was defined as 100% for each strain, with which the survived fraction of cells in NQO/UV-treated samples was calculated. These samples
were also plated on nutrient medium plates containing 6-methylpurine for determination of mutation rates, as described in Figure 2. At least three independent
experiments were performed with the standard deviation shown in the error bar. Multiple t-tests or one-way ANOVA was performed in the statistical analysis, with
p-values indicated in the bar graph.

helix-distorting lesions in S. islandicus, mediating GC→ AT/TA
mutagenesis in these processes.

Sulfolobus islandicus Dpo2 Is Conserved
in Crenarchaea With a Low-GC
Composition Genome
The concurrence of the AT-rich genome and the targeted
GC → AT/TA conversions by Dpo2 in S. islandicus is very
interesting because it raises a question if the mutagenic DNA

damage tolerance by Dpo2 could play a role in sculpting
genomic base composition of these archaea during evolution.
To test that, we identified Dpo2 homologs (designated as
PolB2s) in representative species belonging to Sulfolobales,
Desulfurococcales, Acidilobales, and Fervidicoccales
(Supplementary Table S3). Multiple sequence alignments
of these PolB2s and replicative PolBs revealed that the former
are devoid of a recognizable proofreading domain and carry
a substitution for the first aspartate residue in the PolC motif
(YGDTDS, Supplementary Figures S5, S6). Then, sequences of
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TABLE 1 | Spontaneous and NQO-induced mutations at the apt locus of WT and dpo mutants.

Type of mutation WT
CK

WT
NQO

1dpo2
CK

1dpo2
NQO

1dpo3
CK

1dpo3
NQO

1dpo4
CK

1dpo4
NQO

Base substitutions 53.1%a (61b) 97.5% (117) 47.8% (54) 79.2% (95) 50% (58) 86.1% (105) 57.9% (66) 91.7% (110)

Transitions

GC–AT 22.6% (26) 91.7% (110) 29.2% (33) 30% (36) 29.3% (34) 74.5% (91) 25.4% (29) 80% (96)

AT–GC 4.4% (5) 0 3.5% (4) 3.3% (4) 2.6% (3) 0 0.9% (1) 1.7% (2)

Transversions

GC–TA 13.9% (16) 5.8% (7) 8.9% (10) 6.7% (8) 8.6% (10) 7.4% (9) 22.8% (26) 3.3% (4)

GC–CG 1.7% (2) 0.8% (1) 0.9% (1) 37.5% (45) 2.6% (3) 3.3% (4) 3.5% (4) 4.2% (5)

AT–CG 1.7% (2) 0 3.5% (4) 0.8% (1) 2.6% (3) 0 0.9% (1) 0

AT–TA 8.7% (10) 0 1.8% (2) 0.8% (1) 4.3% (5) 0.8% (1) 4.4% (5) 2.5% (3)

Indels 46.9% (54) 1.7% (2) 52.2% (59) 20.8% (25) 50% (58) 13.9% (17) 42.1% (48) 8.3% (10)

Frameshifts 41.7% (48) 1.7% (2) 42.5% (48) 11.7% (14) 37.9% (44) 9.8% (12) 34.2% (39) 7.5% (9)

Minus 1 bp 17.4% (20) 0.8% (1) 14.2% (16) 6.7% (8) 18.1% (21) 6.6% (8) 18.4% (21) 2.5% (3)

Plus 1 bp 24.4% (28) 0.8% (1) 27.4% (31) 4.2% (5) 19.8% (23) 3.3% (4) 14.0% (16) 5% (6)

Plus/minus 2 bp 0 0 0.9% (1) 0.8% (1) 0 0 1.8% (2) 0

Large Indels 5.2% (6) 0 9.7% (11) 9.2% (11) 12% (14) 4.1% (5) 7.9% (9) 0.8% (1)

Insertions > 2 bp 2.6% (3) 0 4.4% (5) 5.8% (7) 9.5% (11) 4.1% (5) 5.3% (6) 0.8% (1)

Deletions > 2 bp 2.6% (3) 0 5.3% (6) 3.3% (4) 2.6% (3) 0 2.6% (3) 0

Total 115 120 113 120 116 122 114 120

WT, wild type. a% of total. bNumber of occurrences.

FIGURE 4 | Targeted and untargeted mutation spectra of Sulfolobus islandicus wild-type strain and DNA polymerase gene mutants. Untargeted mutation spectra
were obtained from the cultures grown in the medium lacking any external mutagen. Targeted mutation spectra were from cultures grown in the medium containing
2 µM of NQO. The length of each bar graph for each category of mutation is proportional to the corresponding% of mutation presented in Table 1. Frameshifts:
1–2 bp of indels with a majority of ± 1 frameshifts. Indels: > 2 bp of indels. Other: other base substitutions.

these crenarchaeotal PolB2s were employed for construction
of the protein tree. In the meantime, 16S rDNA sequences
of crenarchaeotal species were also used for the phylogenetic

analysis. The resulting trees are shown in Supplementary
Figures S7, S8. We found that the topology of Dpo2-based tree
is highly similar to that of the 16S rDNA-based tree, suggesting
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TABLE 2 | Spontaneous and DNA damage-induced mutations at the apt locus of WT and dpo2 mutant.

Type of mutation WT
CK

WT
NQO

WT
UV

WT
cisplatin

1dpo2
CK

1dpo2
NQO

1dpo2
UV

1dpo2
cisplatin

Base substitutions 53.1%a (61b) 97.5% (117) 92.2% (94) 83.8% (93) 47.8% (54) 79.2% (95) 54.2% (45) 40.6% (26)

Transitions

GC–AT 22.6% (26) 91.7% (110) 56.9% (58) 18.9% (21) 29.2% (33) 30% (36) 41% (34) 26.6% (17)

GG–AA/CC–TT 0 0 25.5% (26) 0 0 0 0 0

AT–GC 4.4% (5) 0 3.9% (4) 1.8% (2) 3.5% (4) 3.3% (4) 2.4% (2) 4.7% (3)

Transversions

GC–TA 13.9% (16) 5.8% (7) 2.9% (3) 55% (61) 8.9% (10) 6.7% (8) 4.8% (4) 3.1% (2)

GC–CG 1.7% (2) 0.8% (1) 0 1.8% (2) 0.9% (1) 37.5% (45) 0 1.6% (1)

AT–CG 1.7% (2) 0 0 0 3.5% (4) 0.8% (1) 2.4% (2) 3.1% (2)

AT–TA 8.7% (10) 0 2.9% (3) 6.3% (7) 1.8% (2) 0.8% (1) 3.8% (3) 1.6% (1)

Indels 47% (54) 1.7% (2) 7.8% (8) 16.2% (18) 52.2% (59) 20.8% (25) 45.8% (38) 59.4% (38)

Frameshifts 41.7% (48) 1.7% (2) 7.8% (8) 12.6% (14) 42.5% (48) 11.7% (14) 43.4% (36) 46.9% (30)

Minus 1 bp 17.4% (20) 0.8% (1) 1% (1) 9% (10) 14.2% (16) 6.7% (8) 18% (15) 21.9% (14)

Plus 1 bp 24.4% (28) 0.8% (1) 6.9% (7) 2.7% (3) 27.4% (31) 4.2% (5) 24.1% (20) 21.9% (14)

Plus/minus 2 bp 0 0 0 0.9% (1) 0.9% (1) 0.8% (1) 1.2% (1) 3.1% (2)

Large indels 5.2% (6) 0 0 3.6% (4) 9.7% (11) 9.2% (11) 2.4% (2) 12.5% (8)

Insertions > 2 bp 2.6% (3) 0 0 0 4.4% (5) 5.8% (7) 2.4% (2) 9.4% (6)

Deletions > 2 bp 2.6% (3) 0 0 3.6% (4) 5.3% (6) 3.3% (4) 0 3.1% (2)

Total 115 120 102 111 113 120 83 64

WT, wild type. a% of total. bNumber of occurrences.

that Dpo2 is inherited vertically in Crenarchaeota, although it
only commonly occurs in Sulfolobales and shows a scattered
distribution in other orders of Crenarchaeota.

Next, the phyletic distribution of Dpo2 was overlaid onto
the 16S rDNA-based tree in which their genome GC contents
are color coded for each species (Figure 6), and this revealed
that organisms in the Sulfolobales order encode a PolB2 of
similar sizes [540–582 amino acids (aa)], sharing 71–96%
sequence similarity to the S. islandicus Dpo2 (Supplementary
Table S3), whereas PolB2 polymerases encoded in organisms
of other crenarchaeotal orders, including Desulfurococcales,
Acidilobales, and Fervidicoccales, show a low sequence similarity
(46–59%), and this is consistent with the phylogenetic relation
between these crenarchaeal organisms. Most of the PolB2-
encoding organisms have a low GC content, as highlighted
in green or yellow green in Figure 6. For example, two
closely related organisms in the Acidilobales order, Acidilobus
saccharovorans 345-15 and Caldisphaera lagunensis DSM15908,
are very different in genomic GC composition: the former has
a GC content of 57.2%, whereas the latter, 30%. Only the GC-
poor genome, namely, C. lagunensis, codes for a Dpo2 homolog.
Nevertheless, there are two exceptions: Aeropyrum pernix K1 and
Thermogladius calderae 1633 encode a variant PolB2 (mPolB2)
enzyme, but their genomes have a high GC composition. We
noticed that the Aeropyrum mPolB2 proteins carry additional
mutations in YxGGA motif and PolA motif at their active
center (Supplementary Figure S9), which are implicated in DNA
binding and sugar binding (Truniger et al., 1996; Kropp et al.,
2017), whereas an insertion of 12 amino acids is present in the
connecting region between N-terminal and polymerase domain
of the T. calderae mPolB2 (Supplementary Figure S6). Together,
our data not only provides evidence for a Dpo2-driven generation

of genomes with low GC composition but also reveals functional
diversification of this fascinating B-family DNA polymerase.

DISCUSSION

Sulfolobales organisms are good models for investigating novel
DNA damage repair mechanisms, because they exhibit a very low
spontaneous mutation rate, although thriving at a temperature up
to 80◦C, a temperature at which spontaneous DNA lesions occur
at a greatly accelerated rate (Grogan et al., 2001). In addition,
DNA-strand-breaking agents can stimulate forward mutation in
S. acidocaldarius (Reilly and Grogan, 2002), suggesting that the
organism also shows mutagenic DNA damage tolerance. To date,
the underlying mechanisms by which these crenarchaea undergo
error-free as well as mutagenic DNA damage tolerance remain
elusive. To address these questions, we conducted genetic analysis
of all four DNA polymerase genes in S. islandicus. Our results
have defined a novel TLS polymerase in the domain of Archaea,
suggesting that different modes of DNA polymerase switches
occur in DNA replication for the normal growth and upon
encountering bulky DNA lesions in Sulfolobales. The proposed
scheme of polymerase switches is summarized in Figure 7.

Dpo1 Functions as the Replicative DNA
Polymerase
In this model, Dpo1 is regarded as the replicative DNA
polymerase in S. islandicus, and the following findings support
the proposal. First, characterizations of the four S. solfataricus
DNA polymerases have revealed two high-fidelity DNA
polymerases in this archaeon, Dpo1 and Dpo3, and both DNA
polymerases can function as the replicative polymerase because
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FIGURE 5 | Pie charts of different types of mutations induced by different mutagens in Sulfolobus islandicus wild-type (WT) and 1dpo2. Untargeted mutation
spectra were obtained from the cultures grown in the absence of any mutagen. Targeted mutation spectra were from cultures treated with 2 µM of NQO, 50 J/m2 of
UV-C and 10 µg/ml of cisplatin, individually. The fractions shown in each pie chart are converted from mutation percentages of each category presented in Table 2.
WT, S. islandicus E233S; 1dpo2, S. islandicus dpo2 deletion mutant. Frameshifts: 1–2 bp of indels with a majority of ±1 frameshifts. Indels: >2 bp of indels. Others:
other base substitutions.

they both are full-length B-family DNA polymerases with the
active proofreading from their exonuclease domains (Zhang
et al., 2010; Bauer et al., 2012; Yan et al., 2017). Second, both

enzymes exhibit enhanced processivity in the presence of
proliferating cell nuclear antigen (PCNA)/replication factor C
(RFC), the archaeal replication clamp, and its loader (Dionne
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FIGURE 6 | Correlation of PolB2 and GC-poor genomes in Crenarchaeota. DNA sequences of 16S rRNA genes of different crenarchaeotal species were retrieved
from the GenBank database and used for construction of phylogenetic trees using the Phylogeny.fr platform. The presence of crenarchaeotal PolB2s and PolYs was
annotated on the phylogenetic tree, whereas their genome GC contents are color coded for each species. Empty circles indicate variant PolB2s (mPolB2) carrying
substitutions in the active site or sequence insertions at important regions, whereas filled green circles indicate canonical PolB2s. PolYs are shown with filled red
circles. A color key in the upper right part indicating genome GC composition (%). Eury., Thau., and Kora. represent Euryarchaeota, Thaumarchaeota, and
Korarchaeota phyla, respectively. The background color for the annotations at outer sphere reflects the average GC content of representative species in the
corresponding order.

et al., 2003; Choi et al., 2011). Nevertheless, genetic analysis has
revealed that only dpo1 gene is essential in S. islandicus, as shown
here and in previous works (Martinez-Alvarez et al., 2017; Zhang
et al., 2018). For this reason, if Dpo3 could be a component
of the S. islandicus replication machinery as suggested for
the S. solfataricus replisome (Yan et al., 2017), it should be a
dispensable one.

The Advantage of Dpo4 as the
Housekeeping TLS Enzyme in Dealing
With Accelerated Spontaneous Lesions
The S. solfataricus Dpo4 has served as an excellent model for
studying TLS mechanisms of the Y-family DNA polymerases.
By now, in vivo functions of the encoding genes have
been investigated in three organisms, including S solfataricus,
S. acidocaldarius, and S. islandicus. A genetic study of the
S. solfataricus dpo4 has revealed that 1dpo4 does not show any
growth defect, but loss of dpo4 has rendered the mutant more
sensitive to cisplatin (Wong et al., 2010). Functional study of
the S. acidocaldarius dbh, a Ssodpo4 homolog, indicates that the
encoded PolY plays an important role in the normal growth
because the gene deletion mutant exhibits an elevated level of GC
to TA transversions and a reduced level of frameshift mutations
(Sakofsky et al., 2012). Here, our studies on the S. islandicus
dpo4 suggest that Dpo4 may mediate housekeeping TLS during
DNA replication in the normal growth, consistent with the role
of the S. acidocaldarius dbh gene in the normal growth, because

these archaeal PolY enzymes are constitutively expressed to a
high level both in S. islandicus (Supplementary Figure S1) and
in S. solfataricus (Gruz et al., 2003; Gotz et al., 2007). All these
data are compliant with a function for these PolY enzymes in
chromosome duplication during normal growth at least for the
Sulfolobales organisms (Figure 7).

Hyperthermophiles suffer from greatly accelerated levels of
depurination and deamination even in the absence of any
external mutagens (Lindahl and Nyberg, 1972) and from a
much higher production of 7,8-dihydro-8-oxo-deoxyguanosine
(8-oxodG) at their physiological growth conditions (Barbier et al.,
2016; Killelea et al., 2019). These spontaneous DNA lesions would
effectively block the in vivo progression of DNA replication
by Dpo1, because the replicase stops upon encountering such
DNA lesions in vitro, yielding stalled replication forks (Gruz
et al., 2003; Choi et al., 2011). To avoid replication fork collapse,
which could eventually lead to cell death, the stalled replication
forks have to be restarted promptly, and this requires that a
TLS polymerase be readily recruited to the damaged site for
conducting lesion-bypass DNA synthesis. After the lesion bypass,
Dpo1 takes over the DNA replication task again, resuming the
normal DNA replication. Given that SsoDpo4 can bypass 8-
oxodG in an error-free manner in vitro (Rechkoblit et al., 2006),
the archaeal PolY is expected to play an important role in
preventing GC to TA transversions during the normal growth. In
addition, the Dpo4 is also proficient in the bypass of deaminated
and depurinated products in vitro (Gruz et al., 2003; Fiala
et al., 2007; Choi et al., 2011) and thus implicated in bypassing

Frontiers in Microbiology | www.frontiersin.org 11 July 2020 | Volume 11 | Article 158536

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


fmicb-11-01585 July 21, 2020 Time: 16:54 # 12

Feng et al. First Error-Prone PolB in Archaea

FIGURE 7 | A schematic view of housekeeping and damage-inducible translesion DNA synthesis (TLS) in Sulfolobus islandicus. Dpo1 is mainly responsible for the
faithful DNA synthesis under normal growth. Upon encountering a lesion in the template, for example, 8-oxodG, polymerase switch occurs, in which the primer
termini are transferred to Dpo4 for the error-free bypass. Nevertheless, the dynamic interaction during polymerase switch between Dpo1 and Dpo4 may facilitate
nascent strand slippage at sites of mononucleotide runs of adenine, leading to +1 frameshift mutations by Dpo4. In the presence of external mutagens, the
expression of Dpo2 is activated probably along with putative Dpo2-associated factor(s) (Daf). Daf may either bring Dpo2 onto the site of lesions and/or activate the
activity of the enzyme. NQO-induced lesions can be bypassed either by Dpo4 or by Dpo2, leading to error-free and error-prone bypass, respectively. Tolerances of
UV-induced photoproducts at dipyrimidine sites are mainly, if not exclusively, performed by Dpo2, which could generate a single GC to AT transition at a TC/CT site
and tandem mutations at CC sites but could lead to the faithful replication of TT photoproducts. Once the lesion bypass was completed, the primer termini are
transferred back to Dpo1, and the regular replication resumes. P1, P2, and P3 represent three subunits of the Sulfolobus PCNA trimer, and Exo refers to the
exonuclease domain of Dpo1.

these spontaneous lesions in vivo in the normal growth. Taken
together, these data have provided the basis arguing for the
evolution of the archaeal PolY enzyme as the housekeeping TLS
in Sulfolobales.

Genetic studies of S. islandicus dpo4 have shown another
important feature for this TLS polymerase: loss of gene
induces ∼10% reduction in + 1 frameshift mutation, which
typically occurred following mononucleotide runs of A (A4 or
A5) (Supplementary Figure S10). Mechanistically, the dpo4-
dependent + 1 frameshift mutations are to be yielded by the
nascent strand slippage mechanism during DNA replication.
However, this is in contrast to the biochemical characterization
of SsoDpo4 in which this PolY enzyme mediates single-
base deletion via the template slippage mechanism in vitro
(Wu et al., 2011). Because the SisDpo4 shows >90% amino
acid sequence identity to SsoDpo4, the apparent discrepancy
between in vivo data obtained with the former and the
in vitro data obtained with the latter suggests that the

Dpo4-mediated TLS in Sulfolobales is subjected to regulation by
complex mechanisms.

Further, the archaeal PolYs have maintained their function
in damage-inducible DNA lesion bypass. We found that the
S. islandicus Dpo4 may mediate error-free NQO-induced lesion
bypasses in vivo, and this is consistent with the results obtained
for the bacterial Pol IV and the eukaryotic Pol κ, the other DinB
members of the Y-family DNA polymerases (Shen et al., 2002;
Avkin et al., 2004; Yuan et al., 2008; Zhang and Guengerich, 2010;
Jha et al., 2016). Therefore, the error-free bypass of N2-dG adduct
by DinB family protein is conserved in all three domains of life.

Dpo2 Is Responsible for
Mutagen-Induced DNA Lesion Bypass
Our genetic analyses in S. islandicus show, for the first time,
that Dpo2 is specialized in bypassing DNA lesions induced
by external mutagens. Three lines of evidence support this
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conclusion: (a) western analysis shows that Dpo2 expression
is correlated to the level of DNA damage in S. islandicus,
(b) loss-of-function analysis reveals that dpo2 is primarily
responsible for DNA damage tolerance to helix-distorting lesions
and that it is the only source of mutagenic DNA tolerance in
this archaeon, and (c) the finding that constitutive high-level
expression of Dpo2 in S. islandicus hardly affects the spontaneous
mutation is incompliant with any housekeeping TLS activity for
this DNA polymerase.

Dpo2 is 555 aa in size, which is much smaller than Dpo1,
the replicative DNA polymerase (883 aa) (Guo et al., 2011).
The archaeal Dpo2 lacks the 3′ → 5′ exonuclease domain that
is otherwise present in the bacterial Pol II and the eukaryotic
Pol ζ enzymes, the two other B-family TLS polymerases. In
addition, Dpo2 also bears a substitution to the first aspartate in
YGDTDS, the Pol C motif in the active center of B-family DNA
polymerases (Supplementary Figure S5) (Bernad et al., 1990;
Copeland and Wang, 1993; Kropp et al., 2017), and biochemical
characterization of the S. solfataricus Dpo2 only detected a low
primer extension activity (Choi et al., 2011). Consequently, Dpo2
was constantly predicted as an inactive polymerase (Rogozin
et al., 2008; Makarova et al., 2014). However, our genetic analysis
has shown that although dispensable for cell viability, Dpo2
facilitates cell survival and mediates targeted mutagenesis in
S. islandicus in the presence of external mutagens. Therefore, the
encoded enzyme must be active.

We reason that the activity of Dpo2 could be much more
active than that observed for the E. coli-expressed S. solfataricus
Dpo2, and two findings support this reasoning. First, the
recombinant enzyme obtained from E. coli could be very
different from the native enzyme. This is evident for the
recombinant S. solfataricus Dpo2 employed for the previous
research because the recombinant protein was readily inactivated
at 50–60◦C (Choi et al., 2011), a temperature that is well below
the physiological growth condition of Sulfolobales (75–80◦C)
(Zillig et al., 1980). Indeed, in a seminal comparison between a
recombinant esterase obtained from the mesophilic E. coli and
that from the hyperthermophilic S. islandicus, major differences
in activities between the two versions of the same enzyme
were revealed (Mei et al., 2012). Second, Dpo2 is one of the
cysteine-rich proteins in S. islandicus as it contains seven cysteine
residues. Owing to a relative high level of redox condition in
thermoacidophilic cells, most, if not all, cysteine residues of a
protein are engaged in the formation of either intramolecular or
intermolecular disulfide bonds in S. islandicus cells. For example,
the S. islandicus esterase contains three cysteine residues that
are involved in intramolecular disulfide bond formation (Stiefler-
Jensen et al., 2017). Therefore, Sulfolobales Dpo2 proteins should
be expressed from a Sulfolobales host, obtained from an E. coli
host engineered for improved disulfide bond formation, and
re-examined for their biochemical properties.

In addition, there are three ORFs in the dpo2 gene locus,
and these genes are well conserved in Sulfolobales genomes
(Makarova et al., 2014). They could code for Dpo2-associated
factors (Daf) and work in concert with Dpo2 in the TLS
process. In addition, other DNA replication proteins, such
as PCNA, RFC, and primases, should be studied for their

possible interaction with the Sulfolobus-expressed Dpo2 to reveal
additional Daf (Figure 7).

Insights Into the Mechanisms of
Dpo2-Mediated Lesion Bypass
Strikingly, all Dpo2-dependent hotspot mutations occur at either
a guanine or a cytosine of targeted sites in the apt gene of
S. islandicus, but no dpo2-dependent frameshifts are observed
in this organism (Supplementary Figure S11). These results
are in contrast to those obtained with the bacterial Pol II,
which mainly mediates frameshift mutations in TLS using the
lesion loop-out mechanism (Becherel et al., 2002; Wang and
Yang, 2009). For the eukaryotic Pol ζ, the situation is more
complex. This eukaryotic DNA polymerase is very efficient in
elongation of primer termini that are positioned opposite the
damaged base or non-instructional lesions such as UV dimers
or apurinic/apyrimidinic sites (Johnson et al., 2000; Haracska
et al., 2003), or mismatched primer termini generated by other
polymerases such as Y-family TLS polymerases (Makarova and
Burgers, 2015). In S. islandicus, Dpo2 is the only DNA polymerase
that mediates UV tolerance and exerts both error-free and error-
prone bypass of photoproduct during UV–lesion repair. This
is in contrast to the yeast Pol ζ that plays a relatively minor
role in UV-induced photoproduct bypass because the yeast
Y-family Pol η plays a major role in enhancing UV resistance
(McDonald et al., 1997).

A close examination of mutation spectra induced by three
different mutagens has revealed interesting insights into the
possible mechanisms of the Dpo2-mediated lesion bypass in
S. islandicus. First, Dpo2-dependent mutation hotspot sites
induced by NQO are located within TGGGA site in the WT
strain in which G → A mutation occurs exclusively at the
first two G, leading to amber and opal mutations that truncate
the encoded protein (Supplementary Figure S11). Given NQO
primarily induces N2-dG bulky adducts in DNA (Menichini
et al., 1989), the GC → AT transition mutations by Dpo2
in NQO-treated S. islandicus cells require insertion of dT
opposite the lesion in the TLS process. Second, accordingly,
GC→ TA transversions require incorporation of a dA opposite
the cisplatin-induced damage at dG. Interestingly, at one of these
mutation hotspots induced by cisplatin, both G→ T and G→ A
mutations are detected, and all these mutations are dependent
on Dpo2 (Supplementary Figure S11), indicating a complex
mode of repair of cisplatin-induced lesions in Sulfolobus. Third,
UV-induced Dpo2-dependent mutations include GC → AT
transitions and GG→ AA/CC→ TT tandem mutations, which
are exclusively occurred at dipyrimidine site (Supplementary
Figure S11), given that bypass of cytosines in linked pyrimidine
dimer would be error prone whereas bypass of TT dimer could
be error free. These data suggest that in the TLS bypass of
dipyrimidine sites, Dpo2 probably incorporates two dAs opposite
the linked dimer in S. islandicus cells, leading to error-free bypass
of TT-photoproducts and yielding mutations at CC or TC/CT
photoproducts. Furthermore, although UV-induced GC → AT
is also enriched at GGGA sites, the UV mutation hotspot sites are
located at the third G, suggesting that bypass of TC photoproduct
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at the other strand contributes to these mutations. Indeed, 6-
4 photoproduct (PP) at TC site represents the dominant form
of this type of lesion in UV-irradiated DNA and very few
photoproducts are formed at CT sites (Bourre et al., 1987;
Friedberg et al., 2005), suggesting that bypass of 6-4 PP at TC sites
is probably the main source of UV mutagenesis in S. islandicus. It
would be very interesting to investigate how Dpo2 bypasses these
bulky DNA lesions in vitro.

Investigation of DNA repair in Archaea has revealed that
these organisms, crenarchaeota in particular, lack several classical
DNA repair pathways that are well conserved in bacteria and
eukaryotes, including nucleotide excision repair (NER) and
canonical mismatch repair pathways that are very important for
DNA damage repair (White and Allers, 2018). Nevertheless, they
have evolved novel pathways to deal with various types of DNA
damage. For example, Sulfolobales code for the UV-induced pilus
(Frols et al., 2008; Ajon et al., 2011) and the crenarchaeotal DNA
transfer system (van Wolferen et al., 2016), both of which work
in concert to enable intercellular DNA transfer and facilitate
DNA repair via homologous recombination. Here, we show
that the dpo2 gene is involved in mediating mutagenic DNA
tolerance of helix-distortion lesions in Crenarchaeota, an archaeal
lineage lacking the canonical NER pathway (White and Allers,
2018). In light of the recent finding that a euryarchaeal PolB is
also implicated in DNA damage repair (Kushida et al., 2019),
comparative studies of these archaeal PolB polymerases will yield
further insights into the functions of these unusual archaeal PolBs
in DNA repair and the involved mechanisms.
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Methanogens are the major contributors of greenhouse gas methane and play
significant roles in the degradation and transformation of organic matter. These
organisms are particularly abundant in Swan Lake, which is a shallow lagoon located in
Rongcheng Bay, Yellow Sea, northern China, where eutrophication from overfertilization
commonly results in anoxic environments. High organic phosphorus content is a key
component of the total phosphorus in Swan Lake and is possibly a key factor affecting
the eutrophication and carbon and nitrogen cycling in Swan Lake. The effects of organic
phosphorus on eutrophication have been well-studied with respect to bacteria, such
as cyanobacteria, unlike the effects of organic phosphorus on methanogenesis. In
this study, different sediment layer samples of seagrass-vegetated and unvegetated
areas in Swan Lake were investigated to understand the effects of organic phosphorus
on methylotrophic methanogenesis. The results showed that phytate phosphorus
significantly promoted methane production in the deepest sediment layer of vegetated
regions but suppressed it in unvegetated regions. Amplicon sequencing revealed
that methylotrophic Methanococcoides actively dominated in all enrichment samples
from both regions with additions of trimethylamine or phytate phosphorus, whereas
methylotrophic Methanolobus and Methanosarcina predominated in the enrichments
obtained from vegetated and unvegetated sediments, respectively. These results
prompted further study of the effects of phytate phosphorus on two methanogen
isolates, Methanolobus psychrophilus, a type strain, Methanosarcina mazei, an isolate
from Swan Lake sediments. Cultivation experiments showed that phytate phosphorus
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could inhibit methane production by M. psychrophilus but promote methane production
by M. mazei. These culture-based studies revealed the effects of organic phosphorus
on methylotrophic methanogenesis in coastal lagoon sediments and improves our
understanding of the mechanisms of organic carbon cycling leading to methanogenesis
mediated by organic phosphorus dynamics in coastal wetlands.

Keywords: organic phosphorus, methylotrophic methanogens, seagrass vegetated regions, Methanolobus,
Methanosarcina

INTRODUCTION

Coastal wetlands are considered “sinks,” “sources,” and
“transformers” of phosphorus, with important regulatory
effects on offshore marine environments (Nixon and Lee,
1986; Nixon et al., 1996; Istvánovics, 2001). As an important
phosphorus source, organic phosphorus (OP) is a product of
the combination of P and organic groups, and its common
source is organic matter, for example, monoester phosphorus,
diester phosphorus, and phytate phosphorus. OP mineralization
significantly supplements dissolved inorganic phosphorus (DIP),
a key limiting factor for biological growth. This phosphorus
transformation in sediments is a vital endogenous cause of
inshore eutrophication (Schindler et al., 2008). However, there
is limited knowledge about the effects of OP transformation on
biogenic methane formed by methanogenic microorganisms in
coastal sediments.

Methanogenic microorganisms are important carbon cycle
participants in coastal areas and are an important part of
the biogeochemical cycle and as contributors to environmental
health (Christensen et al., 2018). In general, in sulfate-
reducing zones of marine sediments, hydrogenotrophic and
acetoclastic methanogenesis are inhibited by competition for
available electron donors such as the hydrogen and acetate
consumed by sulfate-reducing bacteria (SRB) (Broman et al.,
2017). Among different substrates utilized by methanogens,
marine methylated compounds, such as methanol and mono-,
di-, or trimethylamines, are major substrates for methane
production by methylotrophic methanogens. The primary
sources of methylated compound substrates are the microbial
decomposition of marine organisms or the root exudates of
plants such as mangroves, Spartina alterniflora Loisel, and
seagrasses (Mohanraju and Natarajan, 1992; Lyimo et al., 2009;
Sun et al., 2015; Yang et al., 2019; Zheng et al., 2019). These
substrates are not routinely used by SRB in the presence
of methanogens (Lyimo et al., 2009), but promote the rapid
growth of methylotrophic methanogens in sediments with high
densities of seaweed. As a result, methylotrophic methanogenesis
may be a significant source of methane in coastal ecosystems
covered by vegetation.

As a crucial transitional site between sea, river, and land,
Swan Lake (SL) is subjected to anthropogenic influences and
biological precipitation, resulting in high concentrations of OP
in sediments, accounting for 25–40% of total phosphorus (Zhang
et al., 2017). SL, a naturally occurring lagoon, directly connects
to the Yellow Sea (YS) via a narrow inlet and contains a
large area of Zostera marina seagrass meadow. With increasing

aquaculture, agriculture, and domestic pollution, the inlet was
overwhelmed with frequent algal blooms, leading to a functional
deterioration of SL wetlands (Shao et al., 2015). As a result,
the top layer, sulfate-reducing zone absorbed substantial organic
matter and the deeper transition layer and deepest methanogenic
layer were also influenced. In recent years, many studies have
been conducted in SL to protect its ecosystem health and
function, mainly focusing on the content and spatial distribution
of pollutants in sediments, including heavy metals and forms
of phosphorus (Gao et al., 2009, 2010, 2013; Shao et al.,
2015; Zhang et al., 2017). Although organic and inorganic
contaminants in SL have been comprehensively investigated, the
microorganisms and possible biochemical reactions involved are
poorly understood. Furthermore, recent studies have provided
evidence that populations of diazotrophic sulfate-reducing
bacteria and archaea such as specific subclades of Woesearchaeota
and Bathyarchaeota, as well as methanogens, more frequently
occur in surface sediments colonized by Z. marina seagrass
meadows than in bare sediments (Sun et al., 2015; Zheng et al.,
2019). This may be related to the fact that Z. marina seagrass
meadows can provide more bioavailable organic matter.

The effects of organic phosphorus on eutrophication
have been well-studied with respect to bacteria such as
cyanobacteria (McMahon and Read, 2013; Dong et al., 2016;
Xie et al., 2019). However, less attention has been given to
the effect of OP on methanogenic microorganisms in seagrass
systems. Whether OP mineralization and its final products,
IP, affect methane production has not been investigated in
marine environments (Zhong et al., 2017). Here, we selected
different sediment layer samples of the Z. marina seagrass-
vegetated and unvegetated regions in SL to investigate the
effects of OP on methylotrophic methanogenesis, and the
interaction between OP mineralization and methane production.
Moreover, pure cultures of methylotrophic methanogens were
further tested for OP. These results will help improve our
understanding of the recycling mechanisms of organic carbon
and phosphorus in methanogenic archaea in coastal wetlands
and offshore environments.

MATERIALS AND METHODS

Sediment Samples
Marine sediment samples were collected in November 2018 from
Swan Lake (37◦19′N–37◦22′N, 122◦33′E–122◦34′E), which is
located in the southwestern part of Rongcheng Bay, Shandong
Peninsula, northern China and connects to the Yellow Sea by
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FIGURE 1 | Location of sampling points in Swan Lake including three seagrass vegetated sites (Ca, Cb, Cc) and three unvegetated sites (FCa, FCb, FCc).

means of a narrow inlet. Different sediment layers, referred
to as the surface layer (0–20 cm), the middle layer (20–
40 cm), and the bottom layer (40–60 cm), were collected from
three seagrass-vegetated sites (Ca, Cb, Cc; 37◦21′1′′N-37◦21′4′′N,
122◦34′41′′E–122◦34′43′′E) and three unvegetated sites (FCa,
FCb, FCc; 37◦20′40′′N–37◦20′47′′N, 122◦34′12′′E-122◦34′25′′E)
(Figure 1). A total of 18 sediment samples were collected with
a custom-made corer (inner diameter, 10 cm) during low tide.
After collection, the samples were stored at 4◦C for enrichment
cultures and immediately transported to the laboratory under
anoxic conditions.

Enrichment of Methylotrophic Archaea
Enrichment was initiated immediately after transportation. The
marine enrichment medium was natural seawater from Swan
Lake, first passed through 0.45-µm filters, and then 0.22-µm
filters. The filtered water was amended with 33 mmol L−1

trimethylamine for enrichment incubation. Before autoclaving,

the medium was completely purged of O2 in solution and the
headspace was purged with N2/CO2 (80/20, v/v). Subsequently,
a 10% (w/v) sample of the sludge sample was inoculated into
anaerobic tubes containing 10 ml liquid medium. All culture
setup was performed in a Coy anaerobic chamber and incubated
at 30◦C in the dark without shaking for 1 month.

Phytate Phosphorus Supplementation
Experiments
Sodium phytate (Sigma-Aldrich, United States) at two different
concentrations (2 mg L−1: 2P and 5 mg L−1: 5P) was used as
the source of OP for the main experiment. Sodium phytate was
additionally added to the anaerobic marine enrichment medium
before inoculation for the enrichment of methylotrophic archaea.

The effect of 5 mg L−1 sodium phytate on pure methylotrophic
methanogens was tested. Methanosarcina mazei was isolated
from marine sediments from SL and stored in our laboratory.
The methods for isolation and identification of M. mazei
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have been previously described (Wang et al., 2019). Wild-type
Methanolobus psychrophilus strain R15 was obtained from Prof.
Xiuzhu Dong’s laboratory culture collection at the Institute
of Microbiology, Chinese Academy of Sciences (Zhang et al.,
2008). These strains were cultivated in marine MS methanogenic
media with trimethylamine as the electron donor. After three
generations, the cultures were inoculated into marine MS
methanogenic media containing 5 mg L−1 sodium phytate. Each
set of experiments was conducted in triplicate.

Analytical Methods
Methane accumulation in the headspace of the incubations
was measured using a gas chromatograph (GC) 7820A
(Agilent Technologies, United States) equipped with a flame
ionization detector.

Available phosphorus in all enrichment cultures was analyzed
using the molybdenum stibium anti-color method and quantified
at 880 nm using a UV–Vis spectrophotometer as previously
described (Lu, 1999).

The protein concentrations of cells in enrichment cultures
were determined using the BCA method according to
manufacturer’s protocol (Solarbio, China).

Molecular Analyses
As methane production reached its plateau in each anaerobic
enrichment culture, total nucleic acids were extracted using a
bead-beating protocol (Shrestha et al., 2009). The extract was
treated with gDNA Eraser (TaKaRa) to remove coextracted DNA,
then was confirmed to be DNA-free the absence of PCR products
using the universal primers Ba27f/Ba907r for bacteria, and
Ar109f/Ar915r for archaea. Reverse transcription was performed
after RNA denaturation at 70◦C for 10 min, followed by an
incubation step at 42◦C for 50 min according to the instructions
in the PrimeScript II 1st strand cDNA Synthesis Kit (TaKaRa).
To assess archaeal community composition, 16S rRNA of the
V4–V5 distinct region was amplified using the specific primers
Ar519f and Ar915r from community cDNA from the enrichment
cultures and sequenced using high-throughput sequencing on an
Illumina Hiseq2500 platform.

Sequence analyses were performed using USEARCH software
(version 10)1 after sequencing data processing. The most
frequently occurring sequence was extracted as a representative
sequence for each OTU, defined using a threshold level of 97%
identity. For each representative sequence, the SILVA database
was used to annotate taxonomic information. The average
relative abundance (%) of the predominant genus-level taxon in
each sample was calculated by comparing the number of assigned
sequences at the genus classification level with the total number
of obtained sequences.

Accession Number of Nucleotide
Sequences
Raw sequence reads of the archaeal 16S rRNA gene sequences
have been deposited in the Sequence Read Archive at the National

1http://www.drive5.com/usearch/

Center for Biotechnology Information under accession nos.
SRR11591982-SRR11592011.

RESULTS

Enrichment Cultivation of Methylotrophic
Archaea From Different Sites
To selectively enrich for methylotrophic archaea, especially
methanogenic archaea in the different ecosystems of SL,
trimethylamine-amended enrichment cultures were established
for sediment samples from different sediment layers from the
seagrass-vegetated and unvegetated regions of the lake. In all
anaerobic incubation experiments, methane was produced after
a short lag time from six sites at three depths (Supplementary
Figure S1). Similar methanogenic indications were observed
in vegetated/unvegetated regions, except for FCc sites where
methane production from samples in the surface (s) and middle
(m) layers was much higher than in the bottom (b) layer
(Supplementary Figure S1).

Impact of Phytate Phosphorus on
Methanogenesis Performance at
Different Sediment Depths
Methylotrophic archaea enriched from the s, m, and b sediment
layers in vegetated/unvegetated regions respectively were mixed
in equal proportions as inocula (vegetated regions: Cs, Cm, and
Cb; unvegetated regions: FCs, FCm, and FCb) to compare the
effect of phytate phosphorus (2P and 5P) on methanogenesis.
Methane increased to 0.068–0.491 mmol over 20 days of
incubation in all trimethylamine added experiments. Methane
generation was limited in experiments where only phytate
phosphorus was added (Figure 2). Compared with samples
without addition of phytate phosphorus, both 2P and 5P
promoted methane production in the Cm and Cb layers of
vegetated regions by 37% (from 0.27 to 0.37 mmol) for 2P and
303% (from 0.067 to 0.270 mmol) for 5P (Figures 2A–C). In
contrast, in unvegetated regions, phytate phosphorus enhanced
methane production by 48% (from 0.33 to 0.49 mmol) in the FCs
layer, but inhibited production in the FCb layer by 25% (from 0.48
to 0.36 mmol) (Figures 3A–C).

Different methane production rates were found at different
depths in both regions (Figures 2D, 3D). To be specific,
in vegetated regions, without adding phytate phosphorus,
the Cs layer had the highest methane production rate
(0.05 ± 0.005 mmol d−1), as much as 2.4- and 10.4-fold higher
than that of Cm and Cb layers, respectively. When 2P and 5P
were added, a similar tendency to high methane production
rates was observed. The highest methane production rate in
the Cs layer was 1.6- and 3.4-fold higher than in the Cm and
Cb layers (p < 0.05), respectively. However, the addition of
phytate phosphorus had no significant effect on the methane
production rate in the Cs and Cm layers (p > 0.05), but
significantly accelerated the methane production rate by 4.3-
fold in the Cb layer (p = 0.004, p < 0.01), compared with the
experiments without adding phytate phosphorus (Figure 2D).
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FIGURE 2 | Methane production (A–C) and methane production rate (D) from enrichments of three sediment depths (s, m, b) in vegetated regions with and without
addition of phytate phosphorus (2P and 5P). TM, trimethylamine. Data on methane production rates were tested for significant differences using a t-test (*p < 0.05,
**p < 0.01). Data are the means and SDs for triplicate cultures.

In contrast, in unvegetated regions, the FCb had the highest
methane production rate of 0.054 ± 0.013 mmol day−1, which
was 2- and 1.5-fold higher than that of the FCm and FCs
layers, respectively. No significant difference (p > 0.05) in
the methane production rate was found in the FCs and FCm
layers between treatments with and without the addition of
phytate phosphorus. However, phytate phosphorus significantly
inhibited the methane production rate by 1.8-fold in the FCb
layer (p = 0.04, p < 0.05) (Figure 3D).

Available Phosphorus Generation
Overall, concentrations of available phosphorus showed obvious
fluctuations in treatments with and without the addition
of phytate phosphorus (Figure 4). No available phosphorus
was detected in anaerobic marine enrichment media without
sediment inocula (data not shown). In vegetated areas, in
trimethylamine-amended enrichment samples with and without
the addition of phytate phosphorus, the concentrations of
available phosphorus showed significant fluctuations from day
1 to day 5, decreased over the subsequent 3 days, then
increased (Figures 4A–C). In contrast, the concentration

of available phosphorus was stable or increased in the
corresponding treatment samples from unvegetated regions
during the enrichment period (Figures 4D–F). Unlike samples
from vegetated regions with only the addition of phytate
phosphorus, in unvegetated regions the concentration of
available phosphorus decreased within the first 3 days of
enrichment (Figures 4D–F). However, the concentration of
available phosphorus significantly increased after 10 days in the
2P added samples such as FCb-2P and FCb-2P-TM from the
unvegetated regions (Figure 4F).

Variability in Biomass Levels
Biomass of microorganisms was assayed at the end of incubation.
The total amount of biomass in sediments from vegetated
regions was higher than that in unvegetated regions, a 1.2-fold
increase in samples with trimethylamine and 1.1-fold in samples
with addition of phytate phosphorus, respectively (Figure 5).
The results further showed that phytate phosphorus did not
increase the biomass in the Cs layer in vegetated regions, but
significantly enhanced the growth of microorganisms in the Cb
layer (Figure 5A). In unvegetated regions, phytate phosphorus

Frontiers in Microbiology | www.frontiersin.org 5 July 2020 | Volume 11 | Article 177046

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


fmicb-11-01770 July 30, 2020 Time: 18:35 # 6

Zheng et al. Effects of Organic Phosphorus on Methylotrophic Methanogenesis

FIGURE 3 | Methane production (A–C) and methane production rate (D) from enrichments of three sediment depths (s, m, b) in unvegetated regions with and
without addition of phytate phosphorus (2P and 5P). Data on methane production rates were tested for significant differences using a t-test (*p < 0.05). Data are the
means and SDs for triplicate cultures.

slightly increased biomass accumulation in the FCs layer, but
significantly increased biomass in the FCb layer with the addition
of 5P (Figure 5B).

Methylotrophic Methanogens in
Enrichment Cultures
The diversity of archaea, especially methylotrophic methanogens,
in our enrichment cultures was investigated using high-
throughput sequencing from community cDNA based
on an archaeal 16S rRNA gene (Figure 6). Among the
archaeal community, methylotrophic methanogens including
Methanococcoides, Methanosarcina, and Methanolobus
dominated in enrichment cultures. Methanococcoides was
most abundant in the enriched samples except for FCm-2P and
FCb-2P, and its relative abundance ranged from 26.4 to 85.4%.
Methanosarcina was mainly found in unvegetated regions, with a
maximum abundance of 24.0% in FCs-TM and FCb-TM samples.
The total relative abundance of Methanosarcina in unvegetated
regions was higher than in vegetated regions. In contrast to
Methanosarcina, the total relative abundance of Methanolobus in
vegetated regions was higher than that of unvegetated regions,

with a maximum relative abundance of 32.4% in the Cb-TM
sample. However, the relative abundance of Methanolobus in
the Cb layer from vegetated regions was significantly reduced by
the addition of phytate phosphorus, and higher than that of the
sample without phytate phosphorus. In unvegetated regions, the
addition of phytate phosphorus significantly reduced the relative
abundance of Methanosarcina in the FCb layer.

Effect of Phytate Phosphorus on
Methanolobus and Methanosarcina
We further investigated the effect of phytate phosphorus on pure
methanogenic strains such as Methanolobus and Methanosarcina,
the characteristic methanogenic species in both vegetated and
unvegetated regions. Methane was produced by all cultures
of both methanogens with trimethylamine as the substrate
(Figure 7). During a 37-day incubation, phytate phosphorus
had a distinct effect on both Methanolobus psychrophilus and
Methanosarcina mazei. Approximately 12.0–44.7% inhibition
of the methane production M. psychrophilus was observed for
the first 8 days compared with cells without the addition of
phytate phosphorus (Figure 7A). An inhibitory effect of phytate
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FIGURE 4 | Concentration of available phosphorus from enrichments of different sediment depths in vegetated (A–C) and unvegetated (D–F) regions with and
without addition of phytate phosphorus (2P and 5P). Data are the means and SDs for triplicate cultures.

FIGURE 5 | The protein concentration of total cells from enrichments of different sediment depths in vegetated (A) and unvegetated (B) regions with and without
addition of phytate phosphorus (2P and 5P). Data are the means and SDs for triplicate cultures.

phosphorus was also observed affecting the maximum methane
production rate of M. psychrophilus, which was inhibited
by 25.6% in 20 days (p = 0.02, p < 0.05) (Figure 7C).
In contrast, the same concentration of phytate phosphorus
significantly promoted methane production by M. mazei by 7.5–
75.2% compared with cells without added phytate phosphorus
(Figure 7B). Phytate phosphorus increased the maximum
methane production rate of M. mazei by up to 716% at 30 days
(p = 0.02, p < 0.05) (Figure 7C).

DISCUSSION

To our knowledge, our study was the first to investigate the
effects of OP on methylotrophic methanogenesis in coastal
lagoon sediments. Our results show that there was a significantly
differentiated effect on methanogenesis performance from the
addition of phytate phosphorus detected at different depths of the
two sediment types. Phytate phosphorus significantly promoted
methane production in the bottom layer of sediments in the
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FIGURE 6 | Relative abundance of archaea from enrichments of different sediment depths in vegetated and unvegetated regions with and without addition of
phytate phosphorus (2P and 5P) based on 16S rRNA gene amplicon sequencing.

FIGURE 7 | Methane production of Methanolobus psychrophilus and Methanosarcina mazei with the addition of 5 mg L−1 sodium phytate (5P). Time courses for
methane production of M. psychrophilus (A). Time courses for methane production of M. mazei (B). Methane production rate of M. psychrophilus and M. mazei (C).
Data on methane production rates were tested for significant differences using a t-test (*p < 0.05). The error bars represent SDs from the mean for triplicate cultures.

vegetated regions, whereas in the unvegetated regions, phytate
phosphorus inhibited methane production in the bottom layer
of sediments. However, the results also demonstrate that phytate
phosphorus had less effect on methane production in the surface
and middle layers of sediments in both regions.

These findings are consistent with our knowledge that the
surface layer sediments colonized by the seagrass Z. marina
provide more bioavailable organic matter (Sun et al., 2015; Zheng
et al., 2019), such as methylated compound, that serve as a
substrate for methanogens. Methylotrophic methanogens were
able to outcompete SRB by virtue of excess substrate by which
they maintained higher activity in the surface layer sediments;
thus, it was reasonable that phytate phosphorus would not
affect methane production to a great extent. In contrast to the
surface layer sediments, the bottom layer sediments lack some
essential substances for microbial life in Arai et al. (2016), so

methylotrophic methanogens may not be unfavored for methane
production with increasing sediment depths (Lee et al., 2015).
However, when phytate phosphorus was added to the bottom
layer sediments, methane production rate was significantly
increased, meaning that OP may be a source of phosphorus rather
than the substrate for methanogens in deeper sediments (Broman
et al., 2017). In contrast to vegetated regions, the unvegetated
regions, lacking seagrass meadow colonization, were clearly
divided into sulfate zones, sulfate-methane transition zones,
and methane zones. These regions featured an intermediate
transition zone with less organic matter, such as the middle
layer, and the total numbers and diversity of methanogens were
further reduced, possibly owing to competition with SRB for
substrates (Kevorkian et al., 2018; Glombitza et al., 2019). As a
result, the addition of phytate phosphorus did not significantly
change the competitive relationship between methylotrophic
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FIGURE 8 | Illustration of the mechanism underlying the effect of organic phosphorus on methylotrophic methanogenesis. PP, phytate phosphorus; AP, available
phosphorus. The red and green arrows indicate methane production.

methanogens and SRB. The methanogenic bottom layer was
more favorable for methanogenesis, but the addition of phytate
phosphorus inhibited the methane production of methylotrophic
methanogens, suggesting that the addition of phytate phosphorus
may affect the boundary between layers in the sediments in
unvegetated regions.

OP mineralization provides a potential source of bioavailable
phosphorus for microbial growth in coastal wetland sediments
(Bai et al., 2019). In treatments with trimethylamine but
without addition of phytate phosphorus, the concentration
of available phosphorus exhibited significant fluctuations,
indicating that inoculated methylotrophic microorganisms such
as phosphorus-solubilizing bacteria greatly promoted the release
of OP from sediments (Broman et al., 2017). The addition
of phytate phosphorus significantly promoted the growth of
methylotrophic methanogens, increasing methane production
in the bottom layer in the vegetated regions. However, phytate
phosphorus promoted the growth of other methylotrophic
microorganisms in the bottom layer in the unvegetated regions,
rather than methylotrophic methanogens, an observation
consistent with less methane production in these regions. This
further suggested that methylotrophic microorganisms from the
enrichment of sediments promoted the production of available
phosphorus in the vegetated and unvegetated regions. Increased
available phosphorus may support methylotrophic methanogens’
facilitation of phosphorus metabolism (Figure 8).

As expected, methylotrophic methanogens predominated
in the archaeal community enriched with trimethylamine.
Methanococcoides (Franzmann et al., 1992), Methanolobus
(Konig and Stetter, 1982), and Methanosarcina (Sowers et al.,
1984) were highly active. Therefore, it seems that trimethylamine
may be an important substrate for these methylotrophic
methanogens in sediments. The difference in relative abundance

between Methanolobus and Methanosarcina in the vegetated and
unvegetated regions may be correlated with the vegetation of
seagrass meadows (Zhang et al., 2008), where a large quantity
of organic compounds such as choline and glycine betaine can
be exuded from the roots of seagrasses and converted into
methylated compounds instead of hydrogen that can be easily
used by Methanolobus (Zhang et al., 2008; Lyimo et al., 2009),
rather than for the growth of Methanosarcina. However, the
higher relative abundance of Methanosarcina in sediments in
the unvegetated regions suggested that H2 may be an important
source of reducing power for the growth of Methanosarcina,
in agreement with previous reports that H2 and CO2 directly
contributed to methanogenesis in marine sediments (Parkes et al.,
2007; Jorgensen and Parkes, 2010; Beulig et al., 2018; Glombitza
et al., 2019). The contribution of methylated compounds to
methane production in offshore marine environments with
different vegetation types may need to be assessed.

To complement the complex environment studies,
experiments with pure cultures tested the hypothesis
that phytate phosphorus inhibited methane production of
M. psychrophilus but enhanced that of M. mazei. These results
are consistent with the inhibitory effect of phytate phosphorus
on Methanolobus species in the deeper seagrass (Z. marina)-
vegetated sediments, but were contrary to the same effect on
Methanosarcina species in the unvegetated sediments. This
can be explained by phytate phosphorus being inhibitory to
the growth of specific methylotrophic Methanolobus species.
In contrast, the multitrophic Methanosarcina species may
use phytate phosphorus as a stimulatory factor to promote
methyl metabolism to produce methane, but its growth was
vulnerable to be inhibited by other microorganisms in the
natural environment. Therefore, it seems that OP or available
phosphorus from OP mineralization had a selective effect on
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different methanogens in vegetated and unvegetated systems
(Figure 8). This new finding may help to explain the different
effects of OP on methanogens in the deeper bare sediments,
with the activities of other methylotrophic microorganisms
enhanced by OP to compete for substrates with methylotrophic
methanogens. In addition, Candidatus_Nitrosopumilus,
Cenarchaeum, and other unknown archaea were also dominant
in samples with the addition of OP, suggesting these archaea
might participate in the OP cycle. However, further investigation
of the real ecological function is needed.
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RNase Z is a widely distributed and usually essential endoribonuclease involved in the
3′-end maturation of transfer RNAs (tRNAs). A CCA triplet that is needed for tRNA
aminoacylation in protein translation is added by a nucleotidyl-transferase after the
3′-end processing by RNase Z. However, a considerable proportion of the archaeal
pre-tRNAs genetically encode a CCA motif, while the enzymatic characteristics of
the archaeal RNase (aRNase) Zs in processing CCA-containing pre-tRNAs remain
unclear. This study intensively characterized two methanomicrobial aRNase Zs, the
Methanolobus psychrophilus mpy-RNase Z and the Methanococcus maripaludis mmp-
RNase Z, particularly focusing on the properties of processing the CCA-containing
pre-tRNAs, and in parallel comparison with a bacterial bsu-RNase Z from Bacillus
subtilis. Kinetic analysis found that Co2+ supplementation enhanced the cleavage
efficiency of mpy-RNase Z, mmp-RNase Z, and bsu-RNase Z for 1400-, 2990-,
and 34-fold, respectively, and Co2+ is even more indispensable to the aRNase Zs
than to bsu-RNase Z. Mg2+ also elevated the initial cleavage velocity (V0) of bsu-
RNase Z for 60.5-fold. The two aRNase Zs exhibited indiscriminate efficiencies in
processing CCA-containing vs. CCA-less pre-tRNAs. However, V0 of bsu-RNase Z was
markedly reduced for 1520-fold by the CCA motif present in pre-tRNAs under Mg2+

supplementation, but only 5.8-fold reduced under Co2+ supplementation, suggesting
Co2+ could ameliorate the CCA motif inhibition on bsu-RNase Z. By 3′-RACE, we
determined that the aRNase Zs cleaved just downstream the discriminator nucleotide
and the CCA triplet in CCA-less and CCA-containing pre-tRNAs, thus exposing the 3′-
end for linking CCA and the genetically encoded CCA triplet, respectively. The aRNase
Zs, but not bsu-RNase Z, were also able to process the intron-embedded archaeal
pre-tRNAs, and even process pre-tRNAs that lack the D, T, or anticodon arm, but
strictly required the acceptor stem. In summary, the two methanomicrobial aRNase Zs
use cobalt as a metal ligand and process a broad spectrum of pre-tRNAs, and the
characteristics would extend our understandings on aRNase Zs.

Keywords: aRNase Z, precursor tRNA, 3′ end processing, tRNA maturation, CCA motif, methanomicrobial
archaea
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INTRODUCTION

Transfer RNAs (tRNAs) carry specific amino acids to ribosome
and decode messenger RNAs (mRNAs) through base-pairing
between the anticodon sequence in tRNA and the corresponding
codon in mRNA, and thus play a pivotal role in protein
translation (Redko et al., 2007; Kirchner and Ignatova, 2015). All
tRNAs are transcribed as precursors that have to be processed
to the mature functional form. Maturation of tRNA precursors
(pre-tRNAs) is accomplished through several processing steps,
including removal of the 5′-leader and 3′-trailer sequences,
excision of introns in eukaryotic and some archaeal pre-tRNAs,
nucleotide modifications, and the addition of a CCA triplet at
the 3′-end (Redko et al., 2007). The endoribonuclease RNase
P performs the 5′-end processing (Guerriertakada et al., 1983;
Holzmann et al., 2008), while the endoribonuclease RNase Z plays
an essential role in removal of the 3′-trailer from pre-tRNAs, and
the CCA triplet that is needed for tRNA aminoacylation is added
by a nucleotidyl-transferase after the 3′-end processing by RNase
Z (Cudny and Deutscher, 1986; Cudny et al., 1986).

The tRNA 3′-end maturation through an endoribonucleolytic
processing was first discovered in eukaryotes (Nashimoto, 1997;
Kunzmann et al., 1998; Mohan et al., 1999; Schiffer et al.,
2001). The functional endoribonuclease, RNase Z, was first
purified as a homogeneous protein from Arabidopsis thaliana
(Schiffer et al., 2002), and then its orthologs have been widely
characterized among bacteria (Pellegrini et al., 2003; Minagawa
et al., 2004; Ceballos-Chavez and Vioque, 2005; Ezraty et al.,
2005; Dutta and Deutscher, 2009), and some halophilic and
thermophilic euryarchaea (Schierling et al., 2002; Spaeth et al.,
2008). These investigations have demonstrated that RNase Z
endonucleolytically hydrolyzes the phosphodiester bond directly
downstream of the discriminator nucleotide, an unpaired
nucleotide at the 3′-end of the acceptor stem, thus resulting in
a processed tRNA with a 3′-hydroxyl group. These studies also
found that the nucleotide type of the discriminator does not affect
but cytidines present directly downstream it severely suppress the
3′-trailer removal efficiency of RNase Z. The Bacillus subtilis, and
wheat RNase Zs, all poorly cleave a 3′-trailer sequence beginning
with CC, CCA, or CCA with one or two extra nucleotides. So
the CCA motif in pre-tRNA 3′-end has been identified as a
general repressor of RNase Zs (Mohan et al., 1999; Pellegrini
et al., 2003). Different from the eukaryotic tRNA genes, which
do not encode the CCA motif in general, the archaeal and
bacterial tRNA genes, with varying proportions, encode the CCA
motif (Redko et al., 2007). Therefore, in bacteria, a different
processing pathway, which involves concerted actions of the
endoribonuclease RNase E and a handful of exonucleases, is
employed to trim the 3′ extension downstream of the encoded
CCA end (Li and Deutscher, 1996, 2002; Ow and Kushner, 2002;
Wen et al., 2005). In some cases, RNase E cleavage directly
generates the mature CCA terminus (Mohanty et al., 2016).

However, not all RNase Zs are generally inhibited by the
CCA motif, such as the Thermotoga maritima RNase Z cleaves
just downstream the CCA triplets in 45 tRNAs that carry the
genetically encoded CCA (Minagawa et al., 2004), indicating
that it could process the 3′-end of CCA-containing pre-tRNAs

in one step. Moreover, the Escherichia coli RNase Z, previously
misidentified as RNase BN, is able to remove the 3′-end of pre-
tRNAs ending as CA, CU, CCU, or even CCA (Asha et al.,
1983). Additionally, a mammalian RNase Z also exhibits a
measurable activity of cleaving downstream the CCA motif
(Nashimoto, 1997). However, whether aRNase Zs process the
CCA-containing pre-tRNAs as CCA-less ones have not been
thoroughly elucidated.

RNase Z belongs to the family of metal-dependent
β-lactamases, a group of metalloproteins that possess a
conserved structural β-lactamase domain but with highly
divergent sequences and functions (Callebaut et al., 2002).
The protein structures of RNase Zs from B. subtilis (Li de
la Sierra-Gallay et al., 2005, 2006), T. maritima (Ishii et al.,
2005), and E. coli (Kostelecky et al., 2006) all reveal a dimer of
Zn2+-containing metallo-β-lactamase domains with a protruded
flexible arm that involves in tRNA binding. However, although
two Zn2+ ions were observed in the catalytic center of the
bacterial RNase (bRNase) Zs (Ishii et al., 2005; Li de la Sierra-
Gallay et al., 2005), addition of Zn2+ did not, but Co2+ elevated
the activity of E. coli RNase Z (Asha et al., 1983). Moreover,
Mn2+ also stimulates the 3′-end processing activity of RNase
Zs from T. maritima (Minagawa et al., 2006), A. thaliana
(Spath et al., 2007), Haloferax volcanii, and Pyrococcus furiosus
(Spaeth et al., 2008). Mn2+ amendment even rescues the lost
Mg2+-dependent activity of the T. maritima RNase Z catalytic
mutants (Minagawa et al., 2006).

Methanomicrobial archaea are the most cultured and the
most widely distributed archaeal representatives. They belong to
the superphylum Euryarchaeota, one of the four major archaeal
superphyla (Eme et al., 2017; Evans et al., 2019). However,
the methanomicrobial aRNase Zs have not been intensively
characterized. In this work, the Methanolobus psychrophilus mpy-
RNase Z and Methanococcus maripaludis mmp-RNase Z were
thoroughly investigated for the 3′-end processing activities in
parallel comparison with a bRNase Z from B. subtilis, particularly
focusing on the properties of processing CCA-containing pre-
tRNAs. We found that Co2+ dramatically enhanced the catalytic
efficiencies of both the archaeal and bRNase Zs for 1400-, 2990-,
and 34-fold, respectively, and Co2+ appeared to be indispensable
to the two aRNase Zs. The two methanomicrobial aRNase Zs
indiscriminately processed CCA-containing and CCA-less pre-
tRNAs, but CCA-motif severely suppressed the initial velocity
of bsu-RNase Z for 1520-fold unless Co2+ supplementation.
Moreover, the two aRNase Zs were capable of processing the
intron-containing pre-tRNAs and the aberrant pre-tRNA that
contains only the acceptor stem, but required a mature 5′-end for
the 3′-end processing and regardless of the 3′ trailer lengths.

MATERIALS AND METHODS

Strains, Culture Conditions, and
Genomic DNA Extraction
Methanococcus maripaludis S2 and M. psychrophilus R15 were,
respectively, grown in pre-reduced McF medium at 37◦C
(Sarmiento et al., 2011) and a defined mineral medium
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containing 20 mM trimethylamine at 18◦C (Qi et al., 2017), and
under a gas phase of N2/CO2 (80:20 v/v, 0.1 MPa). E. coli DH5α,
Rosetta (DE3), and B. subtilis 168 were grown at 37◦C in Luria–
Bertani (LB) broth supplemented with ampicillin (100 µg/ml) or
kanamycin (50 µg/ml) when required.

The genomic DNA of M. psychrophilus R15, M. maripaludis
S2, and B. subtilis 168 was extracted and purified from the
mid-exponential cultures using the TIANamp Bacteria DNA
Kit (TIANGEN Biotech, Beijing, China) by following the
manufacturer’s protocol. Purified DNA was quantified using
a NanoPhotometer spectrophotometer (IMPLEN, Westlake
Village, CA, United States), and DNA quality was checked by 2%
agarose gel electrophoresis.

Cloning and Protein Expression
The open reading frames Mpsy_2804 encoding mpy-RNase Z,
mmp0906 encoding mmp-RNase Z, and bsu23840 encoding bsu-
RNase Z were amplified by polymerase chain reaction (PCR)
using the respective genomic DNAs and cloned between the NcoI
site and the His tag encoding site of plasmid pET28a (Novagen)
via stepwise Gibson assembly using the ClonExpress MultiS One
Step Cloning Kit (Vazyme). The expression plasmids produce
recombinant protein with a C-terminal His6 tag. All cloned DNA
sequences were verified by DNA sequencing, and the expression
plasmids were transformed into E. coli Rosetta (DE3) competent
cells. Transformants were cultured at 37◦C in LB containing
50 µg·ml−1 kanamycin until OD600 at 0.6–0.8, followed by 16 h
of induction with 0.1 mM isopropyl-β-D-thiogalactoside at 22◦C.
Cells were harvested by centrifugation at 5000 × g for 30 min at
4◦C and then stored at−80◦C until further analysis.

Protein Purification
The three RNase Zs – mpy-RNase Z, mmp-RNase Z, and
bsu-RNase Z – were purified using a similar method as
previously described (Zheng et al., 2017). The harvested cells
were resuspended in binding buffer [20 mM HEPES pH 7.5,
500 mM NaCl, 20 mM imidazole, and 5% (w/v) glycerol], lysed
by sonication, and centrifuged at 10,000 × g for 60 min at 4◦C.
Then, supernatant was loaded on a HisTrap HP column (GE
Healthcare) equilibrated with binding buffer and eluted with
a linear gradient from 50 to 500 mM imidazole. The eluted
protein was then dialyzed against buffer A [20 mM HEPES
pH 7.5, 25 mM NaCl, 0.1 mM EDTA, and 5% (w/v) glycerol],
loaded onto a HiTrap Q HP column (GE Healthcare), and eluted
with a linear gradient of 100 mM to 1 M NaCl to remove
the contaminative RNA and proteins. The eluted protein was
validated to be RNA-free via measurement of the OD260 to OD280
ratio by a NanoDrop 2000 UV-Vis spectrophotometer (Thermo).
Proteins with an OD260 to OD280 ratio below 0.6 were considered
RNA-/DNA-free (Niedner et al., 2013). Finally, the purity of
the RNA-free proteins was determined by SDS-PAGE, and the
homogeneous protein was dialyzed against buffer B [20 mM
HEPES pH 7.5, 150 mM NaCl, 5% (w/v) glycerol], concentrated
using Amicon Ultrafra -30 concentrators (Millipore), flash-
frozen, and stored at −80◦C for biochemical assays. Protein
concentration was determined using the Pierce BCA protein
assay kit (Thermo Scientific).

In vitro Transcription of Pre-tRNA
Substrates
Through in vitro transcription using the forward primer
containing a T7 RNA polymerase promoter sequence
(Supplementary Table S1), the pre-tRNA substrates
(Supplementary Table S2) were prepared. The DNA templates
of pre-tRNAmpy−Arg1 and its variants that carry varying
lengths of 5′ or 3′ extensions, pre-tRNAmpy−Arg2(CCA), pre-
tRNAmpy−Arg3(intron), and pre-tRNAmpy−Tyr(intron) were
prepared by PCR amplification from the genomic DNA
of M. psychrophilus R15 using the corresponding primer
pairs (Supplementary Table S1). The templates of pre-
tRNAmmp−Arg1 and its variants carrying varying lengths of 5′
or 3′ extensions, pre-tRNAmmp−Arg2(CCA), pre-tRNAbsu−trnI,
pre-tRNAbsu−trnB(CCA), and pre-tRNAbsu−trn62(CCA) were all
prepared similarly. While the templates of pre-tRNAmpy−Arg1

and pre-tRNAmmp−Arg1 variants missing one mature tRNA
part, either the D arm, anticodon arm, T arm, or acceptor
stem, were synthesized by Sangon Biotech (Shanghai,
China). Sequences of the pre-tRNAs used in this study are
all listed in Supplementary Table S2. The amplified DNA
templates were purified with a Wizard Gel and PCR Clean-UP
System (Promega).

Next, the pre-tRNA substrates were produced by in vitro
transcription as described previously (Zheng et al., 2017). In vitro
transcriptions were conducted using the MEGAshortscript T7
Kit (Ambion) according to the manufacturer’s instructions, and
the transcribed RNA products were further purified by 10%
denatured PAGE containing 8 M urea using the ZR small-
RNA TMPAGE Recovery Kit (ZYMO) and then quantified
with a NanoPhotometer spectrophotometer (IMPLEN, Westlake
Village, CA, United States).

Nuclease Assays of RNase Zs
RNase Z activity was assayed in a 10 µl reaction mixture in
20 mM HEPES pH 7.5, 150 mM NaCl, and 5% glycerol in
the absence or presence of 1 mM ZnCl2, CuCl2, MgCl2, or
CoCl2, and incubated at 37◦C for 30 min or indicated time.
Generally, 1.4 pmol pre-tRNA was used in all assays, and the
protein concentration is indicated in each figure or figure legend.
Reactions were initiated by the addition of enzyme, incubated at
37◦C for 5–45 min, and stopped by incubation with 0.5 µg/ml
Proteinase K (Ambion) at 55◦C for 15 min. After incubation,
the reaction mixtures were mixed with formamide-containing
dye (98% formamide, 5 mM EDTA, 0.025% bromophenol blue,
0.025% xylene cyanol, 0.025% SDS) and analyzed by 10%
PAGE with 8 M urea. Oligoribonucleotides in lengths of 50,
80, and 169 nt were used as a molecular ladder to indicate
the migration positions for RNA substrates and products. The
urea-PAGE gels were stained by SYBR Gold for 10 min and
then analyzed by fluorescence imaging with a Bio-Rad Gel doc
XR+ (BIO-Rad).

Kinetic parameters of the three RNase Zs were determined
by replicative quantification of the cleaving rate on various
amounts (0.025–1 µM) of the CCA-less and CCA-containing
pre-tRNAs under different conditions listed in Table 1 and
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TABLE 1 | Kinetic parameters of mpy-, mmp-, and bsu-RNase Zs for pre-tRNA
3′-end processing.

Protein Substrate CoCl2 Km

(µM)
kcat

(min−1)
kcat/Km

(µM−1 min−1)

mpy-RNase Z Pre-tRNAmpy−Arg1
− 0.6 0.0143 0.024

Pre-tRNAmpy−Arg1
+ 0.26 8.7 33.46

Pre-
tRNAmpy−Arg2(CCA)

+ 0.43 12 27.91

mmp-RNase Z Pre-tRNAmmp−Arg1
− 0.809 0.0045 0.0056

Pre-tRNAmmp−Arg1
+ 0.36 6.3 17.5

Pre-
tRNAmmp−Arg2(CCA)

+ 0.25 13.5 54

bsu-RNase Z Pre-tRNAbsu−trnI
− 0.87 0.84 0.957

Pre-tRNAbsu−trnI
+ 0.89 28.8 32.36

Pre-tRNAbsu−trn62

(CCA)

+ 0.56 1.4 2.5

A range of (0.025–1 µM) the genetically encoded CCA-lacking and CCA-containing
pre-tRNA substrate concentrations were assayed for each tested RNase Z at
37◦C in the absence (−) or presence (+) of 1 mM CoCl2. Initial velocity (V0) of
RNase Z at each substrate concentration was determined through quantifying the
substrate residuals in the linear phase during the initial 5 min similarly as that
shown in Figure 3. The Lineweaver–Burk plots of the three RNase Zs for each
substrate were shown in Supplementary Figure S4. The kinetic parameters of Km,
Vmax, and kcat were obtained by fitting the data to the Michaelis-Menten equation.
Each set of values was from the averages of three replicates with a standard
deviation of 3–15%.

Supplementary Figure S4. The reactions were performed
at 37◦C and the initial velocity (V0) was determined
through quantifying the substrate residuals in the linear
phase during the initial 5 min as that shown in Figure 3.
The substrate residual contents were rigorously quantified
using the Quantity One software for three independent
quantifications of the non-overexposure gels, and the
confidential sampling points were used in V0 and the
Lineweaver–Burk plotting calculation. The Lineweaver–
Burk plots of the three RNase Zs for each substrate are shown
in Supplementary Figure S4. The kinetic parameters of
Km, Vmax, and kcat were obtained by fitting the data to the
Michaelis-Menten equation.

Mapping of RNase Z Cleavage Sites
The cleavage sites in the CCA-less pre-tRNAmmp−Arg1 and
CCA-containing pre-tRNAmmp−Arg2(CCA) generated by the
three RNase Zs were mapped by rapid amplification of
cDNA 3′-ends (3′-RACE). The primary cleaved products
were first spliced from 10% urea-PAGE, recovered, and
purified using the ZR small-RNA PAGE Recovery Kit (ZYMO)
and quantified with a NanoPhotometer spectrophotometer
(IMPLEN, Westlake Village, CA, United States). 3′-RACE
was performed as described previously (Zhang et al., 2009).
Briefly, total RNA (10 µg) was ligated with 50 pmol 3′-
adaptor linker (5′-(rApp)CTGTAGGCACCATCAAT–NH2-3′;
NEB) through a 16 h incubation at 16◦C with 20 U T4
RNA ligase (Ambion); 3′ linker-ligated RNA was recovered
by isopropanol precipitation, and one aliquot of 4 µg was
mixed with 100 pmol 3′R-RT-P (5′-ATTGATGGTGCCTACA
G-3′, complementary to the 3′ RNA linker) by incubation

at 65◦C for 10 min and on ice for 2 min. This sample
was used in the reverse transcription (RT) reaction using
200 U of SuperScript III reverse transcriptase (Invitrogen).
After RT, gene-specific PCR was conducted using primers
(Supplementary Table S1) complementary to the 5′-end of
pre-tRNAs to obtain specific products. Specific PCR products
were excised from a 2% agarose gel, cloned into pMD19-
T (TaKaRa), and sequenced. The 3′-ends of the RNase Z
cleavage products were defined as the nucleotide linked to the
3′-RACE linker.

RESULTS

RNase Z Orthologs Are Widely
Distributed in Archaea
Through a homolog search, RNase Z orthologs were found
in most sequenced archaeal and eukaryotic genomes but
not found in half of the searched bacterial genomes and
particularly poorly represented in the phylum of Proteobacteria
(Supplementary Dataset S1). Phylogenetically, most RNase Z
orthologs were congruently clustered as the phylogenetic clades
of archaeal species (Figure 1), implying that they could be
vertically inherited in Archaea. Noticeably, RNase Z orthologs
were found in all searched methanomicrobial archaeal genomes,
including the 7th order (Supplementary Dataset S1 and
Figure 1), indicating that this protein could be essential to the
methanomicrobial archaea. Therefore, two methanomicrobial
aRNase Zs, mpy-RNase Z from M. psychrophilus that affiliates
with the order of Methanosarcinales and mmp-RNase Z from
M. maripaludis that belongs to Methanococcales, were chosen
for investigation. The two proteins shared 38% amino-acid
sequence identity (Supplementary Figure S1), and they were
overexpressed in E. coli and purified as homogeneous proteins
(Supplementary Figure S2). For comparison, a bRNase Z from
B. subtilis, bsu-RNase Z, was purified and studied in parallel.

Co2+ Enhances the 3′-End Processing
Activity of Both the Archaeal and
Bacterial RNase Zs
Archaeal RNase (aRNase) Zs affiliate with the β-lactamase
family; therefore, the metal ions in facilitating the 3′-end
processing activity were first examined. The in vitro transcribed
bacterial pre-tRNAbsu−trnI and archaeal pre-tRNAmmp−Arg1

that carry an 83 nt and a 50 nt 3′-trailer, respectively,
(Supplementary Figures S3A,B) were used as substrates. The
recombinant mpy-RNase Z and mmp-RNase Z were incubated
with each of the synthetic pre-tRNAs in a mixture supplemented
with 1 mM of Co2+, or Mg2+ or Zn2+ or Cu2+. The bacterial
bsu-RNase Z was assayed in parallel. Enzymatic assay determined
that in Co2+ supplemented reactions, the three RNase Zs
invariably cleaved 50–90% of the synthetic pre-tRNAs to generate
abundant mature tRNAs (Supplementary Figure S3), while in
Mg2+ amended reactions generated lower amounts of mature
tRNA. These indicated that Co2+ enhances the 3′-end processing
activity of the three RNase Zs, while Mg2+ has a weaker effect.
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FIGURE 1 | Phylogenetic analysis of the RNase Z orthologs in the representative Archaea, Eukaryotes, and Bacteria. A maximum likelihood phylogenetic tree was
constructed based on the protein sequences of RNase Z orthologs retrieved from the KEGG and NCBI database through Blast-P. The tree was constructed based
on a maximum likelihood (ML) analysis [IQ-TREE 1.6.12 in the LG + C20 + R4 + F model, 1,000 ultrafast bootstraps replicates (Nguyen et al., 2015;
Kalyaanamoorthy et al., 2017; Hoang et al., 2018)], and visualized using iTOL v3 (Letunic and Bork, 2016). Branch support values are indicated by numbers. Scale
bar indicates number of substitutions per site.

Neither Zn2+ nor Cu2+ enhanced the activities of the three
RNase Zs, and even smear products occurred in the Zn2+-
supplemented reactions (Supplementary Figure S3), which
could be presumably due to Zn2+ caused protein precipitation.

Stimulations of Co2+ and Mg2+ on RNase Zs’ activities were
then evaluated on processing the pre-tRNAmmp−Arg1 (Figure 2A)
and pre-tRNAbsu−trnI (Figure 2B) at gradient protein to RNA
ratios of 20:1, 5:1, and 1:1. Enzymatic assays determined that

when Co2+ amended, at as low as 1:1 of protein to RNA,
mature tRNAs generated by the two aRNase Zs were increased
for ∼30-fold, while when Mg2+ supplemented, mature tRNAs
were increased for only ∼two-fold than the reactions without
metal-ion (Figures 2A,B, Co2+, Mg2+ and −). While Co2+

showed similar enhancement on bsu-RNase Z, but Mg2+ showed
stronger stimulation for 5–10-fold more mature tRNAs generated
in the Mg2+-amended reactions of bsu-RNase Z.
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FIGURE 2 | Processing activities of the three RNase Zs on (A) the CCA-less pre-tRNAmmp−Arg1 and (B) pre-tRNAbsu−trnI in the absence (–) or presence of Mg2+ or
Co2+. Pre-tRNA (1.4 pmol) was incubated with mpy-RNase Z, mmp-RNase Z, and bsu-RNase Z at the gradient protein concentrations in a 10 µl reaction for 30 min
as described in the “Materials and Methods” section. The cleavage products were analyzed on a 10% polyacrylamide gel with 8 M urea. Migration of the ssRNA
markers with indicated size and migration of the pre-tRNAs, mature tRNAs, and 3′-trailer products are indicated at the left and the right of gels, respectively.

To quantify the effects of Co2+ and Mg2+, the initial cleavage
velocities (V0) of the three RNase Zs were determined using
CCA-less pre-tRNAs as substrates. Through quantifying the
substrate residuals within the linear phase during the initial
5 min, it determined that the V0 (µM/min−1 pre-tRNA·µM−1

protein) of mpy-RNase Z and mmp-RNase Z were increased
for 235- and 200-fold, respectively, by Co2+ supplementation
but were not obviously increased by Mg2+ supplementation
(Figures 3A,B). Whereas, the V0 of bsu-RNase Z was equally
enhanced by Co2+ and Mg2+ with ∼60-fold increase than that
of no ion supplementation (Figure 3C).

Further, through replicative quantifying the cleaving velocities
on a range of (0.025–1 µM) of the CCA-less pre-tRNA
concentrations, kinetic parameters Km and kcat were further
compared for the three RNase Zs in reactions with or without
Co2+ (Table 1 and Supplementary Figure S4). Supplementation
of Co2+ slightly (0. 43-, 0. 47-, and one-fold) affected the Km
values but dramatically elevated the kcat values of mpy-RNase Z,
mmp-RNas Z, and bsu-RNase Z for 607-, 1400-, and 34.4-fold,

respectively, and accordingly significantly elevated the cleavage
efficiencies (kcat/Km) of the three RNase Zs for 1400-, 2990-, and
34-fold, respectively (Table 1 and Supplementary Figure S4).
Noteworthily, bsu-RNase Z exhibited higher cleavage efficiency
than the two aRNase Zs. The kcat/Km value of bsu-RNase Z is
158- and 644-fold higher than that of mpy- and mmp-RNase Z,
respectively, in no metal-ion reactions (Table 1), and the cleavage
velocities of the three RNase Zs were evaluated ordered as bsu-
RNase Z, mpy-RNase Z, mmp-RNase Z (high to low) (Figure 3).
Collectively, Co2+ markedly stimulates the activities of the three
RNase Zs, and Mg2+ also enhances the activity of bsu-RNase Z.

The aRNase Zs Indiscriminately Process
Pre-tRNAs With or Without a CCA Motif
Distinct from the eukaryotic tRNA genes, varying proportions of
the prokaryotic tRNA genes genetically encode a CCA motif. For
example, 13 of the 52 tRNA genes (25%) in M. psychrophilus R15
and 10 of the 38 (26%) in M. maripaludis S2 encode the CCA
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FIGURE 3 | (A–C) Initial cleaving velocities (V0) of the three RNase Zs on CCA-less pre-tRNAs in the absence (–) or presence of Mg2+ and Co2+. Through
quantification of the residual pre-tRNAs (listed in Table 1) on PAGE gels at the indicated sampling time (upper panels), the initial reaction velocities V0 (µM/min
residual pre-tRNAsµM−1 protein) were calculated based on the pre-tRNA degradation curves representing the first order reactions. [E], enzyme concentrations used
in the reactions of each panel. The mean ± s.d from three experimental replicates are shown.

motif downstream the discriminator nucleotide, respectively
(Supplementary Datasets S2, S3). To evaluate the activity of
aRNase Zs in processing pre-tRNAs with the encoded CCA motif,
a CCA-containing pre-tRNAmmp−Arg2(CCA) was used as substrate
and bsu-RNase Z was included in parallel (Figure 4A). Similar
to the activity on CCA-less pre-tRNAs (Figure 2), the three
RNase Zs all exhibited Co2+ and Mg2+ stimulated activities on
CCA-containing pre-tRNAmmp−Arg2(CCA); namely, when Co2+

supplemented, they efficiently cleaved the CCA-containing pre-
tRNA at equivalent low protein to RNA ratios of 1:1 and 5:1
as that on CCA-less ones (Figure 4A). Interestingly, mmp-
RNase Z even exhibited a higher cleavage activity on CCA-
containing pre-tRNAs in the reactions without metal-ion or
with Mg2+ (Figures 2, 4A). While the CCA motif appeared

to suppress the bsu-RNase Z’s activity in Mg2+ supplemented
reaction, as less cleavage products were generated from the CCA-
containing pre-tRNAmmp−Arg2(CCA) than from the CCA-less
pre-tRNAs (Figures 2, 4A).

Next, 3′-RACE was performed to determine the cleavage sites
in CCA-containing pre-tRNAmmp−Arg2(CCA) and CCA-less pre-
tRNAmmp−Arg1 of the three RNase Zs in the presence of Co2+

(Figure 4B). The primary cleaved mature tRNA products were
recovered for 3′-end sequencing, which showed that the CCA-
less pre-tRNAmmp−Arg1 was cleaved primarily downstream the
discriminator nucleotide, representing 100%, 70%, and 50% of
the cleaving sites generated by mpy-RNase Z, mmp-RNase Z,
and bsu-RNase Z, respectively. The remaining 30% and 50%
cleavage sites of mmp-RNase Z and bsu-RNase Z were located
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FIGURE 4 | Processing activities of the three RNase Zs on an archaeal CCA-containing pre-tRNAmmp−Arg2(CCA). (A) Nuclease assays were performed in the
absence (–) or presence of Mg2+ or Co2+. Pre-tRNA (1.4 pmol) was incubated with RNase Z at gradient concentrations in a 10 µl reaction mixture as described in
the “Materials and Methods” section. Cleavage products were analyzed on a 10% polyacrylamide gel with 8 M urea. Migrations of ssRNA markers and the
pre-tRNAs, mature tRNAs, and 3′-trailer products are shown at the left and the right of the gels, respectively. (B) 3′-RACE identifying the cleavage sites of the three
RNase Zs on CCA-less pre-tRNAmmp−Arg1 and CCA-containing pre-tRNAmmp−Arg2(CCA). The cleavage percentages at each site are indicated. The schematic
diagram at top briefly illustrates the 3′-RACE workflow. The horizontal gray arrows show the primers used for reverse transcription and PCR amplification.

five or six nucleotides downstream the discriminator nucleotide,
respectively (Figure 4B). Unexpectedly, the CCA-containing pre-
tRNAmmp−Arg2(CCA) was mainly cleaved immediate downstream
the CCA motif, representing 90%, 70%, and 80% cleaving
sites, respectively. The remaining cleavage sites (10%, 30%, and
20%) all located just one nucleotide downstream the CCA
motif. Consequently, cleavages of the three RNase Zs on CCA-
less pre-tRNAs result in mature tRNA that carries the 3′-end
discriminator nucleotide, while cleavages on CCA-containing
pre-tRNAs generate mature tRNA ended with the CCA triplet.

Further, three more CCA-containing pre-tRNAs, the
B. subtilis pre-tRNAbsu−trnB(CCA) and pre-tRNAbsu−t62(CCA)

(Figure 5), and the M. psychrophilus pre-tRNAmpy−Arg2(CCA)

(Supplementary Figure S5), were used as substrates to
evaluate the cleavage specificity of the three prokaryotic
RNase Zs. Similar to the results with pre-tRNAmmp−Arg2(CCA)

(Figure 4A), the two aRNase Zs at a protein to RNA ratio
of 1:1 produced significant amounts of mature tRNAs
from the three CCA-containing pre-tRNAs when Co2+

supplemented (Figures 5A,B and Supplementary Figure S5),
further confirming that they process CCA-containing pre-
tRNAs with a comparable activity as CCA-less ones (compare
with Figure 2). The two aRNase Zs even exhibited higher
activity on CCA-containing than on CCA-less pre-tRNAs
in the absence of metal-ion or with Mg2+-supplementation
(compare Figures 2, 5, and Supplementary Figure S5).
However, bsu-RNase Z produced less cleaved products
from CCA-containing pre-tRNAs than the two aRNase
Zs (Figure 5 and Supplementary Figure S5), indicating a
suppression of the CCA motif on the activity of bRNase
Z. The CCA motif inhibition on bsu-RNase Z was even
more significant in Mg2+-supplemented condition, as a
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FIGURE 5 | Processing of the bacterial CCA-containing pre-tRNAbsu−trnB(CCA) (A) and pre-tRNAbsu−trn62(CCA) (B) by the three RNase Zs in the absence (–) or
presence of Mg2+ or Co2+. Pre-tRNA (1.4 pmol) was incubated with RNase Zs at the indicated concentrations in a 10 µl reaction mixture as described in the
“Materials and Methods” section. Cleavage products were separated on a 10% polyacrylamide gel with 8 M urea. Migrations of ssRNA markers and the pre-tRNAs,
mature tRNAs, and 3′ trailer products are shown at the left and at the right of the gels, respectively.

50–100-fold higher protein concentration was required to
produce comparable amounts of cleaved product from CCA-
containing as CCA-less pre-tRNAs (comparing Figures 2, 5 and
Supplementary Figure S5).

The kinetic parameters, Km and kcat, of the three RNase Zs
were then assayed to quantify the cleavage efficiencies on CCA-
less vs. CCA-containing pre-tRNAs (Table 1). In Co2+-amended
reactions, Km values of mpy-RNase Z, mmp-RNase Z, and bsu-
RNase Z were 1. 65-, 0. 69-, and 0.63-fold changed, respectively,
on CCA-containing vs. CCA-less pre-tRNAs, suggesting that the
pre-tRNA binding affinities of them were slightly affected by the
CCA-motif. While, the kcat values of mpy-RNase Z and mmp-
RNas Z on CCA-containing pre-tRNAs were 1.38- and 2.14-fold,
and the kcat/Km were 0.83- and 3-fold than those on CCA-less
pre-tRNAs, respectively. In contrast, the kcat and kcat/Km values
of bsu-RNase Z on CCA-containing pre-tRNA were 18.7-fold and
11.9-fold lower than those on CCA-less one, respectively. These
results indicated that in the presence of Co2+, the two aRNase
Zs retain nearly indiscriminate cleavage efficiencies on CCA-
containing and CCA-less pre-tRNAs, while the catalysis efficiency
of the bacterial bsu-RNase Z is inhibited by the CCA-motif.

Consistently, the initial cleavage velocities of the three RNase Zs
also supported these conclusions (Supplementary Figure S6A).

Based on that 100-fold higher bsu-RNase Z protein was
required to process the CCA-containing than the CCA-less
pre-tRNA in Mg2+-amended reaction, the CCA-motif was
reported to inhibit the activity of bsu-RNase Z (Pellegrini et al.,
2003). In this study, the initial velocity of bsu-RNase Z on
CCA-containing pre-tRNA was determined to be 1520-fold
lower than that on CCA-less one in Mg2+-amended reaction
(Supplementary Figure S6B), while be only 5.8-fold lower in
Co2+ supplementation (Supplementary Figure S6A). Therefore,
these indicated that although the encoded CCA motif severely
inhibits the activity of bsu-RNase Z, Co2+-supplementation
could dramatically ameliorate the inhibition.

The aRNase Zs Require 5′ Matured
Pre-tRNA for 3′-End Processing
Most of RNase Zs analyzed so far appear requiring a mature tRNA
5′-end for 3′-end processing (Kunzmann et al., 1998; Nashimoto
et al., 1999b; Schierling et al., 2002; Pellegrini et al., 2003), so the
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5′-leader removal is assumed preceding the 3′-end processing of
pre-tRNAs by RNase Z (Redko et al., 2007). To evaluate the effect
of the pre-tRNA 5′ extensions on the 3′-end processing of aRNase
Zs, pre-tRNAmpy−Arg1 and pre-tRNAmmp−Arg1 that carry varying
lengths of 5′ extensions were used as substrates. The cleavage
assays showed that although the two aRNase Zs processed the
5′ extended pre-tRNAs, lower 3′-trailer processing activities were
observed for those with longer 5′ extensions. In detail, ≥10 nt
5′ extensions markedly suppressed the 3′-end processing activity
of mpy-RNase Z (Figure 6A), while a 5 nt-5′ extension already
inhibited mmp-RNase Z (Figure 6B).

Effect of the 3′-trailer lengths on the activities of two aRNase
Zs were also assayed. The results showed that mpy-RNase Z and
mmp-RNase Z could efficiently cleave all tested pre-tRNAs with
various lengths of 3′-trailer, although reduced activity was found
on a 150 nt-3′-trailer (Figures 6C,D). These results demonstrate
that the two aRNase Zs only efficiently process the 3′-ends of pre-
tRNAs that have matured 5′-ends, but regardless, the 3′-trailer
lengths, that is, RNase P cleavage to produce a mature 5′-end
should precede the 3′-trailer processing by RNase Z.

The aRNase Zs but Not the bRNase Z
Process Intron-Containing Pre-tRNAs
Considering that some archaeal pre-tRNAs contain introns
(Tocchini-Valentini et al., 2005), we then evaluated the processing
activities of the two aRNase Zs on pre-tRNAmpy−Arg3(intron)

and pre-tRNAmpy−Tyr(intron) that contain 24 nt- and 38 nt-long
introns, respectively. Cleavage assays determined that the two
aRNase Zs were capable of cleaving the intron-containing pre-
tRNAs but with lower efficiency than on intron-less pre-tRNAs.
In contrast, no detectable activity was found for bsu-RNase Z
on processing the intron-containing pre-tRNAs (Figure 7). The
capability of the aRNase Zs, but not the bRNase Z, in processing
the intron-containing pre-tRNAs complies with the fact that the
intron-carrying pre-tRNAs are present in archaea but not in
bacteria (Tocchini-Valentini et al., 2005).

Two aRNase Zs Process Aberrant
Pre-tRNAs, but the Acceptor Stem Is
Indispensable
Next, we assayed the requirements of tRNA elements by aRNase
Zs in processing the pre-tRNA 3′-end. An array of tRNA variants
that lack the D arm, anticodon arm, T arm, or acceptor stem but
carry a 30 nt-3′-trailer were used as substrates (Figure 8). Each
of the aberrant pre-tRNAs was incubated with the two aRNase
Zs. In the presence of Co2+, the two aRNase Zs processed all
the pre-tRNA variants at a comparable efficiency as the wild-type
pre-tRNA, except for the variant that lacks the acceptor stem.
However, in Mg2+-supplemented reactions, lacking any element
resulted in a markedly reduced processing efficiency of mmp-
RNase Z; while deletion of the T arm or acceptor stem, but not
the D and anticodon arms, suppressed the activity of mpy-RNase
Z. This indicates that as long as Co2+ is present, the aRNase Zs are
capable of processing pre-tRNAs without the D, the anticodon, or
the T arm, but the acceptor stem is indispensable, implying that

the aRNase Zs could have a broad in vivo substrate spectrum in
addition to pre-tRNAs.

DISCUSSION

Thus far, our knowledge about the properties of
methanomicrobial aRNase Zs, particularly in processing the
CCA-containing pre-tRNAs, remains limited. The present study
has comprehensively examined the biochemical characteristics
of two aRNase Zs from methanomicrobial archaea. We found
that Co2+ markedly activates the pre-tRNA 3′-end processing
efficiencies of the two aRNase Zs for 1440- and 2990-fold,
respectively, and even is indispensable to the aRNase Zs.
Distinctively, the two aRNase Zs indiscriminately process
CCA-containing and CCA-less pre-tRNAs with similar catalytic
efficiency (kcat/Km) and generate the mature tRNA ended with
CCA in the former and the discriminator nucleotide in the latter,
respectively. Moreover, Co2+ not only activates the pre-tRNA
processing activity of the bRNase Z but also ameliorates the CCA
motif inhibitory effect from 1520-fold to 5.8-fold. Noticeably,
the two methanomicrobial aRNase Zs are capable of processing
intron-containing pre-tRNAs and aberrant pre-tRNA mutants
that lack the T, D, or anticodon arm, but require the acceptor
stem and mature 5′-end for 3′-end processing. Collectively, this
work elucidates the characteristics of methanomicrobial aRNase
Zs, in particular the capability of processing CCA-containing
pre-tRNAs, which could be shared by aRNase Z orthologs that
are ubiquitously distributed in archaea.

Co2+, Mn2+, and Mg2+ Appear to Be
Required by Most Prokaryotic RNase Zs
Though RNase Z affiliates with the β-lactamase family
metalloproteins and Zn2+ (one or two) coordinated in the
metallo-β-lactamase domain has been observed in the RNase Zs
from B. subtilis (Li de la Sierra-Gallay et al., 2005), T. maritima
(Ishii et al., 2005), and E. coli (Kostelecky et al., 2006), Zn2+

addition neither promotes the activities of the archaeal nor the
bRNase Zs (Supplementary Figure S3). On the contrary, this
work found that Co2+ supplementation markedly enhances the
3′-end processing activities of both the archaeal and bRNase
Zs, regardless of the pre-tRNAs from archaeal or bacteria or
containing the CCA motif or not (Table 1 and Figures 2, 3, 4A, 5
and Supplementary Figures S3–S6). In addition to Co2+,
Mg2+ also promotes the activity of the bacterial bsu-RNase
Z (Figures 2, 3, 5). Co2+ stimulation on E. coli RNase Z was
reported in an earlier study (Asha et al., 1983), and Mn2+ has
similar effect in stimulating the activities of RNase Zs from
T. maritima (Minagawa et al., 2006), A. thaliana (Spath et al.,
2007), H. volcanii, and P. furiosus (Spaeth et al., 2008). Therefore,
the stimulatory effects of Co2+, Mn2+, and Mg2+ could be the
common property among RNase Zs from eukaryotes, archaea,
and bacteria. These metal ions might help pre-tRNA fold
properly, or induce RNase Z to attain an active conformation
and/or assist RNase Z to interact with pre-tRNA correctly.
However, to unveil the underlying mechanisms, further studies
are required, such as to solve the structures of the apo or
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FIGURE 6 | Effects of 5′ and 3′ extensions on the 3′-end processing of pre-tRNAs by (A,C) mpy-RNase Z and (B,D) mmp-RNase Z. (A,B) Pre-tRNAmpy−Arg1 and
pre-tRNAmmp−Arg1 carrying a 30 nt 3′-trailer and 5′ extensions with 0, 5, 10, 30, or 60 nt were used as substrates. (C,D) Pre-tRNAmpy−Arg1 and pre-tRNAmmp−Arg1

with no 5′ extension but carrying 3′-trailers of 15, 30, 50, or 150 nt were used as substrates. Pre-tRNA (1.4 pmol) was incubated with purified RNase Zs at gradient
concentrations in a 10 µl reaction mixture as described in the “Materials and Methods” section. The cleavage products were separated on a 10% polyacrylamide gel
with 8 M urea. Migration of ssRNA markers, the pre-tRNAs, mature tRNAs, and 3′-trailer products are indicated at the left and at the right of the gels, respectively.

pre-tRNA-complexed RNase Z with or without a metal ligand to
compare the detailed conformation changes.

Although bsu-RNase Z and the two aRNase Zs have similar
key elements and conserved sequences as indicated by the

protein sequence alignment (Supplementary Figure S1), higher
cleavage velocity and efficiency have been found for bsu-
RNase Z even without the addition of metal ions (Figure 3
and Table 1). This could be attributed to a higher metal
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FIGURE 7 | Processing of the intron containing pre-tRNAs by the archaeal and bacterial RNase Zs. The intron-less pre-tRNAmpy−Arg1 and the intron-containing
pre-tRNAmpy−Arg3(intron) and pre-tRNAmpy−Tyr(intron) were each incubated with (A) mpy-RNase Z, (B) mmp-RNase Z, and (C) bsu-RNase Z. Pre-tRNAmpy−Arg3(intron)

and pre-tRNAmpy−Tyr(intron) contain 24 and 38 nt introns, respectively. Pre-tRNA (1.2 pmol) was incubated with purified RNase Z at the indicated concentrations in a
10 µl reaction mixture as described in the “Materials and Methods” section. The cleavage products were separated on a 10% polyacrylamide 8 M urea gel and are
indicated by arrows.

affinity of bsu-RNase Z, in which more metal ions have
been already sequestered during purification. Supportively, a
higher EDTA concentration was needed to inhibit the cleavage

activity of bsu-RNase Z than that to the two aRNase Zs
(Supplementary Figure S7). Moreover, the aRNase Zs rely more
on Co2+ than bsu-RNase Z (Supplementary Figure S3 and
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FIGURE 8 | The tRNA element requirements of mpy-RNase Z (A) and mmp-RNase Z (B) for the pre-tRNA 3′-end processing. The pre-tRNA mutants that have
mature 5′-end but lacking the D arm, the anticodon arm, the T arm, or the acceptor stem were synthesized. Each pre-tRNA variant (1.4 pmol) was incubated with
the purified RNase Zs at indicated concentrations in a 10 µl reaction mixture as described in the “Materials and Methods” section. The cleavage products were
separated on a 10% polyacrylamide 8 M urea gel. Migration of ssRNA markers, and that of the pre-tRNA variants, mature tRNAs, and 3′-trailer products are
indicated at the left and at the right of the gels, respectively.

Figures 2, 3 and Table 1), while the latter is also activated
by Mg2+ (Figures 2, 3 and Table 1), implying that the
aRNase Zs have a better adaptation to Co2+ and bsu-RNase
Z to Mg2+. It is assumed that bacteria have higher cellular
levels of Mg2+ and Mn2+, but the methanomicrobial archaea

contain higher Co2+. Cobalt is used as a metal ligand in
some methanomicrobial enzymes, for example, the methanol
and methyl amine methyltransferases are all corrinoid proteins,
and Co2+ is routinely supplemented in the culture media
of methanogens (Sarmiento et al., 2011). This could be a
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circumstantial evidence that aRNase Zs rely more on Co2+, while
the bRNase Zs are better adapted to Mg2+.

Co2+ Is Specifically Required for RNase
Zs in Processing CCA-Containing
Pre-tRNAs
This work found that the aRNase Zs exhibit a comparable
activity of processing the CCA-containing and CCA-less pre-
tRNAs (Figures 2–5 and Supplementary Figures S4–S6) and
retain similar kcat/Km values (Table 1) and generate matured
tRNA 3′-ends with CCA in the former and the discriminator
nucleotide in the latter. Therefore, aRNase Z could be the single
ribonuclease functioning in the maturation of tRNA 3′-ends
in archaea; this is different from that in bacteria, in which
not only RNase Z-dependent endonucleolytic maturation but
also additional exonucleolytic pathway through collaboration
of several enzymes both exist (Redko et al., 2007). The CCA-
containing pre-tRNA genes, with varying proportions, are
distributed in many archaeal genomes; for example, 26% and
25% of tRNA genes in M. maripaludis S2 and M. psychrophilus
R15 contain the CCA motif (Supplementary Datasets S2, S3),
respectively. Thus, we hypothesized that RNase Z-mediated
single-step endoribonucleolytic cleavage plays a primary role in
archaeal tRNA 3′-end maturation, as that in eukaryotes (Castano
et al., 1985; Frendewey et al., 1985; Stange and Beier, 1987;
Oommen et al., 1992). Although this hypothesis is not yet
verified in vivo, the gene-encoding mmp-RNase Z has been
determined as essential in M. maripaludis (Sarmiento et al.,
2013), providing a circumstantial evidence for the key functions
of aRNase Z, presumably through the single-step tRNA 3′-
end maturation.

Consistent with the previous findings (Pellegrini et al., 2003),
the present work found that the CCA motif exerts an obvious
inhibitory effect on the bacterial bsu-RNase Z. However, this
inhibitory effect was significantly reduced when Co2+ was
amended (Figures 3–5 and Supplementary Figures S5, S6
and Table 1). Similarly, the E. coli RNase Z was reported
to process the CCA-containing pre-tRNAs in the presence
of Co2+ (Dutta et al., 2012), and actually involved in the
maturation of all 86 CCA-containing pre-tRNAs when RNases
T, PH, D, and II are absent (Kelly and Deutscher, 1992),
so it can be one primary player in tRNA 3′-end maturation
as well. The T. maritima RNase Z also exhibited a cleavage
activity downstream the CCA motifs of 45 CCA-containing
tRNAs (Minagawa et al., 2004). Thus, both bacterial and
aRNase Zs are capable of processing CCA-containing pre-
tRNAs and expose the genetically encoded CCA triplet. This
also suggests that RNase Z-mediated one-step processing on
the CCA-containing pre-tRNAs could be a widely distributed
mode in prokaryotes.

Substrate Recognition and Processing
Order of the Methanomicrobial aRNase
Zs in Pre-tRNA Maturation
The present work found that ≥10 nt 5′ extensions markedly
suppressed the pre-tRNAs processing efficiency of the aRNase

Zs, suggesting that a mature 5′-end is a precondition for 3′
maturation of pre-tRNAs (Figures 6A,B). Similar observations
were found in B. subtilis RNase Z, which exhibited a reduced
3′-end processing activity on pre-tRNAs having ≥33 nt 5′
extensions (Pellegrini et al., 2003); while the pig liver RNase Z
even lost its 3′-end processing activity on pre-tRNAs with 5′
extensions >9 nt (Nashimoto et al., 1999a). Thus, analogous to
the eukaryotic and bacterial pre-tRNA processing procedures,
RNase P-mediated 5′-end processing could precede the 3′-end
processing by RNase Z in methanomicrobial archaea.

While, the 3′ extension lengths did not exhibit inhibitory
effects on the two aRNase Zs, which showed nearly indiscriminate
processing activities on pre-tRNAs with diverse 3′ extensions
(Figures 6C,D). Moreover, the two aRNase Zs are capable of
processing intron-containing pre-tRNAs though with a lower
efficiency (Figure 7), so they could be involved in maturation of
the inherited intron-containing pre-tRNAs in archaea (Tocchini-
Valentini et al., 2005; Supplementary Dataset S2). This also
suggests that aRNase Zs could process the 3′-end before
the intron removal when the tRNA precursors are at high
concentrations, while intron scissoring may occur first when the
precursors are at physiological concentrations.

In addition, the two methanomicrobial aRNase Zs
indiscriminately process the homologous and heterologous
tRNA precursors, indicating that they recognize tRNA structures
but not the sequences. Enzymatic assays on the pre-tRNA
element mutants determined that the acceptor stem, but not
the D, anticodon, and T arms, is required for aRNase Zs in the
tRNA 3′-end maturation in the presence of Co2+ (Figure 8). In
support of these observations, a tRNA-bound structure of the
B. subtilis RNase Z has revealed the direct interactions of the
T-arm and the acceptor stem with the flexible arm and helix α7
of the RNase Z dimer, while the D-arm and anticodon loop are
dispensable in the interaction, and the tRNA phosphodiester
backbone is primarily recognized (Li de la Sierra-Gallay et al.,
2006). Therefore, these interactions enable RNase Zs adapted to
a wide variety of tRNA substrates.

In conclusion, in the presence of Co2+, the methanomicrobial
aRNase Zs are capable of processing the 3′-end of various
pre-tRNA species, including CCA-containing and CCA-less,
intron-containing, and T-, D-, and anticodon-arm-lacking
tRNA precursors, hinting their pivotal roles in pre-tRNA 3′-
end maturation and a potential broad substrate spectrum,
so aRNase Zs could fulfill a plethora of functions in RNA
metabolism in archaea.
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FIGURE S1 | Sequence alignment of the RNase Z family proteins. The protein
sequences were aligned using ClustalW program (Larkin et al., 2007) and the
diagram was prepared using ESPript program (Gouet et al., 1999). Identical
residues are highlighted with white type on a red background and similar residues
are shown as red type. Methanolobus psychrophilus RNase Z (Mpsy_2804) and
Methanococcus maripaludis (MMP0906) shares 38% and 58% amino-acid
sequence identity and similarity, respectively. Secondary structural elements of
bsu-RNase Z (PDB ID: 1Y44) are shown on the top of the sequence. Bacillus
subtilis RNase Z (bsu: Bsu23480) shares 48%, 42%, 42%, 36%, 36%, 32%, 33%,
33%, and 28% amino acid sequence identity to Escherichia coli RNase Z (eco:
b2268), M. maripaludis RNase Z (mmp: MMP0906), Methanocaldococcus
jannaschii RNase Z (mja: MJ_1502), M. psychrophilus RNase Z (mpy:
Mpsy_2804), Haloferax volcanii RNase Z (hvo: HVO_0144), Pyrococcus furiosus
RNase Z (pfu: PF12345), Thermoplasma acidophilum RNase Z (tac: Tal155),
Pyrobaculum aerophilum RNase Z (pai: PF12345), and Thermotoga maritima
RNase Z (tma: TM0864), respectively.

FIGURE S2 | SDS-PAGE of the three RNase Zs tested in this study. The purified
His6-tagged recombinant RNase Z proteins on 12% SDS-PAGE were shown. M,
the protein ladders indicated at the left to identify the migration positions
of the proteins.

FIGURE S3 | Stimulatory effects of Co2+ or Mg2+ on the tRNA 3′-end processing
activity of the archaeal and bacterial RNase Zs. Two pre-tRNAs were used as
substrates, that is, (A) M. maripaludis S2 pre-tRNAmmp−Arg1 and (B) B. subtilis
pre-tRNAbsu−trnI. Purified mpy-RNase Z from M. psychrophilus, mmp-RNase Z
from M. maripaludis, and bsu-RNase Z from B. subtilis were assayed in the
absence (−) or presence (+) of 1 mM Zn2+, Cu2+, Co2+, or Mg2+. Pre-tRNA
(1.4 pmol) was incubated with 0.7 µM mpy-RNase Z, 0.7 µM mmp-RNase Z, and
0.28 µM bsu-RNase Z at 37◦C for 30 min. The cleavage products were separated
on a 10% polyacrylamide 8 M urea gel. Migration of the ssRNA markers with
indicated lengths and migration of the pre-tRNAs, mature tRNAs, and 3′-trailer
products are marked at the left and at the right of gels, respectively.

FIGURE S4 | The Lineweaver–Burk plots of the kinetic parameters of the three
RNase Zs for processing the CCA-containing (CCA+) and CCA-less (CCA−)
pre-tRNAs in the absence (−) or presence (+) of Co2+. A range of (0.025–1 µM)
pre-tRNA (Table 1) substrate concentrations were assayed for each tested RNase
Z at 37◦C. The initial velocity (V0) of RNase Z at each substrate concentration was
determined through quantifying the substrate residuals in the linear phase during
the initial 5 min similarly as that shown in Figure 3. The kinetic parameters of Km,
Vmax, and kcat were obtained by fitting the Lineweaver–Burk plotting data to the
Michaelis-Menten equation.

FIGURE S5 | Ribonuclease assays of the processing activity of the three RNase
Zs on the CCA containing M. psychrophilus pre-tRNAmpy−Arg2(CCA) in the
absence (−) or presence of Mg2+ or Co2+. Pre-tRNA (1.4 pmol) was incubated
with purified recombinant RNase Z at gradient concentrations in a 10 µl nuclease
reaction as described in the “Materials and Methods” section. Cleavage products
were separated on a 10% polyacrylamide 8 M urea gel. The migration of ssRNA
markers and the migration of pre-tRNAs, mature tRNAs, and 3′-trailer products
are labeled at the left and at the right of the gels, respectively.

FIGURE S6 | Comparison of the initial velocities of the three RNase Zs for
processing the CCA-less and CCA-containing pre-tRNAs in Co2+

supplementation (A) and in Mg2+ supplementation for bsu-RNase Z (B). Initial
reaction velocities (V0) were determined by quantifying the residual pre-tRNA
substrate amounts (listed in Table 1) on PAGE gels at each sampling time, which
are shown as attenuation curves of pre-tRNA remnants per the enzyme amounts
in the upper panels. Values of V0 (µM/min residual pre-tRNAs·µM−1 protein)
indicated below the panels are the mean ± s.d from three experimental replicates.

FIGURE S7 | EDTA inhibition on the 3′-processing activity of the three RNase Zs.
EDTA concentrations were shown on the top of the gel. CK, control
reactions without enzyme.

TABLE S1 | Primers used in this study.

TABLE S2 | Sequences of RNA substrates used in this study.
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CRISPR-Associated Factor Csa3b
Regulates CRISPR Adaptation and
Cmr-Mediated RNA Interference in
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Acquisition of spacers confers the CRISPR–Cas system with the memory to defend
against invading mobile genetic elements. We previously reported that the CRISPR-
associated factor Csa3a triggers CRISPR adaptation in Sulfolobus islandicus. However,
a feedback regulation of CRISPR adaptation remains unclear. Here we show that
another CRISPR-associated factor, Csa3b, binds a cyclic oligoadenylate (cOA) analog
(5′-CAAAA-3′) and mutation at its CARF domain, which reduces the binding affinity.
Csa3b also binds the promoter of adaptation cas genes, and the cOA analog enhances
their binding probably by allosteric regulation. Deletion of the csa3b gene triggers spacer
acquisition from both plasmid and viral DNAs, indicating that Csa3b acted as a repressor
for CRISPR adaptation. Moreover, we also find that Csa3b activates the expression of
subtype cmr-α and cmr-β genes according to transcriptome data and demonstrate that
Csa3b binds the promoters of cmr genes. The deletion of the csa3b gene reduces
Cmr-mediated RNA interference activity, indicating that Csa3b acts as a transcriptional
activator for Cmr-mediated RNA interference. In summary, our findings reveal a novel
pathway for the regulation of CRISPR adaptation and CRISPR–Cmr RNA interference
in S. islandicus. Our results also suggest a feedback repression of CRIPSR adaptation
by the Csa3b factor and the cOA signal produced by the Cmr complex at the CRISPR
interference stage.

Keywords: Sulfolobus islandicus, CRISPR adaptation, Cmr, transcriptional regulation, Csa3b

INTRODUCTION

CRISPR–Cas is a prokaryotic immune system that defends bacteria and archaea against invasive
plasmids and viruses (Barrangou et al., 2007; Makarova et al., 2011). CRISPR–Cas adaptive
immunity occurs in three stages: acquisition of de novo spacers (also known as adaptation), crRNA
biogenesis, and targeting and cleavage of invasive nucleic acids (Brouns et al., 2008; Westra et al.,
2012). According to the latest classification scheme, CRISPR–Cas systems are categorized into two
main classes, each subdivided into three types. Class 1 systems (types I, III, and IV) contain multiple
protein subunits in their effector complexes, while class 2 systems (types II, V, and VI) carry a single
large protein in their effector complexes (Koonin and Makarova, 2013; Makarova et al., 2015).
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Spacer acquisition into CRISPR arrays constitutes the first
stage of the immune reaction (Brouns et al., 2008; Westra
et al., 2012). Short DNA fragments, called protospacers, are
taken from the invasive genetic elements and integrated into
the CRISPR arrays at the leader proximal end facilitated by the
conserved core proteins Cas1 and Cas2 (Makarova et al., 2011)
and, in some cases, additional subunits such as Cas4 family
proteins (Kieper et al., 2018; Lee et al., 2018; Shiimori et al.,
2018; Zhang et al., 2019). The first successful demonstration
of spacer acquisition under laboratory conditions was based on
Streptococcus thermophilus subtype II-A system (Barrangou et al.,
2007), after which more studies have focused mainly on type I
systems (Sternberg et al., 2016), including Sulfolobus subtype I-A
systems (Erdmann and Garrett, 2012; Erdmann et al., 2014b; Liu
et al., 2015), Haloarcula hispanica subtype I-B system (Li et al.,
2014a,b), Escherichia coli subtype I-E system (Swarts et al., 2012;
Yosef et al., 2012, 2013), and Pseudomonas aeruginosa (Cady
et al., 2012) and Pectobacterium atrosepticum (Richter et al., 2014)
subtype I-F systems.

Both the adaptation and the interference stages of CRISPR–
Cas systems are known to be regulated at the transcriptional
level. In particular, the regulation of cas genes in subtype
I-E CRISPR–Cas systems has been studied in great detail.
In the E. coli subtype I-E system, the heat-stable nucleoid-
structuring protein (H-NS) (Pul et al., 2010) and the cAMP
receptor protein (CRP) (Westra et al., 2010; Yang et al., 2014)
repress CRISPR-based immunity, and H-NS-mediated repression
may be relieved by LeuO, a LysR-type transcription factor
(Westra et al., 2010), and by BaeR, an envelope stress-activated
regulator (Perez-Rodriguez et al., 2011). Besides transcriptional
regulations, the CRISPR ribonucleases are allosterically regulated
by small molecules. It has been reported that the type III effector
complex synthesizes cyclic oligoadenylates (cOAs) upon binding
to target RNA and that the cOAs activate the ribonuclease
activity of the CARF domain containing proteins, including
the subtype III-A associated Csm6 protein (Kazlauskiene et al.,
2017; Niewoehner et al., 2017) and the subtype III-B Csx1
protein (Han et al., 2018). For example, 5′-CAAAA-3′ can act
as the signaling molecule to activate the ribonuclease activity
of Csx1 from Sulfolobus (Han et al., 2017), suggesting that
the oligonucleotides generated during RNA metabolism play an
important role in the regulation of CRISPR functions. cOAs
can be degraded by a ring nuclease, switching off the antiviral
state mediated by the CARF domain-containing ribonucleases
(Athukoralage et al., 2018; Jia et al., 2019). However, there are
other CARF domain families in addition to the Csm6 and the
Csx1 families (Makarova et al., 2014). Csa3, the most frequent
CARF family linked to type I system and subtype I-A in
particular, lacks a C-terminal catalytic effector domain but is
fused with a HTH domain (Makarova et al., 2014). Csa3 family
proteins are involved in the regulation of CRISPR adaptation
and interference in Sulfolobus islandicus (Liu et al., 2015, 2017;
He et al., 2017). The Csa3a factor triggers CRISPR adaptation
(Liu et al., 2015), and the Csa3b factor represses the expression
of Cascade genes of subtype I-A system (He et al., 2017).
However, whether Csa3 proteins allosterically regulate CRISPR
functions remain unclear.

In the model archaeon S. islandicus, the regulatory
mechanisms of cas genes differ markedly from those of
bacteria which employ global transcriptional factors (Patterson
et al., 2017). Two CRISPR-linked factors, Csa3a and Csa3b,
are employed for CRISPR–Cas regulation. The Csa3a regulator
triggers CRISPR de novo spacer acquisition by activating
adaptation genes (Liu et al., 2015). Furthermore, the Csa3a
regulator couples the transcriptional activation of adaptation
genes, CRISPR arrays, and DNA repair genes in order to
efficiently target invading nucleic acids (Liu et al., 2017). Csa3b
binds to the promoter region of the CRISPR–interference gene
cassette and facilitates binding of the CRISPR interference
complex to the promoter region, leading to the repression of
subtype I-A cas expression (He et al., 2017). Both Csa3a and
Csa3b regulators carry a CARF domain (Lintner et al., 2011).
However, whether Csa3b regulates other CRISPR–Cas modules
except for I-A interference module and whether signaling
molecules are involved in the regulation of the function of the
Csa3b factor have not yet been reported. Thus, in this work, we
have studied the in vivo function of the Csa3b factor in CRISPR
adaptation and Cmr-mediated RNA interference in S. islandicus.

MATERIALS AND METHODS

Strains, Growth, and Transformation of
Sulfolobus
S. islandicus strains, including the genetic host E233S
(1pyrEF1lacS, termed wildtype in this work) (Deng et al.,
2009), a csa3b deletion strain (1csa3b) (He et al., 2017), and
these strains carrying the csa3b overexpression vector were
cultured in SCV medium or ACV inducible medium at 78◦C
(Peng et al., 2009). The S. islandicus cells were transformed by
electroporation, and the resulting transformants were selected
on two-layer phytal gel plates, as described previously (Deng
et al., 2009). The S. islandicus E233S wild-type (wt) strain
carrying the empty pSeSD plasmid and the wt strain carrying
the Csa3b overexpression plasmid were grown in ACVy medium
(Peng et al., 2009, 2012), and growth curves were obtained by
measuring their optical densities at 600 nm (OD600). The E. coli
DH5α cells used for DNA cloning were cultured at 37◦C in
Luria–Bertani medium, and ampicillin was added to the culture
at a final concentration of 100 µg/ml, where required.

Plasmid Construction, Gene Deletion,
and Protein Purification
The csa3b deletion plasmid was constructed by cloning the mini-
CRISPR sequence comprising “repeat–spacer–repeat,” where
the spacer matches the csa3b gene and the upstream and
downstream homologous arms of the csa3b gene into the
E. coli–Sulfolobus shuttle vector pSeSD. The csa3b genes were
cloned into pET30a and the Sulfolobus expression vector pSeSD,
respectively. Mutations were introduced into the csa3b genes
by inverse PCR, with mutations on the primer sequences using
the E. coli and Sulfolobus expression plasmids as the templates,
respectively, by PCR amplification. Then, the PCR products were
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separated from gel and purified. The purified PCR products
were 5′ phosphorylated by T4 kinase and self-ligated by T4
DNA ligase, respectively, giving the mutant overexpression
plasmids. All the primers used are listed in Supplementary
Table 1. The purification of Csa3b protein heterogeneously
expressed in E. coli was carried out as described previously
(Liu et al., 2015).

Transcriptome Analysis
Strains (two biological repeats for each strain) for transcriptome
analysis were cultured to log phase (OD600 = 0.2), after which
1-ml culture of each strain was transferred to 100 ml fresh
ACVy medium in 250-ml flasks. Then, total RNA was isolated
using Trizol reagent (Invitrogen, Carlsbad, CA, United States)
from exponentially growing Sulfolobus cultures (OD600 = 0.2)
in ACVy medium for the induction of the csa3b gene under
control of the araS promoter, as described previously (Liu
et al., 2015). The genomic DNA in the total RNA sample was
removed using DNase I (Roche, Basel, Switzerland). The quality
and the quantity of the purified total RNA were determined
by measuring the absorbance at 260 and 280 nm by using a
NanoDrop ND-1000 spectrophotometer (Labtech, Wilmington,
MA, United States). Total RNA integrity was verified by
electrophoresis on a 1.5% agarose gel. A total of 3 µg RNA per
sample was used as input material for cDNA library preparations.
Sequencing libraries were generated using the NEBNext UltraTM

RNA Library Prep Kit for Illumina (NEB, United States),
following the manufacturer’s recommendations, and index codes
were added to assign sequences to each sample. First-strand
cDNA synthesis was performed using random hexamer primers
and M-MuLV Reverse Transcriptase (RNase H−). Second-
strand cDNA synthesis was subsequently performed using DNA
polymerase I and RNase H, which was followed by 15 cycles of
PCR enrichment. Sequencing was performed with an Illumina
HiSeq2000 instrument. Raw data were initially processed to
obtain clean reads by removing adapter sequences and low-
quality bases. The clean reads were aligned to the reference
genome sequence of S. islandicus REY15A (GenBank accession
no. NC_017276). An index of the reference genome was built
using Bowtie software v2.0.6, and paired-end clean reads were
aligned to the reference genome using TopHat software v2.0.9.
HTSeq software v0.6.1 was used to count the number of reads
mapped to each gene, following which the reads per kilobase
per million mapped reads (RPKM) for each gene were calculated
based on the length of the gene and the number of reads
mapped to the gene. Each strain was sequenced in duplicate.
To investigate the expression level of each gene in different
groups, transcript expression levels were expressed as the RPKM.
Next, p-values were used to identify differentially expressed
genes (DEGs) between the two groups using the chi-square test
(2 × 2), and the significance threshold of the p-value in multiple
tests was set based on the false discovery rate (FDR). Fold-
changes [log2(RPKM1/RPKM2)] were also estimated according
to normalized gene expression levels. The threshold for DEGs
was set at p < 0.01 and log2 fold-change > 1 (FDR < 0.05). The
transcriptome data were deposited in the GEO database under

accession number PRJNA511557, and the DEGs are listed in
Supplementary Table 2.

Synthesis of the Oligonucleotide
The oligonucleotide 5′-CAAAA-3′ was synthesized in Tsingke
(Beijing, China).

Localized Surface Plasmon Resonance
Technology for Analysis of the
Interactions of the Oligonucleotide,
Csa3b Protein, and Promoter DNAs
The equilibrium-binding constants (KD) of the interaction
between Csa3b protein and oligonucleotide 5′-CAAAA-3′
and the promoter DNAs and the oligonucleotide and the
promoter DNAs were determined by Open SPR (Nicoya,
Canada), respectively. All the steps were performed according
to the manufacturer’s protocol. Briefly, Csa3b family proteins
(40 µg/ml) were covalently immobilized on COOH-sensor
chips (Nicoya, Canada) by EDC/NHS chemistry. The 5′-end
of the promoter DNA was marked with sulfydryl and then
the DNA was labeled on the chip. Then, the oligonucleotide
5′-CAAAA-3′, promoter DNA, or proteins were continuously
diluted into several different concentrations using the running
buffer and injected into the chip from low to high concentrations.
Meanwhile, bovine serum albumin was used as a negative
control. In each cycle, a 250-µl sample was flowed through
the chip for 5 min at a constant flow rate of 20 µl/min.
After detection, 0.02% sodium dodecyl sulfate (SDS) was added
to dissociate the binding. Finally, the kinetic parameters of
the binding reactions were calculated and analyzed by Trace
Drawer software (Ridgeview Instruments AB, Sweden) and one-
to-one fitting model.

PCR Amplification and Sequencing of
the Leader-Proximal CRISPR Regions
The S. islandicus E233S (wt) and the csa3b deletion strains
carrying empty pSeSD vector or infected with STSV2 virus were
cultured in SCV medium at 78◦C. Samples of each culture
(0.1 ml) were taken every day (for cells carrying the pSeSD
plasmid) or every 3 days (for cells carrying the STSV2 virus),
and total DNA from these cells was used as the PCR template.
The leader-proximal region of CRISPR locus 1 was amplified
via PCR using Taq polymerase, with forward primer CRISPR-F
and reverse primer CRISPR1S5-R for locus 1 (Supplementary
Table 1). The PCR products were separated on 1.5% agarose
gel and visualized via ethidium bromide staining. The purified
PCR products of the expanded bands were cloned into the
T-vector (Clone Smarter TA Cloning Kit, Wuhan, China),
following the manufacturer’s instructions. Subsequently, the
ligation products were transformed into E. coli DH5α cells. The
plasmids from single colonies were purified and sequenced at
Tsingke (Wuhan, China).

DNase I Footprinting Analysis
DNase I footprinting was carried out as reported previously (Liu
et al., 2015). For the preparation of fluorescent FAM-labeled
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probes, the promoter region was PCR amplified with 2 × TOLO
HIFI DNA polymerase premix (TOLO Biotech, Shanghai) from
the plasmids carrying the promoter DNAs of the SiRe_0760
and SiRe_0890 genes using primers of 5′-FAM labeled-M13F
and M13R primers, respectively. The FAM-labeled probes were
purified with the Wizard R© SV Gel and PCR Clean-Up System
(Promega, United States) and were quantified with NanoDrop
2000C (Thermo, United States). For each DNase I footprinting
assay, 400-ng probes were incubated with different amounts of
Csa3b protein in a total volume of 40 µl. After incubation for
30 min at 30◦C, 10-µl solution containing 0.015 unit DNase
I (Promega) and 100 nmol freshly prepared CaCl2 was added,
and further incubation was performed at 37◦C for 1 min. The
reaction was stopped by adding 140 µl DNase I stop solution
(200 mM unbuffered sodium acetate, 30 mM EDTA, and 0.15%
SDS). The samples were firstly extracted with phenol/chloroform
and then precipitated with ethanol. The pellets were dissolved in
30 µl MiniQ water. The samples were analyzed in a 3730 DNA
Analyzer (Applied Biosystems, Foster City, CA, United States),
and the electropherograms were aligned with GeneMapper v3.5
(Applied Biosystems).

STSV2 Infection Into S. islandicus
The CRISPR deletion strain of S. islandicus REY15A infected
with Sulfolobus tengchongensis spindle-shaped virus STSV2 was
used to prepare the STSV2 virus particle for infection into
S. islandicus wild-type or csa3b deletion strains, as described
previously (Erdmann et al., 2014a). When S. islandicus wild-type
and 1csa3b strains grew to mid-log phase (OD600 = 0.6), cells
were harvested from a 15-ml culture and suspended in 1 ml SCV
medium for infection. One microliter of concentrated STSV2
was mixed with the prepared cell culture, and the mixed culture

was incubated for 2 h at 78◦C. After that, the infected cells
were transferred to 50 ml of pre-heated (78◦C) SCV medium
and incubated for 3 days at 78◦C. During cultivation, 1 ml was
taken from each culture every 12 h, and the OD600 values were
measured. Then, 1 ml was taken as well from each culture and
transferred into 50 ml fresh SCV medium every 3 days.

Determination of in vivo RNA
Interference Efficiency by
β-Galactosidase Activity Assay
The plasmids, pLacS-ck and pAC-SS1-LacS, were constructed
as described previously (Peng et al., 2015). The plasmid pLacS-
ck carries the lacS gene of S. islandicus Rey15A with the native
promoter and terminator. Plasmid pAC-SS1-LacS carries the lacS
gene of S. islandicus Rey15A and an artificial CRISPR array
with the spacer from lacS (promoter–repeat–spacerlacS–repeat).
Both plasmids were transformed into S. islandicus E233S (wild-
type) and the csa3b gene deletion strain (1csa3b). Selected
transformants were cultured in SCVy medium, and cells were
harvested at OD600 = 0.2–0.3. These cells were sonicated and
used for β-galactosidase activity assay, as reported previously
(Peng et al., 2009).

Determination of in vivo DNA
Interference Efficiency Using Plasmid
Challenging Assay
The challenging plasmid, pS10i, carries a protospacer targeted
only by the subtype III-B Cmr complexes through base-pairing
with spacer 10 in CRISPR locus 2 in S. islandicus REY15A
(Deng et al., 2013). The control plasmids pSeSD and pS10i
(500 ng of each plasmid) were transformed into S. islandicus

FIGURE 1 | Csa3b is a CRISPR-associated factor carrying a CARF domain. (A) Organization of CRISPR–Cas subtype I-A adaptation and interference modules and
subtype III-B (Cmr-α and Cmr-β) interference modules in Sulfolobus islandicus REY15A. (B) Alignment of the CARF domains of Csx1 (SiRe_0884), a ring nuclease
(SiRe_0244), Csa3a (SiRe_0764), and Csa3b (SiRe_0765) in S. islandicus REY15A. Two conserved motifs found for Csa3 family proteins (Lintner et al., 2011) were
boxed. Csa3b mutation (Csa3bM) was generated by changing the amino acids marked with a red star to Ala. The “*” means that amino acids are conserved in the
CARF domain.

Frontiers in Microbiology | www.frontiersin.org 4 August 2020 | Volume 11 | Article 203873

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


fmicb-11-02038 August 26, 2020 Time: 11:55 # 5

Ye et al. Csa3b Regulates CRISPR Immunity

FIGURE 2 | Csa3b binds a cyclic oligoadenylate analog. (A) Growth curves of wild type (wt), csa3b or csa3b CARF mutant overexpression and csa3b deletion
strains. (B,C) Localized surface plasmon resonance analysis of interaction between fixed Csa3b or Csa3b mutant proteins and CA4 signals. The KD value and the
CA4 concentrations for each assay were indicated.

E233S (wild-type) and the 1csa3b strain, and the transformation
efficiencies were compared.

RESULTS

The CRISPR-Associated Factor Csa3b
Bound a Cyclic Oligoadenylate Analog
The Crenarchaeon S. islandicus strain REY15A encodes a subtype
I-A adaptation module, a subtype I-A interference module,
and two subtype III-B interference modules (Deng et al., 2013;
Figure 1A). The csa3 genes, neighboring the adaptation cas genes
and subtype I-A interference genes, encode the transcription
regulators (Csa3a and Csa3b), each carrying a CARF domain
(Lintner et al., 2011). The Csa3 CARF domain carries two
conserved motifs: motif 1 seems to be specific to Csa3 family

TABLE 1 | Differentially expressed genes in Sulfolobus islandicus csa3b
overexpression strain vs. wild-type strain as identified by transcriptome analysis.

Gene ID Description OEcsa3b vs. wt (fold-change)

DNA replication and repair
SiRe_0061 NurA 2.7

SiRe_0062 Rad50 3.0

SiRe_0063 Mre11 2.7

SiRe_0064 HerA 2.4

SiRe_0614 DNA polymerase II amino-end 68.7

SiRe_0615 DNA polymerase II 17.4

CRISPR–Cas systems

SiRe_0599 Cmr6β 2.2

SiRe_0600 Cmr1β 2.5

SiRe_0601 Cmr5β 2.1

SiRe_0602 Cmr4β 2.9

SiRe_0603 Cmr7 2.7

SiRe_0765 Csa3b 935.4

SiRe_0772 Cas6 0.5

SiRe_0890 Cmr4α 2.2

SiRe_0891 Cmr5α 2.2

SiRe_0892 Cmr1α 2.4

protein and motif 2 is conserved in Csa3, a ring nuclease
(SiRe_0244), Csx1, and Csm6 family proteins (Lintner et al., 2011;
Athukoralage et al., 2018; Jia et al., 2019; Molina et al., 2019;
Figure 1B).

Csa3b, the CRISPR-associated transcriptional regulator
carrying a CARF domain (Figure 1B), was previously reported
to repress the expression of Sulfolobus subtype I-A interference
genes (He et al., 2017). In this study, we further analyzed the
Csa3b regulatory effects in S. islandicus. The growth curves
indicated that Csa3b overexpression strongly inhibited cell
growth, while csa3b deletion had no effect on cell growth relative
to the wild-type cells (Figure 2A). However, overexpressing
Csa3b CARF mutant (Csa3bM, in which the Ala residues were
used to replace the star-marked amino acid residues at both
motifs 1 and 2) showed no inhibition to cell growth (Figure 2A),
indicating that the conserved motifs shown in Figure 1B were
important for the regulatory effects of Csa3b. We further tested
whether Csa3b bound the cOA analog, an oligonucleotide
5′-CAAAA-3′ which showed the allosteric regulation of Csx1
activity in vitro (Han et al., 2017). A localized surface plasmon
resonance (LSPR) analysis demonstrated that Csa3b bound
the oligonucleotide in vitro (Figure 2B), while a mutation at
the Csa3b CARF domain slightly reduced its affinity to the
oligonucleotide (Figure 2C), as revealed by the KD values
(46.10± 8.14 vs. 123.00± 29.90 µM).

Csa3b Regulated the Expression of cmr
Genes
We further analyzed DEGs between the Sulfolobus csa3b
overexpression strain and the wild-type strain by comparative
transcriptome analysis. All DEGs are listed in Supplementary
Table 1. Compared with the wild-type strain, the cas6 gene
(SiRe_0772) probably co-transcribed with the subtype I-A
interference genes, which were down-regulated, in line with
a previous report that Csa3b acted as a repressor of subtype
I-A interference genes (He et al., 2017). Interestingly, both the
CRISPR–Cas subtype III-B interference gene cassettes, cmr-α
(SiRe_0890 ∼ SiRe_0892) and cmr-β (SiRe_0599 ∼ SiRe_0603)
genes, were upregulated in the csa3b overexpression strain
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FIGURE 3 | The oligonucleotide 5′-CAAAA-3′ enhances the binding between Csa3b and csa1 promoter. (A) DNase I footprinting assay with FAM-labeled coding
strand of csa1 promoter in the presence (red peaks) or the absence (black peaks) of Csa3b. The protected region was boxed and the sequence was shown below
the peaks. The Csa3a and Csa3b binding sites on the csa1 promoter, related to start codon, were indicated. (B,C) Localized surface plasmon resonance analysis of
interaction between the fixed csa1 promoter DNA and the Csa3b regulator in the absence or the presence of 20 µM CA4. The KD value and the Csa3b
concentrations for each assay were indicated.

FIGURE 4 | The deletion of the csa3b gene triggered spacer acquisition from plasmid and viral DNA. (A) PCR analysis of leader-proximal regions of CRISPR locus 1
of wt and csa3b deletion strains carrying the empty vector pSeSD. (B) Growth curves wt and csa3b deletion strains with or without infection of the Sulfolobus virus
STSV2 in sucrose basic medium SCV at 78◦C. Every third day following growth, 1 ml of cells was transferred into 50 ml of preheated fresh SCV medium. (C) PCR
analysis of leader-proximal regions of CRISPR locus 1 of wt and csa3b deletion strains infected with STSV2. Multiple bands in addition to the parental band indicated
the integration of new spacers. Ctl, positive control (Csa3a overexpression sample). (D) Semi-quantitative PCR analysis indicated the presence of STSV2 DNA in
infected cells using gp17 as a marker. Sample collection times were indicated. (E) Semi-quantitative PCR analysis indicates the presence of host genomic DNA
using tfe (transcriptional factor E) gene as the marker. Cells were collected immediately before each transfer and used as the PCR templates. All results represent
three independent experiments of virus infection assays.
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TABLE 2 | Analysis of protospacers.

1csa3b + STSV2 1csa3b + pSeSD WT + pCsa3aa

Total 140 60 52

Protospacer location

Plasmid / 60 (100%) 50 (96.1%)

REY15A genomic 0 (0%) 0 (0%) 2 (3.9%)

Virus 140 (100%) / /

Forward strand 74 (52.9%) 32 (53.3%) 28 (53.8%)

Reverse strand 66 (47.1%) 28 (46.7%) 24 (46.2%)

PAM sequences

5′-CCN 79 (56.4%) 36 (60%) 35 (67.3%)

Flip 51 (36.4%) 10 (16.7%) 9 (17.3%)

Slip 6 (4.3%) 12 (20%) 0

Mismatch 1 (0.7%) 1 (1.7%) 8 (13.4%)

Other 3 (2.1%) 1 (1.7%) 0

Single and multiple spacer insertion

Single 57 50 42

Two 20 5 3

Three 13 0 0

Four 1 0 1

aData were re-analyzed from Liu et al. (2015).

(Table 1), suggesting that Csa3b acted as an activator for
the regulation of subtype III-B Cmr-α and Cmr-β systems.
Furthermore, adaptation cas genes were significantly upregulated
in the csa3b deletion strain as revealed by a transcriptome
data reported previously (He et al., 2017), suggesting that
Csa3b could act as a transcriptional repressor for the regulation
of CRISPR adaptation genes. Furthermore, the DNA double-
strand break repair genes, including nurA, rad50, mre11, and
herA (SiRe_0061 ∼ SiRe_0064), as well as the genes encoding
two subunits of DNA polymerase II (PolB2, SiRe_0614, and
SiRe_0615) that function in DNA repair, were significantly
upregulated in the csa3b overexpression strain (Table 1). The
nurA-rad50-mre11-herA operon is essential for S. islandicus
REY15A (Zhang et al., 2013), while the polB2 genes neighboring
an IS transposase gene is non-essential (unpublished data).
This result infers that the csa3b gene might play an important
role in the regulation of DNA damage repair systems in
S. islandicus.

Csa3b Regulator Bound the Promoter of
CRISPR Adaptation cas Genes
Previous transcriptome data suggested that Csa3b represses the
expression of adaptation cas genes (He et al., 2017). Here a
footprinting assay was carried out to determine the binding
of Csa3b regulator on the csa1 promoter. The region from
−168 to −128, relative to the start codon, of the promoter
sequence was shown to be protected by Csa3b (Figure 3A). This
protected sequence is similar to the Csa3b binding sequence
on the csa5 promoter identified previously (He et al., 2017),
located upstream of the Csa3a binding site on csa1 promoter
(Figure 3A). These results, in combination with the previously
reported transcriptome data that the deletion of csa3b up-
regulated the expression of adaptation cas genes (He et al.,

2017), indicated that Csa3b specifically bound the adaptation
cas promoter to inhibit their transcription. Furthermore, DNA
fragments of csa1 promoter, controlling the transcription of
adaptation cas operon (Liu et al., 2015), and the Csa3b protein
were used for LSPR analysis. Csa3b bound the full-length
csa1 promoter in the LSPR analysis with the KD value of
4.24 ± 0.15 µM (Figure 3B). Importantly, the addition of
20 µM of the cOA analog 5′-CAAAA-3′ strongly enhanced the
binding between csa1 promoter DNA and Csa3b (4.24 ± 0.15
vs. 0.30 ± 1.30 × 10−3 µM, Figures 3B,C), inferring that cOA
might enhance the repression effect of Csa3b factor on adaptation
cas genes.

The csa3b Deletion Strain Sampled
Spacers From Mobile Genetic Elements
The wild-type and csa3b deletion cells carrying empty vector
pSeSD were cultured for 18 days, and the cells were sampled every
day for amplification of the leader-proximal region. No expanded
band was detected in wild-type cells carrying pSeSD through the
cultivation, while a weak expanded band was detected in the csa3b
deletion strain carrying pSeSD at the beginning of cultivation
(Figure 4A). Sequencing of the expanded bands from the csa3b
deletion strain cells sampled at the first day revealed that most
of the new spacers were adapted from the empty vector pSeSD
(Table 2). This result indicated that Csa3b acted as a repressor
which inhibited CRISPR acquisition in S. islandicus.

STSV2 is a single-tailed fusiform virus which infects Sulfolobus
species, including S. islandicus REY15A (Erdmann et al., 2014a).
STSV2 could not induce Sulfolobus CRISPR spacer acquisition
in basic sugar medium SCV (Leon-Sobrino et al., 2016). In
this study, STSV2 was used to infect the S. islandicus wild-type
and csa3b gene deletion strains in SCV medium to see whether
Csa3b was involved in the regulation of CRISPR immunity
adaptation in the presence of the virus. At the first round
of cultivation (first 3 days), the growth curves for all strains
were similar and did not display any growth retardation due to
STSV2 infection (Figure 4B). However, in the second and third
rounds of cultivation (3rd–9th days), the STSV2-infected csa3b
deletion strain grew much slower than the non-virus-infected
wild-type and csa3b deletion strains as well as the STSV2-infected
wild-type cells (Figure 4B). In the fourth round of cultivation
(9th–12th days), the growth retardation of the STSV2-infected
csa3b deletion strain stopped and, surprisingly, the growth of
the STSV2-infected wild type cells became slower than that
of the non-virus-infected wild-type and csa3b deletion strains
(Figure 4B). Importantly, in the fifth round of cell cultivation
(12th–15th days), the growth retardation of the STSV2-infected
csa3b deletion strain was reduced, while the growth of the wild-
type cells was inhibited by STSV2 infection (Figure 4B). Finally,
in the last round of cultivation (15th–18th days), the growth
curve of the STSV2-infected csa3b deletion strain recovered as
did that of the non-virus-infected strains (Figure 4B). However,
the growth of the wild-type cells was completely inhibited by
STSV2 (Figure 4B). The virus infection experiments revealed that
the STSV2 may completely inhibit the growth of wild-type cells
during several rounds of cultivation in basic sugar medium and

Frontiers in Microbiology | www.frontiersin.org 7 August 2020 | Volume 11 | Article 203876

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


fmicb-11-02038 August 26, 2020 Time: 11:55 # 8

Ye et al. Csa3b Regulates CRISPR Immunity

FIGURE 5 | Csa3b bound the cmr promoter and enhance RNA cleavage activity. (A) DNase I footprinting assay with FAM-labeled coding strand of cmr4 promoter in
presence (red peaks) or absence (black peaks) of Csa3b. The protected region (−230 to 190, related to start codon) was boxed and the sequence was shown
below the peaks. (B) Localized surface plasmon resonance analysis of interaction between fixed cmr4 promoter DNA and Csa3b. KD value and Csa3b
concentrations were indicated. (C) RNA interference efficiency against plasmid expressed lacS gene of S. islandicus wt and csa3b deletion strains determined by
β-galactosidase assay. (D) DNA interference activities of CRISPR–Cmr system in S. islandicus wt and csa3b deletion strains analyzed by calculation of
transformation efficiency of the challenging plasmid carrying protospacers paired with spacer 10 from the CRISPR array 2. For RNA and DNA interference assays, all
experiments were performed in triplicate and the results are presented as mean ± SD. The error bars indicate SD. The “∗∗∗” means significant difference.

that the host CRISPR–Cas did not appear to function well against
STSV2. However, the csa3b deletion strain underwent rounds
of growth retardation and recovery (Figure 4B), indicating
that some hidden mechanisms were involved in countering
the virus (see below). The repeat experiments also showed
similar growth curves.

PCR amplification of the leader proximal regions of the
wild-type cells infected with STSV2 sampled at different time
points showed no expanded bands as revealed by agarose gel
electrophoresis, suggesting a weakness of spacer acquisition
(Figure 4C), while the csa3a gene overexpression strain, as
the positive control, showed expanded bands (Figure 4C).
However, spacer acquisition occurred in the STSV2-infected
csa3b deletion strain on day 9 (Figure 4C). Moreover, at 15 days,
parental bands were not detected for either CRISPR array, and
multiple expanded bands appeared according to the agarose
gel analysis, indicating that a hyperactive spacer acquisition
occurred (Figure 4C). As we know, host self-DNA is sampled
into CRISPR arrays as new spacers during CRISPR adaptation
in Sulfolobus (Liu et al., 2017), leading to self-immunity. This
could probably explain the growth retardation at the early stage
of STSV2 infection (Figure 4B). The semi-quantitative PCR of
STSV2 gp17 gene did not detect viral DNA following spacer
acquisition from STSV2 after day 12 (Figure 4D), while the
PCR amplification signal of genomic csa3a in STSV2-infected

wild-type cells disappeared in the last rounds of cultivation
(Figure 4E). This result correlated with the growth curves and
the PCR analyses of spacer acquisition. In summary, the deletion
of csa3b relieved the repression of the adaptation cas genes and
thereby induced hyperactive spacer acquisition from viral DNA.

The expanded bands representing the integrated spacers in
the virus infection experiment were cloned and sequenced. In
total, 56.4% of protospacers had a 5′-end CCN PAM, while
36.4% of protospacers had a 3′-end NGG motif, suggesting
that these spacers were selected from protospacers with 5′-
end CCN PAM but were inverted during integration (called
flip mode) (Table 2). Similar characters of new spacers were
found from the csa3b deletion strain carrying the empty vector
(Table 2). In contrast, for spacer acquisition triggered by Csa3a
overexpression, only 67.3% of protospacers carried a 5′-end
CCN PAM, while 15.4% exhibited a 5′-end CDN or DCN PAM
(D = A, T, or G) (Table 2; Liu et al., 2015). A re-analysis of the
protospacers lacking 5′-end CCN, CNN, or NCN PAMs from
the latter experiment identified a 3′-end NGG motif in 17.3%
of the total protospacers (Table 2), suggesting that these spacers
were inverted during integration. This result also revealed the
differences between spacer integration models (precise, flipped,
or slipped integration) with csa3b deletion as opposed to csa3a
overexpression cells during CRISPR adaptation, suggesting that
Csa3a might be involved in facilitating precise spacer integration.
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FIGURE 6 | Csa3b-mediated regulation model for CRISPR spacer acquisition
and target interferences in Sulfolobus. In the absence of mobile genetic
elements (MGEs), (1) Csa3b together with Cascade binds the promoter of
subtype I-A interference cas genes to repress their expression, and (2) Csa3b
binds the promoter of adaptation cas genes to repress their transcription and
(3) binds the promoters of subtype III-B cmr genes to activate their
transcription. In the presence of invasive genetic elements, (1) Csa3b binds
the promoters of cmr genes and activates their expression, (2) Cascade is
released from the promoter of subtype I-A interference genes and their
expression is de-repressed (He et al., 2017), and (3) another
CRISPR-associated factor, Csa3a, is activated via an unknown mechanism
upon MGE invasion. Csa3a activates the expression of the adaptation module
(Liu et al., 2015) and enhances CRISPR transcription (Liu et al., 2017) for
CRISPR immunity. Csa3b-activated Cmr expression would enhance the
synthesis of signaling molecules cOAs. These signaling molecules could
further enhance the binding between Csa3b and adaptation cas promoter
through allosteric regulation, providing feedback regulation for repression of
the adaptation module at the late stage of the host-MGE interaction. Since
Csa3a factor also carries a CARF domain, its regulatory effects could also be
regulated by the signaling molecules.

Csa3b Regulator Bound the Promoters
of CRISPR Subtype III-B cmr Genes
Upregulation of cmr-α and cmr-β by csa3b overexpression
enabled putative Csa3b-binding sites to be identified in the
promoter sequences of the first genes, cmr4α and cmr7, of the
operons (Table 1). To test this, a DNase I footprinting assay was
carried out to determine the binding between cmr4 promoter
and to identify the precise binding region of Csa3b regulator
on this promoter. The region from −230 to 190, relative to the
start codon, of the promoter sequence was shown to be protected
by Csa3b (Figure 5A). This sequence is similar to the Csa3b
binding sequence on the csa5 promoter identified previously (He
et al., 2017). This result indicated that Csa3b specifically bound
cmr gene promoter. Furthermore, LSPR assay was used to study
the interaction between Csa3b regulator and the promoter of
cmr genes (cmr4 promoter). A strong affinity between Csa3b
and cmr4 promoter DNA was detected, as revealed by the KD
value of 17.20 ± 0.38 nM (Figure 5B). The cmr7 promoter,
controlling the transcription of cmr-β genes, also carries a
putative Csa3b binding motif at the region of−83 to−45 related
to the start codon (Supplementary Figure 1). However, DNase

I footprinting failed to identify the protected region on the cmr7
promoter (data not shown). In the electrophoretic mobility shift
assay experiment, Csa3b formed a sharp retarded band with the
full-length cmr7 promoter (P1, −221 to −1) (Supplementary
Figure 1). The signal intensity of the retarded band was slightly
reduced in the presence of a two- and fourfold excess of the cold
DNA probe (Supplementary Figure 1). Mutations at the putative
binding site completely abolished the signal of the retarded band
(Supplementary Figure 1). These results, in combination with
the transcriptome data (Table 1), indicated that Csa3b bound the
promoter sequences of cmr genes to activate their transcription.

Csa3b Enhances the RNA Interference
Activity of Subtype III-B Cmr Systems
Csa3b can bind directly to the promoters of two cmr cassettes
and activates their transcription in S. islandicus (Figure 5,
Supplementary Figure 1, and Table 1). Here the RNA and DNA
interference activities of CRISPR–Cmr systems in S. islandicus
wild-type (wt) and csa3b gene deletion (1csa3b) strains were
studied. The RNA interference plasmid, carrying the “repeat–
spacer–repeat” element used to target the lacS transcript from a
plasmid-encoded lacS gene, was transformed into S. islandicus
wt and 1csa3b strains. In the wt cells, the RNA interference
efficiency was over 80%, according to the LacS activity assay
(Figure 5C). However, ca. 50% of lacS transcript was cleaved,
which was significantly lower than that of the wt strain
(Figure 5C). This result revealed that Csa3b was important for
the regulation of subtype III-B-mediated RNA interference in
S. islandicus.

In order to study the effect of csa3b deletion on DNA
interference, the Cmr-mediated transcription-dependent DNA
interference was analyzed using an RNA/DNA targeting plasmid.
In detail, the spacer 10 sequence of CRISPR locus 2 was
cloned into the pSeSD shuttle vector. This produced the DNA
interference plasmid pS10i, which will only be cleaved by the Cmr
systems with the transcription-dependent DNA cleavage activity
due to the lacking CCN PAM sequence required for subtype
I-A system (Deng et al., 2013). The plasmid transformation
efficiencies of both wild-type and 1csa3b cells were very low
(Figure 5D), compared with the transformation efficiency of the
empty vector pSeSD, suggesting that Csa3b has less effect on
the regulation of Cmr-mediated DNA interference. These results
suggested that the cmr genes were expressed in the absence of the
csa3b gene, and their expression level was probably sufficient for
efficient Cmr-mediated DNA interference in this study using a
plasmid as the targeted mobile genetic element (MGE).

DISCUSSION

Previously, we demonstrated that Csa3a transcriptionally
activated the expression of adaptation cas genes and CRISPR
RNAs for de novo spacer acquisition and target interference
(Liu et al., 2015, 2017; Zhang et al., 2019). Csa3a carries a CARF
domain and was previously suggested to bind a ligand for its
regulatory effect (Lintner et al., 2011). However, this ligand
was not identified until recently, where cOAs were found to be
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bound by the CARF domain of Csm6 (Kazlauskiene et al., 2017;
Niewoehner et al., 2017) or Csx1 (Han et al., 2018) to regulate
their ribonuclease activity. However, whether cOAs regulate
the regulatory effect of Csa3a on CRISPR adaptation remains
unclear. In this study, we found that another CRISPR-associated
factor, Csa3b, specifically bound the promoter of adaptation cas
genes (Figure 3), and the deletion of csa3b gene triggers CRISPR
spacer acquisition from both plasmid and viral DNA (Figure 4).
Moreover, the interaction between csa1 promoter DNA and
Csa3b was strongly enhanced in the presence of the cOA analog
(5′-CAAAA-3′) according to the LSPR analysis (Figures 3B,C),
suggesting the allosteric regulation on DNA binding.

Supported by the findings of the current study and our
previous findings (Liu et al., 2015, 2017), as well as by a
recent report of He et al. (2017), we summarize an integrative
regulation model mediated by Csa3a and Csa3b regulators for the
transcriptional regulation of CRISPR spacer acquisition. In the
absence of MGEs, Csa3b acts as a repressor to repress subtype I-A
interference and adaptation modules (Figure 6; He et al., 2017).
The repression of CRISPR adaptation avoids the uptake of self-
DNA into CRISPR arrays at this stage in the absence of invasive
genetic elements. As previously revealed, the CRISPR–Cas system
adapted spacers from both genome and invasive DNA in
Sulfolobus subtype I-A system (Liu et al., 2017). Csa3b also acts as
an activator of subtype III-B cmr genes (Figure 6). Upon invasion
of MGEs, the Cascade complex is released from interference
cas gene promoter and binds the target DNA via crRNA base
pairing. Thus, the transcription of interference cas genes is
derepressed (He et al., 2017). Csa3b still binds the promoters of
cmr genes and activates their expression, leading to yielding more
signaling cOA molecules if Cmr complex cleaves target RNA.
At this stage, the expression of Csa3a regulator is activated by
invasive genetic elements via an unknown mechanism (Leon-
Sobrino et al., 2016) to trigger CRIPSR adaptation (Liu et al.,
2015). Csa3a also binds the promoters of CRISPR arrays and
activates the transcription of CRISPR RNAs for interference at
this stage (Liu et al., 2017; Figure 6). The activation of Cmr
expression by Csa3b could further provide more cOAs. At the
final stage of CRIPSR immunity, cOAs enhance the binding
ability of Csa3b with the promoter of adaptation cas genes
to inhibit their transcription, providing feedback regulation of
CRIPSR adaptation (Figure 6).

This hypothesis is reinforced by the transcriptome data from
virus-infected S. islandicus cells (Leon-Sobrino et al., 2016). In
that study, new spacers were detected approximately 7 days post-
infection, when the transcript levels of csa3a increased fourfold

while those of csa3b did not change significantly in rich medium
(Leon-Sobrino et al., 2016). However, beyond this time point,
csa3a transcription decreased and csa3b transcription increased,
probably due to the cells needing to restrict the functions of
the CRISPR–Cas system in order to avoid excessive adaptation
(Leon-Sobrino et al., 2016). However, spacer acquisition was
quite low in non-rich (SCV) medium where no change in the
expression of csa3a and csa3b was evident in STSV2-infected
cells (Leon-Sobrino et al., 2016). These results strongly support
our hypothesis of Csa3a- and Csa3b-mediated transcriptional
regulation of CRISPR adaptation.
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Archaea are diverse and ubiquitous prokaryotes present in both extreme and moderate
environments. Estuaries, serving as links between the land and ocean, harbor numerous
microbes that are relatively highly active because of massive terrigenous input of
nutrients. Archaea account for a considerable portion of the estuarine microbial
community. They are diverse and play key roles in the estuarine biogeochemical cycles.
Ammonia-oxidizing archaea (AOA) are an abundant aquatic archaeal group in estuaries,
greatly contributing estuarine ammonia oxidation. Bathyarchaeota are abundant
in sediments, and they may involve in sedimentary organic matter degradation,
acetogenesis, and, potentially, methane metabolism, based on genomics. Other
archaeal groups are also commonly detected in estuaries worldwide. They include
Euryarchaeota, and members of the DPANN and Asgard archaea. Based on biodiversity
surveys of the 16S rRNA gene and some functional genes, the distribution and
abundance of estuarine archaea are driven by physicochemical factors, such as salinity
and oxygen concentration. Currently, increasing amount of genomic information for
estuarine archaea is becoming available because of the advances in sequencing
technologies, especially for AOA and Bathyarchaeota, leading to a better understanding
of their functions and environmental adaptations. Here, we summarized the current
knowledge on the community composition and major archaeal groups in estuaries,
focusing on AOA and Bathyarchaeota. We also highlighted the unique genomic features
and potential adaptation strategies of estuarine archaea, pointing out major unknowns
in the field and scope for future research.

Keywords: Thaumarchaeota, Bathyarchaeota, estuarine archaea, distribution, environmental adaptation

INTRODUCTION

Archaea were proposed as the third domain of life by Woese and Fox (1977). The understanding
of archaeal distribution, diversity and ecological functions has dramatically changed since then.
Originally, archaea were thought to only inhabit extreme environments, and dwell under highly
acidic, saline, and high-temperature conditions (Woese et al., 1978). Hence, for decades, they were
considered to be obligate extremophiles. However, the discovery of mesophilic archaeal groups
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in temperate and oxygenated marine waters (DeLong, 1992;
Fuhrman et al., 1992) overturned the previous view on the
distribution of archaea. Subsequently, their presence was detected
in both terrestrial and oceanic waters (DeLong, 1992; Fuhrman
et al., 1992; Stein et al., 2002), soils and sediments (Bintrim
et al., 1997; Walsh et al., 2005; Biddle et al., 2006; Teske
and Sørensen, 2008), and under moderate conditions, which
confirmed their ubiquity on a global scale (DeLong and Pace,
2001; Schleper et al., 2005).

The total cell number of bacteria and archaea exceeds
1.2 × 1030. These microorganisms mainly inhabit the deep
oceanic subsurface (approximately 4 × 1029 cells), deep
continental subsurface (approximately 3 × 1029 cells), soil
(approximately 3 × 1029 cells) and open ocean (approximately
1 × 1029 cells) (Bar-On et al., 2018; Magnabosco et al.,
2018; Flemming and Wuertz, 2019). Notably, archaea
contribute a considerable proportion to the microbial biomass
in moderate ecosystems (Moissl-Eichinger et al., 2018),
accounting for approximately 40.0% and 12.8% prokaryotic
cells in marginal regions and open ocean sites, respectively
(Hoshino and Inagaki, 2019).

Although only few archaeal isolates have been cultured
to date, cultivation-independent techniques, including
metagenomics and single-cell genomics, have greatly broadened
the understanding of archaeal diversity and distribution
(Rinke et al., 2013). For a long time, Crenarchaeota (mainly
consisting of thermophiles) and Euryarchaeota (mainly
consisting of methanogens and halophiles) were the only
defined archaeal phyla.

The number of proposed archaeal phyla has reached nearly
30 in recent years (Adam et al., 2017; Eme et al., 2017;
Baker et al., 2020). Accordingly, several archaeal lineages have
been proposed as new phyla based on phylogenetic analysis,
including Thaumarchaeota (Brochier-Armanet et al., 2008),
Korarchaeota (Barns et al., 1994; Elkins et al., 2008; Reigstad
et al., 2010), and Aigarchaeota (Nunoura et al., 2011), which led
to the establishment of TACK superphylum (Guy and Ettema,
2011) together with Crenarchaeota. Recently, metagenomic
studies revealed new archaeal phyla belonging to the TACK
superphylum, such as Verstraetearchaeota (Vanwonterghem
et al., 2016), Geoarchaeota (Kozubal et al., 2013), Bathyarchaeota
(Meng et al., 2014; Evans et al., 2015; He et al., 2016),
Geothermarchaeota (Jungbluth et al., 2017), Marsarchaeota (Jay
et al., 2018), and Nezharchaeota (Wang Y. et al., 2019). The TACK
superphylum was proposed as the Proteoarchaeota (Petitjean
et al., 2014) as the metabolic functions were highly diverse
among different phyla. Members of the newly identified Asgard
superphylum (i.e., Lokiarchaeota, Odinarchaeota, Thorarchaeota,
Heimdallarchaeota, Helarchaeota, and Gerdarchaeota) were
suggested to be the closest prokaryotes related to eukaryotes
(Spang et al., 2015, 2018; Zaremba-Niedzwiedzka et al., 2017;
Seitz et al., 2019; Cai et al., 2020). For example, members
of Asgard archaea harbor genes encoding eukaryotic signature
proteins previously believed to be specific to eukaryotes (Spang
et al., 2015; Zaremba-Niedzwiedzka et al., 2017; Seitz et al., 2019;
Cai et al., 2020). Further, the DPANN superphylum comprises
Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota,

Nanohaloarchaeota, and other archaeal groups with extremely
small genomes. Some of its members have been hypothesized
to have mutualistic or parasitic lifestyles (Baker et al., 2010;
Rinke et al., 2013; Castelle et al., 2015; Eme and Doolittle, 2015;
Dombrowski et al., 2019). Although most of the archaeal niches
and metabolic functions remain unknown, valuable information
on archaeal genomics, proteomics, and physiology is available to
help us understand the vast diversity and ubiquitous archaea in
different environments.

Estuaries act as connectors of the land and ocean, and
hence, exhibit unique characteristics that are different from
those of terrestrial and oceanic environments (McLusky and
Elliott, 2004). Microbial activities in estuaries are stimulated
by numerous nutrients carried by a river discharge (Milliman
et al., 1985), that may favor the growth of estuarine microbes,
including archaea. Previous reports related to estuarine archaea
were only focused on limited lineages or genomes. Hence, a
systematic research of estuarine archaea may offer a broader
view of these microorganisms. Here, we review the community
composition and distribution pattern of archaea in global
estuarine ecosystems, focusing on the predominant aquatic
and sedimentary archaeal groups (i.e., Thaumarchaeota and
Bathyarchaeota, respectively), to better understand the diversity,
ecological niches, as well as evolution and adaptation of archaea
in estuarine environments.

COMMUNITY STRUCTURE OF
ESTUARINE ARCHAEA

Estuaries, accounting for only 0.4% of the global marine area,
are considered to be one of the most productive ecosystems
(Longhurst et al., 1995; Cloern et al., 2014) and are important
sources of biogenetic emission of methane (Bange et al., 1994;
Abril and Borges, 2005). They are also responsible for the delivery
of terrigenous silicon, phosphorus, and nitrogen to the ocean,
fueling a high primary production in coastal regions (Harrison
et al., 2008). In estuaries, the continental freshwater runoff mixes
with the coastal seawater. Distinct physicochemical gradients
form along the mouth of the estuary as a result of many
factors, such as river discharge, monsoons, and anthropogenic
interferences (Vieira et al., 2007; Bernhard and Bollmann,
2010). These physicochemical gradients, e.g., decreasing organic
compound and nitrogenous nutrient levels, or increasing salinity,
and sulfate and chloride levels, may strongly affect the microbial
community structure (Alla et al., 2006; Webster et al., 2014).
In addition, terrestrial nutrients and microorganisms carried
by a river discharge accumulate in estuaries, leading to a
relatively high biodiversity and microbial activities therein,
and subsequently influencing the biogeochemical and ecological
processes of the estuarine ecosystems (Baird et al., 2004;
Canfield and Thamdrup, 2009; Webster et al., 2014; Zhou
et al., 2017; Liu et al., 2018b). On the other hand, because
of the industrialization and urbanization along rivers, large
quantities of varied continental inputs have resulted in severe
environmental pollution, eutrophication, and oxygen deficit or
hypoxia in estuaries (Diaz, 2001; Li et al., 2002; Huang et al.,
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2003; Howarth et al., 2011; Zheng et al., 2011; Lu et al., 2018).
Therefore, a comprehensive understanding of the estuarine
microbial community is critical for elucidating their ecological
roles in the estuary.

Increasing numbers of archaeal groups are being recognized as
vital players in estuarine biogeochemical cycles (Figure 1). These
include: Thaumarchaeota, which comprise ammonia oxidizing
archaea (AOA), one of the key players of ammonia oxidation
in estuaries (Francis et al., 2005; Liu L. et al., 2011; Liu Z.
et al., 2011; Zou et al., 2019, 2020b); Bathyarchaeota (formerly
called Miscellaneous Crenarchaeotal Group, MCG), which are
hypothesized to be important players in the benthic carbon cycle
that, based on genomic analysis, may be able to utilize diverse
organic substrates (Meng et al., 2014; Lazar et al., 2015, 2016;
He et al., 2016; Zhou et al., 2018a); Euryarchaeota, e.g., most
methanogens and anaerobic methanotrophs, are responsible for
methane production and oxidation in estuaries, respectively
(Oremland and Polcin, 1982; Serrano-Silva et al., 2014); and
Asgard archaea, such as Thorarchaeota and Lokiarchaeota, which
may participate in some biogeochemical cycles, as suggested by
metagenomics (Seitz et al., 2016; Liu Y. et al., 2018; MacLeod
et al., 2019; Cai et al., 2020). Recently, Liu et al. (2018b) explored
the diversity and community structure of archaea in over 20
estuaries. Analysis of the numbers of operational taxonomic units
(OTUs) highlighted the notion that the diversity of archaeal
community is higher in low- and middle-latitude estuaries than
in high-latitude estuaries. That is probably because the terrestrial
and marine archaeal groups are continuously mixed in low-
and middle-latitude estuarine regions, affected by high human
activity (Xie et al., 2014; Liu et al., 2018b). Further, the archaeal
community structure is co-influenced by many environmental
factors, such as the latitude, salinity, dissolved oxygen levels, and
nutrient conditions (Bernhard et al., 2010; Webster et al., 2014;
Xie et al., 2014; Qin et al., 2017; Liu et al., 2018b).

In this study, we have roughly revealed the archaeal
composition in water columns and sediments of different
estuaries summarized from published papers (Figure 2 and
Supplementary Tables S1, S3 for detailed information).
Generally, Bathyarchaeota dominate the sedimentary
environment in most estuaries, while Thaumarchaeota and
Euryarchaeota are predominant aquatic archaeal phyla. In
addition, Woesearchaeota account for a high proportion
of archaea in both aquatic and sedimentary environments
in some estuaries, while Lokiarchaeota and Thorarchaeota
are also observed in some estuaries. As shown in Figure 2,
different estuaries harbor different archaeal communities, likely
because of specific differences in the geographic location and
physicochemical parameters. Liu et al. (2018b) suggested that
Thaumarchaeota preferentially dwell in low-latitude estuarine
environments, while Bathyarchaeota and Euryarchaeota are
more abundant in mid- and high- latitude estuaries, respectively.
The response and sensitivity of these archaeal groups to changes
in the temperature and nutrient supply are different (Danovaro
et al., 2016). This may be responsible for the variations in
archaeal community at different latitudes. Intriguingly, although
closely located along the west coastline of India, the archaeal
communities in the Mandovi Estuary and Zuari Estuary are

quite different (Singh et al., 2010; Khandeparker et al., 2017).
The authors pointed out that the distinct microbial communities
in these two estuaries might be affected by different localized
interactions, however, more thorough investigations are needed
to explain such differences. Similarly, a recent report revealed
seasonal variations of archaeal communities in estuarine and
coastal regions (Liu et al., 2020), highlighting the notion
that spatiotemporal distribution of archaeal community is
co-influenced by environmental parameters, including salinity
and temperature. However, other than spatial and temporal
variables, technical biases, such as sampling methods, library
construction approaches, and different usage of primers and
marker genes, might also impact the microbial community
composition. Although it is difficult to measure the contribution
of all variables, a precise and lucid understanding relies on
considering different aspects as much as possible.

AOA IN ESTUARIES

AOA Diversity Based on amoA Genes
Marine Group I (MG-I) archaea were first detected in the ocean
water column (DeLong, 1992). MG-I are ubiquitous in the
coastal water, and from shallow marine water to bathypelagic
zones, accounting for a considerable fraction of the microbial
community in those regions (Karner et al., 2001; Schattenhofer
et al., 2009). The ability of archaeal ammonia oxidation was
confirmed when the AOA Nitrosopumilus maritimus SCM1
(SCM1) was isolated (Könneke et al., 2005). Analyses of the
archaeal amoA gene encoding the α-subunit of ammonia
monooxygenase (AMO) revealed that archaea with an ammonia-
oxidizing potential are ubiquitous in natural environments
(Francis et al., 2005; Biller et al., 2012; Cao et al., 2013; Cheung
et al., 2019). Members of chemolithoautotrophic AOA may
be mixotrophic, as they harbor genes encoding extracellular
peptidases and carbohydrate-active enzymes (Li et al., 2015; Zou
et al., 2019). In addition, because of high affinity for ammonia,
low oxygen demand, and tolerance of a wide salinity range, AOA
are thought to have more prominent advantages for estuarine
ammonia oxidation (Bollmann and Laanbroek, 2002; Martens-
Habbena et al., 2009; Mosier et al., 2012b; Qin et al., 2017).

Based on the amoA genotypes as suggested by Alves et al.
(2018), we summarized AOA community of different estuaries
from published papers (Figure 3 and Supplementary Tables S2,
S4 for detailed information). In aquatic samples, most estuarine
AOA belong to lineage Nitrosopumilales (NP), while members
of Nitrososphaerales (NS) are predominant in sediments, in
agreement with previous observations (Alves et al., 2018). The
genotypes NP-Gamma (SCM1-like) and NP-Epsilon (WCA) are
more abundant in water columns than in sediments. According
to Alves et al. (2018), these two groups are distributed in
diverse environments, and are enriched in marine and estuarine
regions, contributing to approximately 15% and 8% of all amoA
sequences in global environments, respectively. On the other
hand, the NS-Gamma and NS-Delta are more abundant in
estuarine sediments, contributing to approximately 13% and 23%
of all amoA sequences (Alves et al., 2018). The actual community
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FIGURE 1 | Metabolic potentials of estuarine archaeal groups. Solid circles, metabolic pathways or functional genes identified in some genomes in the group. Empty
circles, no reported pathways or functional genes in the genomes in the group. These results are re-summarized mainly based on Baker et al. (2020) and other
previous papers, please see the main text and Supplementary Methods for details.

composition varies among different estuaries, emphasizing the
point that AOA distribution is environment-specific. Indeed,
the approximate abundance of amoA genes in estuaries ranges
from 1.0 × 103 to 1.7 × 108 copies/L and from 4.9 × 103 to
2.4 × 108 copies/g in water columns and sediments, respectively
(Supplementary Table S2). Notably, the technical biases, such
as different detection methods, PCR settings and primers, and
analysis pipelines among these studies (Supplementary Tables
S2, S4), may also have impacts on the results. Hence, they are
not directly comparable to each other unless all these issues are
carefully considered.

Distribution Patterns of AOA
Ammonia-oxidizing archaea represent one of the most
ubiquitous ammonia oxidizers on Earth, inhabiting both
moderate and extreme environments, and also found as putative
symbionts of marine invertebrates (Steger et al., 2008; Webster
and Taylor, 2012; Erwin et al., 2014). Some AOA cultures grow at
temperatures up to over 70◦C (de la Torre et al., 2008; Daebeler
et al., 2018), and in the range of pH values from 4.0 to 7.5
(Schleper and Nicol, 2010; Stieglmeier et al., 2014). However,
the archaeal amoA genes have been detected at wider ranges of
temperature (as low as 0.2◦C and as high as 97◦C) (Reigstad
et al., 2008), pH (from 2.5 to 9.0), and salinity (from 0 to
38 psu) (Erguder et al., 2009), implying that AOA or amoA-
encoding archaea (AEA) may be more widespread than current

appreciated. Future cultivation or enrichment experiments may
offer additional clues to better understand these microorganisms.

According to many amoA-based studies, the distribution
and abundance of AOA or AEA are strongly associated with
the environment. Hence, they can be generally categorized
into marine and terrestrial groups (Francis et al., 2005; Biller
et al., 2012; Pester et al., 2012; Cao et al., 2013; Yao et al.,
2013). The distribution of the marine group is mainly related
to the water depth, reflecting the response and adaptation of
different ecotypes to different light exposures and ammonia
concentrations (Sintes et al., 2013; Luo et al., 2014), while
the terrestrial group is mainly partitioned by pH values
(Gubry-Rangin et al., 2011).

Based on the archaeal amoA genotypes, a community shift
of AOA or AEA along the estuary is commonly observed,
with salinity one of the most important environmental factors
influencing the distribution pattern (Dang et al., 2008; Mosier
and Francis, 2008; Santoro et al., 2008; Bernhard et al., 2010;
Zhang Y. et al., 2015). Salinity affects the ammonium adsorption
in sediments (Boynton and Kemp, 1985), while the correlation
between archaeal amoA gene abundance and salinity is different
in different estuaries. For example, archaeal amoA genes are more
abundant in low-salinity sediments of the San Francisco Bay
than in high salinity regions (Mosier and Francis, 2008), but
show positive correlation with salinity in the Elkhorn Slough
Estuary (Caffrey et al., 2007). In addition, the abundance and
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FIGURE 2 | The archaeal community composition (on phylum level) in global estuaries. Outer rings, water samples; inner circles, sediment samples. Please see
Supplementary Tables S1, S3 for details.

FIGURE 3 | The AOA community composition (based on the amoA genotype) in global estuaries. Outer rings, water samples; inner circles, sediment samples.
Please see Supplementary Tables S2, S4 for details.
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transcriptional activity of archaeal amoA genes are high in
estuarine regions with medium- and high-salinity (Zhang Y.
et al., 2015). However, no significant correlations between the
abundance of archaeal amoA genes and estuarine salinity were
also reported (Santoro et al., 2008; Cao et al., 2011). The distinct
seasonal changes of environmental variables in estuaries caused
by river discharge may also influence the AOA community
(Beman and Francis, 2006; Santoro et al., 2008; Cao et al., 2011).

The abundance and transcription of bacterial amoA genes are
reduced with decreasing dissolved oxygen (DO), but DO changes
do not significantly influence the diversity of archaeal amoA
genes (Abell et al., 2011). The archaeal amoA genes are typically
highly abundant in oceanic oxygen-minimum or -deficient zones
(Molina et al., 2010; Pitcher et al., 2011; Peng et al., 2013).
On the other hand, an increased relative abundance of archaeal
amoA genes over bacterial amoA genes under low DO conditions
in some estuaries was also reported (Santoro et al., 2008; Qin
et al., 2017). According to a recent study, oxygen availability
drives the Thaumarchaeota evolution (Ren et al., 2019), and is
important for the expansion of AOA habitats from the terrestrial
to hadopelagic ecosystems.

Light may also influence the AOA distribution. Archaeal
AMO enzymes are more sensitive to photoinhibition than
bacterial AMO enzymes (Merbt et al., 2012), which leads to AOA
enrichment in the bottom water layers of estuaries (Zou et al.,
2019). As another factor, temperature controls the diversity and
distribution of AOA in the Westerschelde Estuary (Sahan and
Muyzer, 2008). That is because variations in temperature may
affect substrate availability, essential for the optimal microbial
growth (Andersson et al., 2006). Seasonal variations of light and
temperature are important factors controlling the distribution of
different AOA species (Liu Q. et al., 2018). AOA are suggested as
major players in the nitrogen cycle in low-nutrient environments
(Erguder et al., 2009), such as the oligotrophic oceans (Francis
et al., 2005). They are also reported as the major ammonia
oxidizers in some eutrophic estuaries (Beman and Francis, 2006;
Bernhard and Bollmann, 2010; Cao et al., 2011; Jin et al., 2011;
Wang et al., 2014; Zou et al., 2019, 2020b) and lakes (Wu et al.,
2010; Hou et al., 2013; Zhao et al., 2013; Bollmann et al., 2014).
The impact of these environmental parameters, especially the
salinity and ammonium concentration, on the distribution of
AOA varies with species (Fukushima et al., 2012; Hatzenpichler,
2012; Stahl and de la Torre, 2012), which implies that AOA are
well adapted to different environments.

Genomic Features of Estuarine AOA
Comparative analysis supports the notion that the genomic
differences among AOA ecotypes are strongly associated with the
habitat. For example, the gene kefA, encoding a K+ transporter,
is rarely present in the terrestrial AOA group and is mainly
harbored by marine AOA, which is interpreted as an adaptation
to osmotic pressure in aquatic environments (Ren et al., 2019).
Further, members of the shallow water group commonly encode
the uvr system and pst systems, which are important for repairing
ultraviolet light-induced DNA lesions and phosphate scavenging
under phosphorus limitation, respectively; these genes are absent
in members of the deep water group, consistent with the

physicochemical conditions in deep oceans (Luo et al., 2014;
Ren et al., 2019). Oxidative stress is more pronounced in
epipelagic water than in deeper water layers, mainly because
of a higher abundance of reactive oxygen species generated
by many photochemical and photosynthetic processes (Diaz
et al., 2013). Consequently, AOA from the epipelagic clade
encode more genes related to superoxide dismutase than the
bathypelagic clade (Luo et al., 2014). Further, genes related to
signal transduction and regulation mechanisms are significantly
enriched in the epipelagic clade compared with the mesopelagic
clade (Rodriguez-Brito et al., 2006), which may be crucial for their
adaptation to the changing upper oceanic environment.

Generally, based on the Cluster of Orthologous Groups (COG)
categories, estuarine AOA have a higher proportion of genomic
content related to transport and metabolism of amino acids,
nucleotides, and lipids than marine AOA (Ngugi et al., 2015).
Among many AOA isolates and enrichment cultures, the low-
salinity type Candidatus Nitrosoarchaeum limnia (N. limnia)
strain SFB1 enriched from estuarine sediments has several unique
genomic features compared with other marine or soil AOA
(Blainey et al., 2011; Mosier et al., 2012b). Growth experiments
suggest that the N. limnia preferentially dwells in low-salinity
environments, yet can grow in freshwater and under high-salinity
conditions, which presumably is advantageous for adaptation to
the estuarine environment, where the salinity typically fluctuates
with the seasons (Mosier et al., 2012b). Genomic analysis
revealed osmotic adaptation and niche differences between the
halotolerant Nitrosopumilus-like RSA3 from the Red Sea Basin
and other Nitrosopumilus-like AOA from epi- and mesopelagic
oceans (Ngugi et al., 2015). Similarly, the N. limnia genome
encodes many mechanosensitive channel proteins, which are
necessary to protect microbes from hypoosmotic shock (Blainey
et al., 2011). As confirmed by the electron microscopy, N. limnia
cells are actively motile as they have flagella (Blainey et al.,
2011). The genome of N. limnia, as well as other estuarine AOA
enrichment cultures (strain BG20 and strain BD31) encode genes
associated to flagellar biosynthesis and chemotaxis (Blainey et al.,
2011; Mosier et al., 2012a).

The physicochemical parameters of estuaries change mainly
as a result of river discharge, and it appears that high cell
motility of estuarine AOA may be essential for their response
to the variations in substrates and oxygen levels. Phosphate
usually limits the growth of aquatic microbes in estuarine
and coastal regions. Accordingly, estuarine AOA reportedly
have many genes related to phosphate transport and regulation
systems related to phosphate acquisition (Mosier et al., 2012b;
Zou et al., 2019). Alternatively, they may utilize diverse types
of phosphorus sources by using polyphosphate enzymes and
phosphatases (Qin et al., 2020; Zou et al., 2020a). In eutrophic
estuaries, such as the Pearl River Estuary and the Jiulong
River Estuary, AOA genomes encode extra genes involved in
heavy metal transport and regulation systems, and carbohydrate
metabolisms, which may be important strategies to adapt the
eutrophication and heavy metal pollution in these estuaries
(Zou et al., 2019, 2020a).

Overall, estuarine AOA have evolved prominent coping
strategies against osmotic pressure, eutrophication, and potential
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phosphorus limitation, and can sense and actively seek favorable
microenvironments, perhaps via cell motility, thus forming
a distinct ecotype in estuaries. However, only few published
papers focused on the genomic and physiological features
of estuarine AOA. Accordingly, more emphasiss should be
placed on depicting their metabolic activity and contribution
to nitrification.

Recent Findings and Research Hotspots
Related to Thaumarchaeota
The origin and evolution of AOA is one of the research hotspots
of recent years. The acquisition of a variant vacuolar-type (V-
type) ATPase for AOA, via interphylum horizontal operon
transfer, is tightly linked with their habitat expansion to acidic
soils and to high-pressure hadopelagic ocean (Wang B. et al.,
2019). In addition, the genotypic and gene content variability of
marine AOA is driven by phosphorus and ammonia availabilities,
and hydrostatic pressure (Qin et al., 2020). The acquisition of
high-affinity ammonium transporter (amt) and high-affinity pst
transporter for some marine AOA may play a crucial role in
oligotrophic deep oceans (Qin et al., 2020). Therefore, variation
in ATPase composition and structure, and genes related to
ammonia and phosphorus transport may be important strategies
for their adaptation to different environments.

Previous studies suggested that some members of
Thaumarchaeota are non-AOA and are discovered in diverse
environments (Rinke et al., 2013; Weber et al., 2015; Hua et al.,
2018; Aylward and Santoro, 2020). Members of non-AOA
represent the deepest lineages in the phylogenetic tree of
Thaumarchaeota, forming the basal group (Group I.1c) (Beam
et al., 2014; Hua et al., 2018). Terrestrial non-AOA are thought
to be AOA ancestors. The acquisition of the aerobic ammonia
oxidation, cobalamin, and biotin biosynthetic pathways for AOA,
followed by their habitat expansion to marine environments, may
be mainly driven by oxygen (Ren et al., 2019). Members of non-
AOA can grow in both anaerobic and aerobic conditions, and
oxygen may influence the diversity and structure of non-AOA
community (Biggs-Weber et al., 2020). Since only few genomes
and enrichment cultures for non-AOA Thaumarchaeota are
available (Kato et al., 2019), most of their metabolic potentials
remain underexplored. Hence, more detailed studies are needed
to comprehensively describe their physiology.

Some coastal AOA strains rely on the uptake and assimilation
of organic carbon compounds and are considered as obligate
mixotrophs (Qin et al., 2014). Although α-keto acids (e.g.,
pyruvate) enhance the activity of some AOA, an evidence of
mixotrophy, α-keto acids also play an important role in H2O2
detoxification (Kim et al., 2016). Therefore, it is important
to clarify whether AOA depend on organic compounds for
energy required for growth, or whether these compounds are
used in other metabolic pathways. Members of the Group
I.1b Thaumarchaeota (Nitrososphaeraceae) lead a heterotrophic
lifestyle in sludge, yet they encode the amoA gene (Mußmann
et al., 2011). This indicates not all AOA are obligate autotrophic
ammonia oxidizers under certain conditions. However, there
is no clear evidence that these heterotrophic AOA cannot

live autotrophically or are actually mixotrophs. Intriguingly, a
group of heterotopic marine Thaumarchaeota, a sister group
close to AOA rather than affiliated to the basal group, lacks
the ability to oxidize ammonia and to engage in AOA-specific
carbon-fixation (Aylward and Santoro, 2020; Reji and Francis,
2020). Based on metagenomics data, this group is widespread
in marine environments, has smaller genome sizes than AOA,
and encode the form III ribulose-bisphosphate carboxylase
(RuBisCO) that potentially functions in nucleotide scavenging
(Aylward and Santoro, 2020; Reji and Francis, 2020). The
discovery of this group altered the knowledge of the metabolic
diversity of Thaumarchaeota, and established solid connection
between the basal non-AOA and AOA groups. Nevertheless,
further physiological and biochemical evidence is necessary to
confirm these inferred metabolic potentials.

Bathyarchaeota IN ESTUARIES

Diversity of Bathyarchaeota Based on
16S rRNA Genes
Members of Bathyarchaeota were first described more than
three decades ago (Barns et al., 1996). Thereafter, several close
groups have been clustered into a single lineage, the MCG
(Inagaki et al., 2003). The new archaeal phylum Bathyarchaeota
was proposed recently to highlight its deep branching within
the tree of Archaea (Meng et al., 2014). Although no pure
cultures nor enrichment cultures of its members have yet been
obtained, the phylum Bathyarchaeota is considered to be a
cosmopolitan archaeal lineage with high phylogenetic diversity
and abundance (Kubo et al., 2012; Lloyd et al., 2013; Meng
et al., 2014; Zhou et al., 2018a). They are found in the terrestrial
soil and marine sediments, from pelagic oligotrophic oceans to
organic-rich coasts and estuaries (Kubo et al., 2012; Lloyd et al.,
2013; Meng et al., 2014; Lazar et al., 2015; Yu et al., 2017;
Pan et al., 2019), accounting for a considerable proportion of
the microbial community composition in the freshwater and
marine sediments (on average, 36 ± 22%) based on the 16S
rRNA gene (Fillol et al., 2016). The 16S rRNA gene sequences
of the most distant bathyarchaeotal members only share 76%
similarity (Fry et al., 2008; Kubo et al., 2012). Consequently, this
phylum was categorized into 25 subgroups (Zhou et al., 2018a).
Because of river runoff, estuaries harbor many types of terrestrial
and marine subgroups of Bathyarchaeota (Zhou et al., 2018a).
The relatively high concentration of various organic compounds
in sediments might be responsible for the high activity and
abundance of Bathyarchaeota in these ecosystems (Lazar et al.,
2016; Xiang et al., 2017).

Below, we discuss in detail the community composition of
Bathyarchaeota in estuarine sediments based on the archaeal
16S rRNA gene analyses (Figure 4 and Supplementary Tables
S1, S5 for detailed information), with the categorization
suggested by Zhou et al. (2018a). Although the bathyarchaeotal
community varies among estuaries, Bathy-6, -8, -15, and -
17 are the predominant subgroups in estuarine sediments,
accounting for approximately half of the local bathyarchaeotal
community (Figure 4). Other major subgroups identified in
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FIGURE 4 | The bathyarchaeotal community composition (based on the 16S rRNA gene sequence) in global estuarine sediments. Please see Supplementary
Tables S1, S5 for details.

estuarine sediments are Bathy-1, -3, -4, -12, -13, and -14, with
the remaining community made up of rare subgroups. Xiang
et al. (2017) identified several indicator subgroups in estuaries,
including Bathy-3, -4, -13, and -16.

Distribution Patterns of Bathyarchaeota
The abundance of Bathyarchaeota positively correlates with the
concentration of total organic carbon in sediment cores in the
South China Sea (Yu et al., 2017) and costal mangroves (Pan
et al., 2019, 2020). Enrichment experiments also confirmed that
Bathyarchaeota (Bathy-8) are able to grow heterotrophically
on some organic carbons, such as lignin (Yu et al., 2018).
Studies of the relationship between Bathyarchaeota and different
environmental factors suggest that salinity is one of the most
important influential factors (Fillol et al., 2016; Xiang et al., 2017).
In one study, bathyarchaeotal community in global sediments
was clearly separated into freshwater and saline groups based on
principal coordinate analysis, and salinity was the best variable
to explain the variance within the bathyarchaeotal community,
as confirmed by permutational analysis of variance (Fillol et al.,
2016). Further, Fillol et al. (2016) suggested that members of the
bathyarchaeotal subgroups are bio-indicator lineages reflecting
environments of different salinity (i.e., Bathy-1 and -8 are marine
indicators and Bathy-5 and -11 are freshwater indicators), and
the evolutionary progression of Bathyarchaeota largely occurred
in the saline-to-freshwater direction. Because of the lack of pure
or enriched cultures, these observations are mainly based on
the 16S rRNA genes analysis. Hence, a detailed mechanistic
proof of the influence of salinity on Bathyarchaeota should be
obtained via genomics and, transcriptomic approaches, and in
culture-based experiments.

Salinity and other environmental parameters are important
for shaping the bathyarchaeotal community in costal and
estuarine regions (Liu et al., 2014; Lazar et al., 2015; Yoshimura
et al., 2018; Zhou et al., 2018b; Pan et al., 2019; Chen Y. et al.,
2020; Zou et al., 2020b). The total abundance of Bathyarchaeota
increases with the sediment depths in the Pearl River Estuary
(Liu et al., 2014), and decreases with the decreasing reductive
redox conditions in the sediment in the White Oak River
(Lazar et al., 2015), but it remained stable in the surface
sediments of the Pearl River Estuary (Zou et al., 2020b) and
the Bay of Marennes-Oléron (Hélène et al., 2015). Salinity and
ammonium levels are major factors influencing the distribution
of Bathyarchaeota in surface sediments of the Pearl River Estuary
(Zou et al., 2020b). On the other hand, the pH and oxygen
levels, rather than salinity, are contributing factors shaping
community structure of Bathyarchaeota community structure
in costal mangroves and lakes (Yoshimura et al., 2018; Pan
et al., 2019, 2020). Further, in the southern Yellow Sea and
northern East China Sea, water depth, temperature, and salinity
are the most influential factors determining the distribution
of Bathyarchaeota in surface sediments (Chen Y. et al., 2020;
Liu et al., 2020). Similarly, water depth is the major variable
explaining the partitioned distribution pattern of Bathyarchaeota
from the shallow marginal sea to the deep northern South China
Sea (Zhou et al., 2018b). The prevalence of Bathyarchaeota in
subsurface environments, and their relatively high abundance in
costal and estuarine regions with high nutrient levels, suggests an
anaerobic heterotrophic lifestyle and a possible ability to degrade
organic compounds.

Although Bathyarchaeota are considered to be one of the most
persistent and abundant core lineages of the sediment archaeal
communities, the distribution of bathyarchaeotal subgroups
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is thought to be strongly associated with the environment,
with a huge diversity within the lineage (Fillol et al., 2016).
The Bathyarchaeota community is more complex and diverse
in mangrove soils and estuary sediments than in other
environments (Xiang et al., 2017). Studies suggest that Bathy-
6 preferentially dwells in shallow suboxic sediments with low
sulfide levels, while Bathy-8 persists in deeper and more reducing
marine environments (Lazar et al., 2015; Zhou et al., 2018a). Even
so, the predominant subgroup varies with the environment. For
example, Bathy-6 predominates in the shallow water sediments
of the northern South China Sea (Zhou et al., 2018b), inner
surface sediments of the Pear River Estuary (Zou et al., 2020b)
and the White Oak River Estuary (Lazar et al., 2015), as well as
surface sediments of mangrove wetlands (Pan et al., 2019) and the
karstic Lake Cisó (Fillol et al., 2015). Bathy-8 usually dominates
in marine sediments and at greater depth (Lazar et al., 2016;
Yu et al., 2017), while also dominating in the near-shore surface
sediment samples in the northern East China Sea (Chen Y. et al.,
2020). Bathy-15 and Bathy-17 are widely detected in freshwater
and marine sediments (Fillol et al., 2015; Xiang et al., 2017),
and Bathy-15 abundance is relatively stable with changing depth
and redox conditions (Hélène et al., 2015; Yu et al., 2017). The
environment-specific distribution of these subgroups underlines
the distinct metabolic capacities, potential ecological functions
and adaptation strategies of Bathyarchaeota in specific habitats.

Ecological Functions and Microbial
Interactions of Estuarine Bathyarchaeota
Based on genomic analysis, Bathyarchaeota are important players
in benthic C1 carbon compound cycling, potentially via methane
metabolism (Evans et al., 2015) or acetogenesis (He et al.,
2016), and they are genetically capable of degrading diverse
organic compounds including detrital proteins, polymeric
carbohydrates, fatty acids, and aromatic compounds (Meng
et al., 2014; Seyler et al., 2014; Evans et al., 2015; Lazar
et al., 2016). Their methylotrophic methanogenesis potential was
first detected in bathyarchaeotal genome bins from the Surat
Basin, which harbor key genes, such as the methyl-coenzyme
reductase (MCR) and many methyltransferases, involved in
utilizing a wide range of methylated compounds (Evans et al.,
2015). Recently, a unique MCR type utilizing butane instead
of methane was identified, clustering with the members of
Bathyarchaeota, indicating a potential for butane oxidation
(Laso-Pérez et al., 2016). Metagenomic analysis also revealed
differences in metabolic capacities, substrate preferences, and
ecological niches of bathyarchaeotal subgroups (Meng et al.,
2014; He et al., 2016; Lazar et al., 2016), indicating metabolic
flexibility of Bathyarchaeota.

Genomic analysis suggests that bin BA1 (Bathy-3) can utilize
peptide and glucose and bin BA2 (Bathy-8) can degrade fatty-
acids, while the lack of ATP-synthase may indicate the restricted
substrate-level phosphorylation for energy (Evans et al., 2015).
Bathy-6 genome form the White Oak River Estuarine sediments
encodes genes involved in degradation of extracellular plant-
derived mono- and polysaccharides, while Bathy-15 genome
from the same environment encodes extracellular peptidases,

underpinning a heterotrophic lifestyle (Lazar et al., 2016). In
addition, bathyarchaeotal genomes (Bathy-1, -6, -15, and -17)
from the White Oak River Estuary can generate acetyl-CoA
autotrophically from CO2 and H2 through the Wood–Ljungdahl
pathway, which might be involved in acetate generation
(Lazar et al., 2016). Further, based on metagenomic and
enzymatic analysis in the Guaymas Basin, He et al. (2016)
suggested that members of Bathyarchaeota (Bathy-13, -16, -
21, and -22) are acetogens and can utilize diverse organic
substrates for fermentation. Genes related to dissimilatory nitrite
reduction to ammonium were also identified in these genomes,
suggesting a potential capacity for nitrite reduction (Lazar
et al., 2016). Recently, diverse nitrogen metabolism related genes
were identified in Bathyarchaeota genomes, for example the
ammonium transporter (amt), hydroxylamine reductase (hcp),
and nitrogenase iron protein (nifH) genes (Pan et al., 2020).
Furthermore, potential urea production pathways, including the
arginase (rocF) and agmatinase (speB) pathways, were identified
in some subgroups (Bathy-6, -8, and -15) in mangrove sediments
(Pan et al., 2020). In addition, some Bathyarchaeota may reduce
S0 to sulfide using the hydrogenase/sulfur reductase (hydA),
while members of Bathy-15 and -17 encode genes related to
sulfate reduction and some Bathy-6 genomes harbor thiosulfate
reduction genes (Pan et al., 2020). These findings highlight the
important roles of Bathyarchaeota in benthic nitrogen and sulfur
cycles, and underline their highly diverse metabolism.

Feng et al. (2019) compared genomic capacities of
10 bathyarchaeotal subgroups, and suggested that most
Bathyarchaeota generally lead a lifestyle relying on both
heterotrophic degradation and autotrophic carbon fixation.
Recently, members of Bathy-6, -8, and -20 were found to
encode potential anaerobic cobalamin biosynthesis pathways
(Pan et al., 2020). Further, some Bathyarchaeota (Bathy-6) are
potentially involved in light-sensing as they have genes for
rhodopsin and porphyrin biosynthesis (Pan et al., 2020). In
addition, a gene for the Form III RuBisCO and other genes
related to the Calvin-Benson-Bassham cycle were identified in
members of Bathyarchaeota (including Bathy-6, -8, -15, and
-17), and their expression was supported by transcript analysis
(Pan et al., 2020). This indicates that they might fix CO2 via
multiple pathways, such as the Wood–Ljungdah pathway and
Calvin-Benson-Bassham cycle. Although these findings expand
the known metabolic potential of archaea and highlight the
pivotal role of Bathyarchaeota in benthic carbon cycling, future
experiments investigating substrate specificity of these proteins
and analyses of the intermediate metabolites will help establish
their actual functions.

Bathyarchaeota may closely interact with other microbes via
the methanogenic and acetogenic processes. For example, other
heterotrophic and acetoclastic microbes may feed on acetate
generated by Bathyarchaeota (He et al., 2016; Lazar et al.,
2016), while genomic inference suggests that Bathyarchaeota
may have an anaerobic methane oxidizing capacity. Possible
interactions between Bathyarchaeota, sulfate-reducing bacteria
and anaerobic methane-oxidizing archaea were proposed (Evans
et al., 2015; Zhou et al., 2018a). According to Xiang et al.
(2017), Bathyarchaeota serve as “keystone species” in diverse
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environments, maintaining the stability and adaptability of
the archaeal community. Potential symbiotic or synergistic
relationships between Bathyarchaeota and Thermoprofundales
(marine benthic group-D, MBG-D) (Zhou et al., 2019) were
genetically inferred, as they share similar pathways, including
acetogenesis and protein-degradation pathways (He et al., 2016;
Lazar et al., 2016). However, most of these hypotheses are drawn
based on limited genomic information. The detailed metabolic
functions and interactions need further physiological exploration
using more precise and rigorous experiments.

In summary, although no pure cultured strains of
Bathyarchaeota have been established to date, the current
knowledge of this diverse archaeal phylum in terms of their
distribution patterns and metabolic functions is expanding,
implying the significance of Bathyarchaeota in global
biogeochemical cycling.

Further Research Prospects Related to
Bathyarchaeota
Bathyarchaeota are highly diverse. Generally, each subgroup
falls into a family or order level based on the 16S rRNA
genes (Yarza et al., 2014), while the classification of subgroups
varies in different studies. Phylogenetic trees based on 16S
rRNA gene sequence and ribosomal proteins inferred from the
available genomes of Bathyarchaeota from all subgroups share
similar topology (Zhou et al., 2018a). This suggests that the
current systematic nomenclature and classification of the 25
Bathyarchaeota subgroups is clear and definite. However, few 16S
rRNA gene sequences remain ungrouped in the phylogenetic tree
(Zhou et al., 2018a), making it difficult to predict their metabolic
potentials, as representative genomes are lacking. Accordingly,
the diversity of Bathyarchaeota deserves further exploration. Feng
et al. (2019) reported that the deep-rooted Bathy-21 and -22
subgroups from hydrothermal environments might represent
ancient types of Bathyarchaeota. In a recent study, several
Bathyarchaeota genomes were retrieved from sediments of the
Costa Rica margin subseafloor by metagenomics; they form a
novel lineage in the phylogenetic tree, with suggestions that this
lineage may couple methylotrophy to acetogenesis via the Wood–
Ljungdahl pathway (Farag et al., 2020). We can expect a more
comprehensive understanding of the diversity and evolution of
Bathyarchaeota with the advances in sequencing technology and
analysis approaches.

Previous studies also suggested that members of
Bathyarchaeota grow on lignin (Yu et al., 2018), which offers
valuable information for the enrichment of Bathyarchaeota.
Similarly, the relative abundance of Bathyarchaeota increases
upon the addition of humic acid and fulvic acid to paddy soils
(Yi et al., 2019). Further, abundance of bathyarchaeotal 16S
rRNA genes increases over 30-day incubation both, in biofilms
supplemented with humic acids and in sediments supplemented
with tryptophan (Compte-Port et al., 2020). The knowledge of
the physiology, metabolic capacities, and adaptive strategies for
Bathyarchaeota mainly based on genomic inference and is still
rudimentary. Hence, successful enrichments or pure cultures,
with the ensuing physiology and biochemistry experiments

would accelerate research into these mysterious archaea,
confirm the inferred genomic features, and allow improved
understanding of their diversity and adaptation.

OTHER ACTIVE ARCHAEAL GROUPS
INHABITED IN ESTUARIES

Although their abundance is relatively lower than that of the
dominant Thaumarchaeota and Bathyarchaeota, other archaeal
groups that inhabit in the estuaries may be also crucial players in
the estuarine biochemical cycles, such as the methanogens (Jiang
et al., 2011; Hu et al., 2016; Chen S. et al., 2020), Marine Group
II (MGII) (Massana et al., 2000; Liu et al., 2014; Zhang C. L.
et al., 2015; Xie et al., 2018), Thermoprofundales (Biddle et al.,
2006; Lloyd et al., 2013; Zhou et al., 2019), and Asgard (Zaremba-
Niedzwiedzka et al., 2017; MacLeod et al., 2019) and DPANN
archaea (Rinke et al., 2013; Castelle et al., 2015).

Involvement of Diverse Euryarchaeota in
Different Biogeochemical Cycles
The presence of MGII archaea in marine water was first
reported over two decades ago. They are important planktonic
archaea present in surface waters of both pelagic oceans,
and in the coastal or estuarine environments, from the
tropics to polar regions (Massana et al., 2000; Zhang C.
L. et al., 2015). Currently, MGII archaea are proposed to
be an order-level lineage namely, Candidatus Poseidoniales
in the phylum Euryarchaeota, with 21 genera affiliated to
two families, Candidatus Poseidonaceae fam. nov. (formerly
subgroup MGIIa), and Candidatus Thalassarchaeaceae fam. nov.
(formerly subgroup MGIIb) (Rinke et al., 2019). Genome inferred
metabolic potential suggests a photoheterotrophic lifestyle for
most MGII, and the capacity to degrade proteins, lipids, and
other organic compounds, with varied cell motility among
different genera (Rinke et al., 2019). The wide distribution of this
photoheterotrophic archaeal plankton indicates their important
role in carbon cycling, especially in surface waters.

Methanogenesis accounts for a large portion of global
methane emission. This process is mainly performed by
diverse methanogenic archaea utilizing H2/CO2, methyl
compounds, or acetate to anaerobically generate methane
(Thauer et al., 2008). Early studies suggested that methanogens
belong to six Euryarchaeota genera, as class I methanogens
(Methanococcales, Methanopyrales, and Methanobacteriales) and
class II methanogens (Methanosarcinales, Methanomicrobiales,
and Methanocellales) (Bapteste et al., 2005; Adam et al., 2017).
Recently, several new methanogenic archaeal groups within
Euryarchaeota were identified based on the mcrA gene (encoding
α-subunit of the methyl-coenzyme M reductase), including
Methanomassiliicoccales (formerly RC-III) (Borrel et al., 2014),
Methanofastidiosa (formerly WSA2) (Nobu et al., 2016) and
Methanonatronarchaeia (Sorokin et al., 2017). Further, archaeal
mcrA genes have been identified in different archaeal phyla,
such as Bathyarchaeota (Evans et al., 2015), Verstraetearchaeota
(Vanwonterghem et al., 2016), Geoarchaeota (Wang Y. et al.,
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2019), and Nezhaarchaeota (Wang Y. et al., 2019), indicating a
vast diversity of potential methanogenic archaea.

Methanogenic communities have been described in diverse
soil and sedimentary habitats, such as paddies, wetlands,
lakes, estuaries, and geothermal or hydrothermal environments
(Thauer et al., 2008; Serrano-Silva et al., 2014; Wen et al., 2017).
The structure and distribution of methanogens are driven by a
series of physicochemical parameters in estuaries. For example,
pH strongly influenced the activity of methanogens that use
acetate or H2 (Kim et al., 2004; Kotsyurbenko et al., 2007),
and increasing salinity reportedly to inhibits hydrogenotrophic
methanogens, while enhancing acetoclastic methanogenesis (Liu
et al., 2016). Hence, the community structure of estuarine
methanogens usually exhibits seasonal or spatial variation (Chen
S. et al., 2020; Zhang et al., 2020). Among the different habitats,
the highest richness of methanogenic linages is observed in
estuary sediments (Wen et al., 2017), suggesting higher diversity
of methanogens in estuaries than in other habitats.

In addition to Bathyarchaeota, Thermoprofundales (formally
MBG-D archaea) is another important sedimentary archaeal
group ubiquitously distributed in marine subsurface ecosystems,
and considerably contributing to the benthic biogeochemical
cycles (Biddle et al., 2006; Lloyd et al., 2013). According to
their unique phylogenetic position and metabolic potentials,
MBG-D archaea were recently proposed as a new order
Thermoprofundales within the class Thermoplasmata in the
phylum Euryarchaeota, with 16 subgroups (Zhou et al., 2019).
MBG-D archaea are most abundant in marine sediments
and coastal regions, such as mangroves and estuaries, and
subgroup distribution is strongly associated with specific
environments, illustrating niche-specific adaptation (Zhou et al.,
2019). Metagenomics provide insight into the metabolic
potential and ecological functions of MBG-D archaea.
Such potential includes exogenous protein mineralization,
acetate and ethanol through generation via fermentation, and
autotrophic growth linked to the Wood–Ljungdahl pathway
(Lloyd et al., 2013; Lazar et al., 2017; Zhou et al., 2019).
Microbial co-occurrence analyses indicate close interactions
of MBG-D archaea with Bathyarchaeota, Lokiarchaeota, and
anaerobic methanotrophic archaea in diverse environments
(Zhou et al., 2019), suggesting potential synergistic or
syntrophic relationships between these archaeal groups,
and highlighting the important role of MBG-D archaea in
benthic ecosystems.

The Ubiquitous and Diverse Asgard
Archaea
Asgard archaea are considered as the bridge between eukaryotes
and prokaryotes because they are phylogenetically close to
eukaryotic cells and encode many genes related to eukaryotic
signature proteins (Zaremba-Niedzwiedzka et al., 2017).
Asgard archaea have been commonly described in a wide
range of habitats, from freshwater to marine environments,
such as anaerobic marine, estuarine and limnic sediments,
and pelagic waters (MacLeod et al., 2019). They are also more
abundant in methane-rich or hydrothermal environments than

in terrestrial soil or freshwater environments Among Asgard
archaea, Lokiarchaeota and Thorarchaeota are observed in
diverse environments (Zaremba-Niedzwiedzka et al., 2017;
Liu Y. et al., 2018; MacLeod et al., 2019; Cai et al., 2020),
Odinarchaeota are most abundant in geothermal environments,
and Heimdallarchaeota are enriched in marine sediments.
Genomic explorations reveal that Asgard archaea might be
important players in the nitrogen and sulfur cycles (MacLeod
et al., 2019). Different lineages have diverse metabolic potentials.
For example, Lokiarchaeota are proposed to utilize halogenated
organic matter and are hydrogen-dependent (Sousa et al.,
2016; Manoharan et al., 2019); Thorarchaeota are thought
to be mixotrophy and may be capable of acetogenesis (Seitz
et al., 2016; Liu Y. et al., 2018); Heimdallarchaeota have
the potential to sense light (Pushkarev et al., 2018; Bulzu
et al., 2019); Helarchaeota possibly oxidize hydrocarbon in
anaerobic environments (Seitz et al., 2019); and Gerdarchaeota
may use both organic and inorganic carbon (Cai et al.,
2020). Furthermore, Asgard archaea are proposed to play
key roles in diverse environments via microbe−microbe
interactions, such as signaling, metabolite exchange, and other
biotic or physicochemical activities (MacLeod et al., 2019;
Imachi et al., 2020).

The Ubiquitous and Diverse DPANN
Archaea
The discovery of the ultra-small ecto-symbiotic archaeon
Nanoarchaeum equitans has changed our understanding of
archaea. It is understood to be a parasitic ectosymbiont of
Ignicoccus and other Crenarchaeota, and belongs to a separate
new archaeal phylum Nanoarchaeota (Huber et al., 2002;
Waters et al., 2003). Additional lineages closely related to
Nanoarchaeota have since been identified via single-cell and
metagenomic approaches. This led to the recognition of the
superphylum DPANN, as most of these microbes have small
genomes and limited metabolic capacity (Rinke et al., 2013;
Castelle et al., 2015).

Woesearchaeota (formerly Deep-sea Hydrothermal Vent
Euryarchaeota Group 6, DHVEG-6) are one of the most
ubiquitous and abundant archaeal phyla in the superphylum
DPANN (Teske and Sørensen, 2008; Castelle et al., 2015).
Their habitats span terrestrial waters and soils (Castelle et al.,
2015), costal and estuarine regions (Long et al., 2016; Liu
et al., 2018b), marine environments (Ding et al., 2017), and
even the human microbiome (Koskinen et al., 2017). Based on
phylogenetic analysis, Liu et al. (2018a) proposed 26 subgroups
for this highly diverse phylum, and suggested oxygen might
as a significant factor driving the distribution and evolution of
Woesearchaeota. Low- and mid-latitude estuaries harbor a higher
diversity and abundance of Woesearchaeota than high-latitude
estuaries, and the community structure is mainly partitioned by
oxygen, salinity, and temperature (Liu et al., 2018a). An anaerobic
syntrophic lifestyle with obvious metabolic deficiencies has been
suggested for members of Woesearchaeota, highlighting the
requirement for metabolic complementarity with other microbes
(Castelle et al., 2015; Liu et al., 2018a). Genomic characteristics
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suggest that Woesearchaeota may be able to generate acetate and
hydrogen (Liu et al., 2018a). Network and metabolic modeling
imply a possible syntrophic relationship between Woesearchaeota
and some methanogens. For example, Woesearchaeota might
support the growth of some H2/CO2-using and acetate-
using methanogens to compete with hydrogenotrophic and
acetotrophic methanogens, in exchange receiving amino-acids
and other compounds (Liu et al., 2018a). Deciphering the
functional importance and ecological role of the vastly diverse
DPANN archaea is crucial for improved understanding of the
evolution of symbiosis in the archaeal domain of life.

SUMMARY AND PERSPECTIVES

Archaea are currently understood to be ubiquitously distributed
in diverse environments, and are recognized as important
players in the global biogeochemical cycles. Advances in
culture-independent technologies facilitate the research into
most archaeal groups, which expands our understanding of
their diversity, distribution, metabolic potentials, and ecological
niches. Estuaries usually harbor a highly diverse active microbial
community, largely because of the mixing of terrestrial and
oceanic species via river runoff. The community composition and
distribution patterns of archaea in different estuaries are widely
studied. Thaumarchaeota, Bathyarchaeota, and Euryarchaeota
are the most abundant estuarine archaeal phyla. Among them,
Thaumarchaeota and Bathyarchaeota are more abundant in
water columns and sediments, respectively, while Euryarchaeota
inhabit both aquatic and sedimentary environments. Many
environmental factors drive the archaeal distribution in estuaries,
such as geographic location, salinity, and oxygen levels, while
the response to these factors varies among the different
archaeal groups. Although the knowledge of estuarine archaea
is increasing, most studies are mainly based on the analysis of
archaeal 16S rRNA gene or other functional genes. Hence, a
more detailed view of the metabolic features and environmental
adaptations of estuarine archaea is needed. The future research
focus may include:

(1) Detailing genomic characteristics of estuarine archaea
using metagenomic approaches and single cell
sequencing technologies to better delineate their
adaptation strategies.

(2) Dissecting the relationship and dependency between
certain types of estuarine archaea and environmental
factors in enrichment experiments.

(3) Conducting modeling and long-term monitoring
analyses to predict and verify the influence of seasonal
changes on the estuarine archaeal community.

(4) Determining the ecological importance of archaea
in estuaries using various geochemical approaches
to quantitatively analyze the roles of archaea in
biogeochemical cycling.

(5) Cultivating and isolating estuarine archaea to verify
their inferred metabolic capacities, thus providing
more accurate and detailed understanding for their
ecological niche.
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Hyperthermophiles, living in environments above 80◦C and usually coupling with multi-
extreme environmental stresses, have drawn great attention due to their application
potential in biotechnology and being the primitive extant forms of life. Studies on their
survival and adaptation mechanisms have extended our understanding on how lives
thrive under extreme conditions. During these studies, the “cross-stress” behavior in
various organisms has been observed between the extreme high temperature and
other environmental stresses. Despite the broad observation, the global view of the
cross-stress behavior remains unclear in hyperthermophiles, leaving a knowledge gap
in our understanding of extreme adaptation. In this study, we performed a global
quantitative proteomic analysis under extreme temperatures, pH, hydrostatic pressure
(HP), and salinity on an archaeal strain, Thermococcus eurythermalis A501, which has
outstanding growth capability on a wide range of temperatures (50–100◦C), pH (4–9),
and HPs (0.1–70 MPa), but a narrow range of NaCl (1.0–5.0 %, w/v). The proteomic
analysis (79.8% genome coverage) demonstrated that approximately 61.5% of the
significant differentially expressed proteins (DEPs) responded to multiple stresses. The
responses to most of the tested stresses were closely correlated, except the responses
to high salinity and low temperature. The top three enriched universal responding
processes include the biosynthesis and protection of macromolecules, biosynthesis and
metabolism of amino acids, ion transport, and binding activities. In addition, this study
also revealed that the specific dual-stress responding processes, such as the membrane
lipids for both cold and HP stresses and the signal transduction for both hyperosmotic
and heat stresses, as well as the sodium-dependent energetic processes might be the
limiting factor of the growth range in salinity. The present study is the first to examine the
global cross-stress responses in a piezophilic hyperthermophile at the proteomic level.
Our findings provide direct evidences of the cross-stress adaptation strategy (33.5%
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of coding-genes) to multiple stresses and highlight the specific and unique responding
processes (0.22–0.63% of coding genes for each) to extreme temperature, pH, salinity,
and pressure, which are highly relevant to the fields of evolutionary biology as well as
next generation industrial biotechnology (NGIB).

Keywords: extreme adaptation, cross-stress adaptation, hyperthermophile, piezophile, archaea, extremophile,
proteomic analysis

INTRODUCTION

Cross-stress adaptation, a phenomenon that a given stress confers
a fitness advantage (or disadvantage) to other unrelated stresses,
has been observed in many organisms across the tree of life,
ranging from microbes to plants and humans (Boussiba et al.,
1975; Dragosits et al., 2013; Chauhan et al., 2015; Zorraquino
et al., 2016). In the past three decades, researchers reported many
special genes responding to a certain stress; however, more and
more studies found that these responding genes could respond to
more than one stress at the same time. The cellular machinery and
metabolism of individuals could be flexible to cope with a certain
degree of environmental volatility. The cross-stress adaptation in
extremophiles, who are living in such harsh environments and
facing multiple stresses, attracted a lot of interests. To cope with
the multiple extreme conditions, the biomolecular adaptations
should be unique and wide ranging. Studies on their survival
and adaptation mechanisms extended our understanding on
how lives thrive under extreme conditions (Ambily Nath and
Loka Bharathi, 2011; Zhang et al., 2015). Although various
environmental stresses, including temperature, pressure, pH,
oxidative stress, radiation, drought, heavy metals, and toxins,
have been investigated in many different extremophilic strains
(Ambily Nath and Loka Bharathi, 2011; Zhang et al., 2015),
the genetic basis of multi-extreme adaptation has not been
systematically elucidated in extremophiles.

Deep sea hydrothermal vents are one of the most multi-
extreme environments on modern earth and have similar
conditions to those on early earth (Jørgensen and Boetius,
2007). Thermococcales, a group of organotrophic anaerobic
hyperthermophilic archaea, are widely distributed and
predominated in the deep sea hydrothermal vents with a
great biomass up to 107 cells/g sediment sample (Takai and
Nakamura, 2011). Thermococcales are one of the well-adapted
orders to the dramatic environmental fluctuations in physical
and chemical factors of hydrothermal vents during a long history
of the earth, which was reported as the only active group in the
sediments that are 1,626 m below the sea floor and 111 million
years old (Roussel et al., 2008). They are generally observed
to grow over a wide temperature range, usually wider than
40◦C of difference, but with a concise genome (1.7–2.3 Mbp)

Abbreviations: HP, high hydrostatic pressure, pressure stress, 85◦C at 40 MPa vs.
85◦C at 10 MPa; HP@95◦C, pressure stress at high temperature, 40 MPa at 95◦C vs.
10 MPa at 95◦C; HpH, high pH, alkali stress, pH 8.8 vs. pH 7.0; HS, high salinity,
hyperosmotic stress, 4.5% NaCl vs. 2.3% NaCl; HT, high temperature, heat stress,
95◦C vs. 85◦C; HT@10 MPa, heat stress at 10 MPa, 95◦C at 10 MPa vs. 85◦C at
10 MPa; HT@40 MPa, heat stress at 40 MPa, 95◦C at 40 MPa vs. 85◦C at 40 MPa;
LpH, low pH, acid stress, pH 4.4 vs. pH 7.0; LS, low salinity, hypo-osmotic stress,
1.5% NaCl vs. 2.3% NaCl; LT, low temperature, cold stress, 65◦C vs. 85◦C.

(Zhao and Xiao, 2017). At the same time, they are in a very
rare archaea group with piezophiles. Due to the small genome
size and deeply branching phylogenetic status, Thermococcales
have relatively simple metabolic pathways, which make them
ideal organisms for researches on multi-extreme adaptation.
Current studies of Thermococcales adaptation to various extreme
environments, such as heat, cold, high hydrostatic pressure (HP),
and hyperosmotic and oxidative stresses, have identified many
stress responding genes and proteins. These stress responses
include heat shock proteins (Shockley et al., 2003; Cario et al.,
2016), compatible solutes (Müller et al., 2005; Empadinhas
and da Costa, 2006), membrane lipid components (Lattuati
et al., 1998; Meador et al., 2014; Cario et al., 2015a), amino
acid requirements (Cario et al., 2015b), etc. Many of the above
responding genes and proteins were reported in more than one
stress responses in different strains, suggesting the possibility
of universal adaptation strategies to cope with multi-extreme
adaptation (Jia et al., 2015; Zhang et al., 2015). However, a global
view of the cross-stress responses is still lacking.

A robust strain with stable and rapid growth under changing
conditions could provide an ideal platform for both the study of
adaptation mechanisms and the development of next generation
industrial biotechnology (NGIB). As platform strains, the wide-
ranging strains with multi-stress adaptation would be even better
than those with narrow range or adapted to single stress (Chen
and Jiang, 2018). In general, most organisms show growth over
a range of 25–40◦C and 2–3 pH units at atmospheric pressure
(Madigan et al., 2015). However, some extremophilic archaea like
Thermococcales could live beyond the canonical growth range.
Thermococcus eurythermalis A501 is one such example, which
can grow within a range over 50◦C (50–100◦C), 5 pH units (4.0–
9.0), and 700 barometric pressure (0.1–70 MPa), although with
a narrow range on NaCl (1.0–5.0 %, w/v) (Zhao et al., 2015).
Indeed, the growth capability ofT. eurythermalisA501 in terms of
temperature and pH range is extraordinary among both normal
and extremophilic microbes (Supplementary Figure S1).

In this study, T. eurythermalis A501 was selected to
investigate the cross-stress mechanism of microbial response to
various stresses on temperature, pH, NaCl concentration, and
pressure. Global proteomic analysis with a high coverage of
genome-predicted proteins was performed to be accessible to
discover the responding processes that were controlled by both
transcriptional as well as post-transcriptional mechanisms. The
testing environmental stresses were determined by two criteria:
biomass sufficient for harvest (more than 5 × 107 cells/ml) and
proximity to a growth boundary (Table 1 and Supplementary
Figure S2). The optimal growth condition (85◦C, pH 7.0,
2.3% NaCl, 0.1 MPa or 10 MPa) was used as a control to
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TABLE 1 | Summary of growth profiles and differential expressed proteins (DEPs) in quantitative proteomic analysis of Thermococcus eurythermalis A501.

Condition Growth profiles Number of DEPs

Growth rate (h−1) Max yield (108 cells/ml) Up-expressed Down-expressed Unique

HpH 0.93 ± 0.01 2.89 ± 0.01 108 68 17

LpH 0.57 ± 0.01 1.82 ± 0.09 64 135 21

HS 0.78 ± 0.01 0.75 ± 0.02 324 133 66

LS 0.98 ± 0.01 1.69 ± 0.01 222 76 34

HT 0.94 ± 0.13 0.92 ± 0.01 120 193 66

LT 0.40 ± 0.02 0.75 ± 0.01 158 252 82

HP 0.91 ± 0.13 1.43 ± 0.01 135 128 25

HT@10 MPa 1.20 ± 0.07 1.75 ± 0.38 233 223 NC

HT@40 MPa 0.67 ± 0.04 1.01 ± 0.29 193 203 NC

HP@95◦C 0.67 ± 0.04 1.01 ± 0.29 139 162 NC

Opt 1.27 ± 0.04 2.83 ± 0.05 – – –

DEPs were defined as proteins whose expressions were up-expressed > 1.2 or down-expressed < 0.8 with a p-value < 0.05 by using the samples under the optimal
condition (Opt) as a reference. Standard deviations were calculated on the quadruplicates under each condition. Unique DEPs were defined as those differentially
expressed under single stress condition. NC, not counted. –, used as control.

identify the significant differentially expressed proteins (DEPs).
Statistical analysis based on DEPs revealed the correlations
among responses of different stresses. The Gene Ontology (GO)
functional enrichment of DEPs under each stress condition
identified universal responses to multi-stresses, specific responses
to dual stresses, and unique responses to each tested stress.

MATERIALS AND METHODS

Cell Culture of T. eurythermalis Under
Different Environmental Stresses
Thermococcales eurythermalis A501 was cultured in medium
under different culture conditions as previously described (Zhao
et al., 2015). It was inoculated into 50 ml of Thermococcales rich
medium (TRM) in anaerobic serum bottles with N2 as the gas
phase at atmospheric pressure, and 50-ml syringes with TRM
were used at HP (Zhao et al., 2015). The environmental stresses
for cultivation were low temperature (65◦C), high temperature
(95◦C), low pH (pH 4), high pH (pH 9), low salinity (1.5%
NaCl, w/v), high salinity (4.5% NaCl, w/v), and HP (40 MPa),
and the optimal culture condition (85◦C, pH 7, 2.3% NaCl,
0.1 MPa or 10 MPa) was used as the control. The media were
inoculated with approximately 106 cells ml−1 and the cells were
grown to mid-exponential phase according to the growth curve
(Supplementary Figure S2).

Cell Harvest and Protein Extraction
Thermococcus eurythermalis A501 was cultured separately in
quadruplicates for each condition, and cells were harvested
as described by Moon et al. (2012). The protein extraction
was performed with a similar method to that used for the
thermophilic bacteria Thermoanaerobacter tengcongensis (Chen
et al., 2013). The collected cells were suspended in lysis buffer
(7 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris–HCl,
pH 8.5, 1 mM PMSF, and 2 mM EDTA) and sonicated.
The proteins were reduced with 10 mM dithiothreitol and

then alkylated by 55 mM iodoacetamide. The treated protein
mixtures were precipitated by adding fourfold volume of chilled
acetone. After centrifugation, the pellet was dissolved in 500 M
tetraethylammonium bicarbonate (TEAB, pH 8.5) and sonicated
on ice. After centrifugation, the proteins in the supernatant were
stored at−80◦C for further analysis.

Proteomic Analysis
iTRAQ analysis was performed at BGI (Shenzhen, China).
The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD018974 (for pH data),
PXD018991 (for temperature data), PXD018994 (for NaCl data),
and PXD019007 (for HP data) (Perez-Riverol et al., 2019).

iTRAQ Labeling and SCX Fractionation
Total protein (100 µg) was taken from each sample solution,
and then the protein was digested with Trypsin Gold (Promega,
Madison, WI, United States) at a protein:trypsin ratio of 20:1 at
37◦C for 12 h. The protein concentrations were determined by
the Bradford method. After trypsin digestion, peptides were dried
by vacuum centrifugation. Peptides were reconstituted in 0.5 M
TEAB and processed according to the manufacturer’s protocol
for 8-plex iTRAQ reagent (Applied Biosystems, Foster City, CA,
United States). The labeled peptide mixtures were then pooled
and dried by vacuum centrifugation. SCX chromatography was
performed with an LC-20AB HPLC Pump system (Shimadzu,
Kyoto, Japan). The iTRAQ-labeled peptide mixtures were
reconstituted with 4 ml of buffer A (25 mM NaH2PO4 in 25%
v/v acetonitrile, pH 2.7) and loaded onto a 4.6 mm × 250 mm
Ultremex SCX column containing 5-µm particles (Phenomenex,
Torrance, CA, United States). The peptides were eluted at a flow
rate of 1 ml/min with a gradient of buffer A for 10 min, 5–60%
buffer B (25 mM NaH2PO4 and 1 M KCl in 25% v/v acetonitrile,
pH 2.7) for 27 min, and 60–100% buffer B for 1 min. The
system was then maintained at 100% buffer B for 1 min before
equilibrating with buffer A for 10 min prior to the next injection.
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Elution was monitored by measuring the absorbance at 214 nm,
and fractions were collected every 1 min. The eluted peptides
were pooled into 20 fractions, desalted with a Strata XC18 column
(Phenomenex, Torrance, CA, United States), and vacuum-dried.

LC-MS/MS Analysis
The supernatant was separated using an LC-20AD Nano-HPLC
system (Shimadzu, Kyoto, Japan). Each fraction was resuspended
in buffer I (5% acetonitrile and 0.1% formic acid) and centrifuged
at 20,000 × g for 10 min; the final concentration of peptide
was approximately 0.5 µg/µl. Then, 10 µl of supernatant was
loaded on the LC-20AD nano-HPLC by the autosampler onto a
2-cm C18 trap column. The peptides were eluted onto a 10-cm
analytical C18 column (inner diameter, 75 µm) packed in-house.
The samples were loaded at 8 µl/min for 4 min, and the 35-min
gradient was run at 0.3 µl/min starting from 2 to 35% buffer
II (95% acetonitrile and 0.1% formic acid), followed by a 5-min
linear gradient to 60%. Then, there was a 2-min linear gradient
to 80%, maintenance at 80% buffer II for 4 min, and a return
to 5% in 1 min.

Data acquisition was performed with a TripleTOF 5600
System (AB SCIEX, Concord, ON, United States) fitted with a
Nanospray III source (AB SCIEX, Concord, ON, United States)
and a pulled quartz tip as the emitter (New Objectives, Woburn,
MA, United States). Data were acquired using an ion spray
voltage of 2.5 kV, a curtain gas of 30 psi, a nebulizer gas of
15 psi, and an interface heater temperature of 150◦C. The MS
was operated with an RP of greater than or equal to 30,000
FWHM for TOF MS scans. For IDA, survey scans were acquired
in 250 ms, and as many as 30 product ion scans were collected
if exceeding a threshold of 120 counts per second (counts/s)
and with a 2+ to 5+ charge state. Total cycle time was fixed
to 3.3 s. The Q2 transmission window was 100 Da for 100%.
Four time bins were summed for each scan at a pulser frequency
value of 11 kHz through monitoring of the 40-GHz multi-channel
TDC detector with four-anode channel detect ion. A sweeping
collision energy setting of 35 ± 5 eV coupled with iTRAQ
adjusted rolling collision energy was applied to all precursor ions
for collision-induced dissociation. Dynamic exclusion was set for
1/2 of peak width (15 s), and then the precursor was refreshed off
the exclusion list.

Protein Identification and Quantitative Data Analysis
Raw MS/MS data files acquired from the Orbitrap were converted
into MGF files by Proteome Discoverer 1.2 (Thermo Fisher
Scientific, Waltham, MA, United States). Protein identification
was performed by using MGF files identified by the Mascot
search engine (Matrix Science, London, United Kingdom; version
2.3.02) against a database containing 2181 predicted proteins
in T. eurythermalis A501 (The GenBank/EMBL/DDBJ accession
number: CP008887-CP008888) (Zhao and Xiao, 2015), as well
as the public database (NCBInr, SwissProt, and UniProt). For
protein identification, a mass tolerance of 0.05 Da (ppm)
was permitted for intact peptide masses and 0.1 Da for
fragmented ions, with allowance for one missed cleavage in
the trypsin digests. Gln-pyro-Glu (N-term Q), oxidation (M),
and iTRAQ8plex (Y) were used as the potential variable
modifications, and carbamidomethyl (C), iTRAQ8plex (N-term),

and iTRAQ8plex (K) were used as fixed modifications. The
charge states of peptides were set to +2 and +3. Specifically,
an automatic decoy database search was performed in Mascot
by choosing the decoy checkbox in which a random sequence
from the database is generated and tested for raw spectra as well
as the real database. To reduce the probability of false peptide
identification, only peptides with significance scores (≥ 20) at the
99% confidence interval by a Mascot probability analysis greater
than “identity” were counted as identified. A unique protein with
at least two unique peptides was qualified whose false discovery
rate (FDR) < 0.01. For protein quantitation, a protein had to
contain at least two unique peptides. The quantitative protein
ratios were weighted and normalized by the median ratio in
Mascot (Chen et al., 2013).

Statistical Analysis
p-values were calculated using a paired t-test. Proteins with
p-values less than 0.05 and fold changes higher than 1.2
were considered significant and treated as DEPs and then
log2-transformed for further analysis in heatmaps, PCA, and
correlation. Heatmaps were generated using “gplots” package in
R and clustered and reordered by both rows and columns using
Euclidean distance and complete linkage clustering method; PCA
was conducted by “vegan” package in R; the correlation matrix
was calculated by Spearman’s method in the function “cor” in R.

The significant responding processes to each stress were
identified by mapping the DEPs into the GO database1, and then,
hypergeometric tests were performed to eliminate the influence
of stochastic background processes. The molecular function and
biological process terms of the GO database with p-values < 0.05
under each stress were defined as the significantly enriched GO
terms, which were used to generate a profile of crucial responding
processes under each stress.

RESULTS

Global Proteomic Analysis Under Various
Stress Conditions
Global proteomic data with a high genome coverage were
obtained by iTRAQ-based proteomic analysis (see section
“Materials and Methods”). Cells under each tested condition
were performed separately in quadruplicates. The responses of
T. eurythermalis A501 to extreme pH (acid or alkaline, denoted
LpH or HpH), temperature (cold or heat, denoted LT and HT),
salinity (hypo- or hyperosmotic, denoted LS and HS), and HP
were investigated using differential proteomic analysis. A total
of 1740 proteins were identified by the Mascot search engine
(Matrix Science, London, United Kingdom; version 2.3.02),
corresponding to 79.8% of the 2181 protein-encoding genes
predicted in the T. eurythermalis A501 complete genome (Zhao
and Xiao, 2015), including 1556 distinct proteins (71.3% of
encoding genes) with more than two peptide fragments identified
at least twice across all experiments. These 1556 proteins were
then used for subsequent differential expression analysis. The

1http://www.geneontology.org/
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samples that were cultivated under optimal conditions were used
as a reference to identify the differential expression. We defined
DEPs as those up-expressed > 1.2 or down-expressed < 0.8 with
a p-value < 0.05 (t-test, multiple testing correction) under each
stress condition, which is the cutoff commonly used for iTRAQ-
based proteomics analysis of both prokaryotes and eukaryotes
(Wang et al., 2016, 2020; Cheng et al., 2017; Hou et al., 2019; Li
et al., 2019). The details of the specific growth rates, maximum
growth yields, and number of DEPs under each condition are
presented in Table 1.

The statistical analysis of DEPs (see section “Materials and
Methods”) revealed the correlation of responses among various
stresses. According to the correlation matrix (Figure 1A), positive
correlations were observed between the responses to LS and

HS, LT and HT, whereas a negative correlation was observed
between the responses to LpH and HpH. The response to HP
was positively correlated with the responses to HpH, HS, and
HT, while it was negatively correlated with the responses to LpH
and LT. This result indicates that the adaptation to pressure is
globally related to other stress adaptations. Interestingly, both
the clustering (Figure 1B) and PCA plot (Figure 1C) presented
that the DEPs responding to LT and HP stresses were definitely
distinctive from DEPs responding to other stresses.

We designated the common DEPs and unique DEPs from the
total DEPs obtained under all tested conditions (Supplementary
Figure 2A and Supplementary Data S1). Approximately 61.5%
of the total DEPs respond to three or more types of stresses
among temperature, pH, salinity, and pressure, indicating the

FIGURE 1 | The statistical analysis of DEPs responding to different environmental stresses. (A) Correlation matrix of different stress responses based on DEPs.
Spearman’s method was used to calculate the matrix with the “cor” function in the R program. Matrix elements have been scaled so that the smallest negative
element is –1, the largest positive element is +1, and all elements retain their sign. (B) Three-dimensional plots of PCA of DEPs. The type of stress culture condition
was used as the environmental variable. Black dots and red arrows present the strength and direction of the effects of environmental variables. The green dots
indicate each significant DEP. (C) Clustering heatmap of significant DEPs. Up- and down-expressed proteins are shown in red and blue, respectively. Raw data of
whole proteomic data were log2-transformed and then clustered and reordered by both rows and columns using the Euclidean distance method and complete
linkage cluster method. Symbols of tested conditions are as follows: “HpH,” pH 8.8 vs. pH 7.0; “LpH,” pH 4.4 vs. pH 7.0; “LS,” 1.5% NaCl vs. 2.3% NaCl; “HS,”
4.5% NaCl vs. 2.3% NaCl; “LT,” 65◦C vs. 85◦C; “HT,” 95◦C vs. 85◦C; “HP,” 85◦C at 40 MPa vs. 85◦C at 10 MPa; “HP@95◦C,” 40 MPa at 95◦C vs. 10 MPa at 95◦C;
“HT@10 MPa,” 95◦C at 10 MPa vs. 85◦C at 10 MPa; “HT@40 MPa,” 95◦C at 40 MPa vs. 85◦C at 40 MPa.
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FIGURE 2 | (A) Venn diagram of DEP numbers under different stress conditions. Temperature, union of significant DEPs at both low and high temperature stress;
NaCl, union of significant DEPs under LS and HS; pH, union of significant DEPs under LpH and HpH; Pressure, significant DEPs at HP stress. Percent of the total
DEPs in all tested stresses is shown in parenthesis. (B) COG classification of DEPs. The following COG categories were included: G, carbohydrate transport and
metabolism; H, coenzyme transport and metabolism; Q, secondary metabolite biosynthesis, transport, and catabolism; E, amino acid transport and metabolism; F,
nucleotide transport and metabolism; J, translation, ribosomal structure, and biogenesis; K, transcription; L, replication, recombination, and repair; O,
post-translational modification, protein turnover, and chaperones; I, lipid transport and metabolism; M, cell wall/membrane/envelope biogenesis; U, intracellular
trafficking, secretion, and vesicular transport; T, signal transduction mechanisms; P, inorganic ion transport and metabolism; B, chromatin structure and dynamics; D,
cell cycle control, cell division, and chromosome partitioning; V, defense mechanisms; C, energy production and conversion; N, cell motility; R, general function
prediction only; S, function unknown. The numbers of up- or down-regulated proteins are indicated as bars with positive or negative numbers on the histogram,
respectively.

common responses to multiple stresses in T. eurythermalis A501.
In contrast to the common DEPs, the unique DEPs to each
stress are designated as those that only responded to a single
stress without cross-stress behavior to other stresses. Only 1.5–
7% of the total DEPs are unique responding to only one stress
(Figure 2). The number of unique DEPs for each stress is
presented in Table 1.

Metabolic Function Predictions for DEPs
Under Each Stress
Differentially expressed proteins were mapped to the complete
genome to obtain gene expression profiles under each stress.

The metabolic function of DEPs was predicted through the
following three steps: (i) The functional groups of DEPs were
clarified by using the Cluster of Orthologous Groups database
(COG) (Figure 2B). (ii) To further specify the pathways in
T. eurythermalis A501, the Thermococcales-specific pathways in
substance metabolism and energy metabolism were manually
constructed according to the sequence similarity with significant
homology (>30% identity) to the identified or predicted proteins
in the related Thermococcales strains, such as Thermococcus
kodakarensis KOD1 (Fukui et al., 2005; Sato et al., 2007; Nohara
et al., 2014) and Pyrococcus furiosus COM1 (Pisa et al., 2007;
Schut et al., 2007; Strand et al., 2010) (Supplementary Figure S3
and Supplementary Data S2). (iii) To highlight the significant
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responding processes to each stress, we mapped the DEPs into
the GO database, and then, hypergeometric tests were performed
to analyze the GO terms, which could eliminate the influence
of stochastic background processes. The molecular function and
biological process terms of the GO database with p-values < 0.05
under each stress were defined as the significantly enriched GO
terms, which were used to generate a profile of crucial responding
processes under each stress (Supplementary Datas S3, S4).

In total, 732 DEPs were involved in the enriched universal
responding processes, constituting 33.5% of the predicted
protein-encoding genes in the complete genome.

Universal Responding Processes for
Cross-Stress Adaptation
According to the pathway enrichment results, the following three
processes were the major universal responding processes,
which were significantly enriched under most tested
stresses: (i) biosynthesis and protection of macromolecules,
(ii) biosynthesis and metabolism of amino acids, and (iii) ion
transporting and binding (Figure 3 and Supplementary
Data S3). Among these three, the former two have been reported
in various strains as responding processes to the stresses of HT,
HS, HP, as well as oxidative stress (Table 2), which were expected
to match the observation in T. eurythermalis A501 (additional
data were presented in Supplementary Text and Supplementary
Table S1), while the importance of ion transport and binding
was beyond our expectations.

Ion transport and binding, especially for the ferrous iron, were
also the universal responding processes in T. eurythermalis A501.
Ferredoxin was particularly important in the redox balance of
Thermococcales, which is utilized as the only electron acceptor
in glycolysis using the modified Embden–Meyerhof pathway
(Nguyen et al., 2017). The active center of the ferredoxins is
the iron-sulfur cluster ([FeS]), and the assembly proteins of the
[FeS] cluster also responded to all tested stresses, which also
supported the importance of ferrous iron in stress responses.
Moreover, ferrous iron is essential for the active center in [NiFe]
hydrogenases. In T. eurythermalis A501, [NiFe] hydrogenases
include membrane-bound hydrogenase (MBH) and cytosolic
sulfhydrogenase II (SHII). MBH contained at least one DEP
responding to each tested stress, whereas SHII only contained
DEPs to acid stress. The [NiFe] hydrogenase metallocenter
assembly protein (Hyp), which provides the metallocenter for
[NiFe] hydrogenase, was up-expressed under LpH, HpH, LS,
and HS stresses but was down-expressed under LT stress and
exhibited no response to HT or HP stresses. Finally, ferrous iron
transporters, including ferrous iron transport protein FeoAB and
ABC-type transport system FepBCD, contained at least one DEP
responding to all tested stress except HpH stress (Supplementary
Data S2 and Supplementary Figure S3).

Besides the above three enriched processes, the enzymes
involved in biosynthesis pathways of canonical compatible
solutes in hyperthermophiles, i.e., di-myo-inositol phosphate
(DIP), trehalose, and cyclic 2,3-diphosphoglycerate (cDPG),
were also detected in the A501 proteome as expected,
as a universal response to multiple stresses (Table 2 and

Supplementary Figure S3). Key enzymes in the synthesis
pathway of DIP responded to heat, cold, and hyperosmotic
stresses. Proteins involved in trehalose biosynthesis, transporters,
and regulators responded to extreme salinity (LS and HS) and
acid stresses (LpH), whereas cDPG synthase only responded
to high pressure. In previous studies, DIP and trehalose have
been reported to be accumulated under high salinity and heat
stress conditions (Lamosa et al., 1998; Müller et al., 2005),
similar to our observation. Although cDPG, thus far, has never
been detected in Thermococcales, its synthetase was recently
reported as a responding gene under high pressure stress in an
obligate piezophilic Thermococcales strain Pyrococcus yayanosii
CH1 (Michoud and Jebbar, 2016), which also matched our
observation. These results indicate distinct roles of different
compatible solutes, adopting an efficient strategy to protect the
cell under multiple extreme conditions.

Specific Dual-Stress Responding
Processes
Beyond the above universal responding processes to three or
more stresses, we also identified specific responses to two stresses.
These dual-stress responding processes included (i) sodium-
dependent energy conversion, which was differentially expressed
under both high and low salinity stresses; (ii) membrane lipid
biosynthesis, which was differentially expressed under cold
and pressure stresses; and (iii) signal transduction, which was
differentially expressed under heat and high-salinity stresses.
Pairs of stresses ultimately impact the same cellular processes,
suggesting that these pairs of stresses may have related effects on
the cell to some extent.

Sodium-Dependent Energy Conversion Is the
Limiting Factor Under Extreme Salinity
We also found that the energetic processes were especially
important in extreme salinity: the GO term GO:0008137 was
only enriched in both high- and low-salinity stresses among
all the tested stresses (Figure 3 and Supplementary Data S3).
Fifteen (of 17) significant DEPs in this GO term were the
proteins in the membrane-bound complexes: membrane-bound
hydrogenase (MBH), membrane-bound oxidoreductase (MBX),
and two membrane-bound formate hydrogen lyase (FHL1 and
FHL2). They were hypothesized to convert energy as a simple
respiration chain with both the redox module and the Na+/H+
antiporter module (Mrp) in Thermococcales (Schut et al., 2013).
Among these DEPs, the proteins in Mrp modules were up-
expressed under both LS and HS stresses. Although the exact
function of the above membrane-bound complexes remains
elusive, they were believed to generate and regulate sodium and
proton gradients for sodium-based A1A0 ATP synthase, which
should be impacted by the sodium concentration under extreme
salinity (Figure 4A).

To further explain the importance of energetic processes
for extreme salinity, independent analysis of substance and
energy metabolism was employed to provide more detailed
information. The clustering analysis for DEPs of substance
metabolism was similar to the clustering results for the total
DEPs; however, the cluster for energy metabolism was different
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FIGURE 3 | Proposed molecular functions and biological processes of T. eurythermalis A501 responding to different stresses. All the presented functions and
processes were enriched with p-values less than 0.05. Universal responding processes are shown with a yellow background. The unique responses to each stress
have a light green background. The compatible solutes and chaperonin are in pink. Presented in brackets is the number of DEPs in enriched pathways under each
condition versus the all predicted protein-encoding genes in the complete genome of T. eurythermalis A501. MCP, methyl-accepting chemotaxis protein; MBH,
membrane-bound hydrogenase; MBX, membrane-bound complex; FHL1 and FHL2, formate hydrogen lyase complexes 1 and 2; SOR, superoxide reductase; Rdr,
rubrerythrin; VOR, ketoisovalerate oxidoreductase; POR, pyruvate oxidoreductase; IOR, indolepyruvate oxidoreductase; OGOR, oxoglutarate oxidoreductase; DIP,
di-myo-inositol phosphate; Tre, Trehalose; cDPG: cyclic 2,3-diphosphoglycerate.

(Supplementary Figure S4). DEPs under both high and low
concentrations of NaCl (HS and LS) were distinct from DEPs
under all the other stresses (Figure 4B). This result indicated that
the environmental concentration of sodium potentially played a
key role in energy metabolism and might limit its growth under
extreme salinity condition by disabling the energy conversion.

The sodium-dependent energy conversion might be the key
limiting factor for NaCl adaptation. It could be a possible

explanation for the narrow growth range of salinity in
T. eurythermalis A501 (1–5% NaCl), which is in contrast to
the wide ranges for pH, temperature, and pressure (Zhao et al.,
2015). The narrow salinity ranges were also observed among
other Thermococcales strains, such as Thermococcus barophilus
(1–4% NaCl) (Marteinsson et al., 1999), P. furiosus (0.5–5%
NaCl) (Fiala and Stetter, 1986), and Palaeococcus ferrophilus
(2.0–7.3% NaCl) (Takai et al., 2000), as well as in other
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TABLE 2 | Universal responding processes to multiple stresses in T. eurythermalis A501 and other hyperthermophilic archaea.

Function Pathway HpH LpH LS HS LT HT HP O2

A R A R A R A R A R A R A R R

(I) Compatible
solute

DIP + [14] + + [4][5][14] [14]

Trehalose + + + [2] [1] [12]

cDPG + [17]

MG − − ‘ − − − − [3] −

Glu and Asp + + [9] + + [14] + [15] + [4][14] + [12] [14]

Information
processing

Purine/pyrimidine + + + [6] + [14] + [15] + + [7] [12]

Ribose + + + + +

Transcriptional regulator + [11] + [11] + + [6] [14] + [15] + [14] + [7] [12] [14]

mRNA/rRNA/tRNA + + + + + [15] + [14] [7]

Ribosome protein + + + [6] + [14] + [15] + +

DNA repair + [1] + [1] + + + [1] + [14] + [7] [14]

CRISPR + + + + [2] + [12] [8]

Molybdopterin + + + + + + + [14]

Others CoA and MVA pathway + + + + [6] + [15] + [14] [7]

Propionate pathway + + + + + [15] + +

Chaperone proteins + [1] + [1] + [6] + [6] + [1][13] + [2][13] [14] + [7][12]

(II) Amino acids AA biosynthesis + + + [6] + [6][14] + [15] + [2][14] + [7][12] [8] [14]

Protease/peptidase + + + + [6] [14] + + [2] [14] [7] [14]

Peptide transporter + + [6] + [6] + + + [7]

Glu transport + + [9] + + +

Proteasome [9] + + + [2]

(III) Ion Fe transporter + + + + [6] + + + [7]

Other ion transporters [10] [11] [9] [11] [6] [6] [1] [7]

[FeS] cluster + [16] + + + + + +

[NiFe] hydrogenase + + + + +

References mentioned above: [1] (Ambily Nath and Loka Bharathi, 2011); [2] (Shockley et al., 2003); [3] (Esteves et al., 2014); [4] (Borges et al., 2010); [5] (Keese et al.,
2010); [6] (Coker et al., 2007); [7] (Vezzi et al., 2005); [8] (Strand et al., 2010); [9] (Lund et al., 2014); [10] (Padan et al., 2005); [11] (Krulwich et al., 2011); [12] (Vannier
et al., 2015); [13] (Gao et al., 2015); [14] (Jia et al., 2015); [15] (Trauger et al., 2008); [16] (Berezovsky and Shakhnovich, 2005); [17] (Shima et al., 1998). A, significant
DEPs were observed in A501 in this study; R, reported publications, the number of the related references is shown in brackets.

microorganisms that utilize sodium-based energy supply, such
as Methanothermobacter tenebrarum (0–2% NaCl) (Nakamura
et al., 2013) and Methanosarcina acetivorans (0.6–6% NaCl)
(Sowers et al., 1984). Opposite to these sodium-dependent
microorganisms, halophiles, which tolerate a wide range of
environmental salinity, usually utilize the proton-based ATP
synthase, such as Halomarina oriensis (0–3% NaCl) (Inoue et al.,
2011), Halalkalicoccus tibetensis (8–30% NaCl) (Xue et al., 2005),
and Haloincolar saccharolyticus (3–30% NaCl) (Zhilina et al.,
1992) (Supplementary Figures S1, S5).

Membrane Lipid Biosynthesis Is Crucial to Cold and
Pressure Stresses
The pathways related to membrane lipid synthesis were
distinctly enriched under cold and pressure stresses. The
phospholipid metabolic process (GO:0006644) was enriched
under LT conditions, while the lipid biosynthetic/metabolic
processes (GO:0008610, GO:0006629, and GO:0044255 with the
same gene list for T. eurythermalis A501) were enriched under
HP conditions (Figure 3 and Supplementary Data S3).

Similar to other Thermococcales, two important precursors are
required in the synthesis of membrane lipids of T. eurythermalis

A501: glycerol-1phosphate (Glyc1P), which provides the
glycerophosphate backbone, and isopentenyl diphosphate
(IPP), which provides the isoprenoid building blocks for the
chain elongation (Koga and Morii, 2007; Jain et al., 2014;
Villanueva et al., 2014).

Differentially expressed proteins responding to HP stress
were related to the isoprenyl chain. Three key enzymes
involved in mevalonate pathway and IPP production,
i.e., hydroxymethylglutaryl-CoA synthase (TEU_00580),
hydroxymethylglutaryl-CoA reductase (TEU_07265), and
mevalonate kinase (TEU_05460), were all significantly down-
expressed under HP, while the two key enzymes for chain
elongation, isoprenyl diphosphate synthase (TEU_05485) and
digeranyl-geranyl-glyceryl phosphate synthase (TEU_04265),
were significantly up-expressed.

Compared with HP responses, the LT responding
DEPs were related to phospholipid synthesis. The Glyc1P
dehydrogenase (TEU_11035) producing Glyc1P, the first
enzyme for the formation of polar lipids in archaea, were
significantly up-expressed under LT stress. In addition, the
archaetidylglycerol (AG) synthase (TEU_11545), producing
AG from CDP-digeranyl-geranyl-glycerol phosphate, was
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FIGURE 4 | Energy metabolism responds to different environmental stresses. (A) Changes in energy metabolism responding to low and high salinity stresses. All
genes of a complex responding to one stress in the same direction are shown in this graph. Membrane-bound complexes and oxidoreductases are in yellow.
Sodium and proton antiporters are in purple. Formate dehydrogenase complexes are in green. Signal transduction and motility are shown in blue. Others are in gray.
(B) Clustering heatmap of energy metabolism genes responding to different stresses. Significant DEPs were clustered in a heatmap. Up-expressed and
down-expressed proteins and non-DEPs are presented in red, green, and white, respectively. MBH includes complexes of membrane-bound hydrogenase (Mbh)
and Na+/H+ antiporter (Mrp). MBX includes complexes of membrane-bound oxidoreductase (Mbx) and Na+/H+ antiporter (Mrp). FHL1 includes complexes of
formate dehydrogenase (Fdh1), membrane-bound hydrogenase (Mfh1), and Na+/H+ antiporter (Mrp). FHL2 includes complexes of formate dehydrogenase (Fdh2),
membrane-bound hydrogenase (Mfh2), and Na+/H+ antiporter (Mrp). HYD: hydrogenase, including coenzyme F420 hydrogenase (Frh) and [NiFe] hydrogenase
(Hyp). FLA, flagellum.

significantly down-expressed under LT stress, while the
inositol-1-phosphate synthase (TEU_00185), producing polar
head for archaetidylinositol (AI), was significantly up-expressed.
Both AG and AI belong to the archeol (C20). The opposing
expression of these two enzymes suggested the potential shift
from AG to AI in lipid composition under LT conditions.

The above results indicated that the HP stress might influence
the synthesis of the isoprenyl chain for core lipids, while the
LT stress might impact the synthesis of polar lipids. Overall,
biosynthesis of membrane lipids plays an important role for
both LT and HP stresses, which may be due to similar losses

of membrane fluidity in cold and high pressure conditions
(Oger and Jebbar, 2010).

Signal Transduction Is Crucial to Heat and
Hypo-Osmotic Stresses
The proteins related to signal transduction were only enriched
under the HT and LS stresses with the GO terms GO:0004871
and GO:0060089 (these two had the same gene list in
T. eurythermalis A501) (Figure 3 and Supplementary Data S3).
Signal transduction is one of the most general stress response
processes, consistent with its roles in sensing pH, salinity,
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and toxins in both bacteria and archaea. The two-component
signal transductions lead to both sense and bias movement
of microorganisms in response to environmental stimuli
(Boyd, 2015). In the gene list of the signal transduction
of T. eurythermalis A501, chemotaxis proteins for signal
sensing include CheA (TEU_11690), CheB (TEU_11685),
CheW (TEU_11665), CheY (TEU_11685), and two methyl-
accepting chemotaxis proteins (TEU_11670 and TEU_07885),
while proteins for movement included three flagellins FlaB
(TEU_11642, TEU_11645, and TEU_11635). Except for the non-
significance of CheW, the above proteins were significantly
down-expressed under LS stress. In contrast, except for the
non-significance of CheW and one of the FlaBs, these proteins
were significantly up-expressed under HT stress. These results
indicated that the chemotaxis system in T. eurythermalis A501
might be negatively affected by the low concentration of NaCl but
might be activated by higher temperature.

Unique Responding Processes in Each
Stress
The unique responding processes of each stress were also
identified based on the GO enrichment results: carbohydrate
catabolic process and cell division under cold stress,
molybdopterin biosynthesis and metabolism under alkali
stress, nuclease activity and DNA repair processes under HP
stress, as well as the phosphorylation under HT stress (Figure 3
and Supplementary Data S4).

Cold Stress (LT)
The clustering heatmap and PCA plot presented that DEPs
responding to cold stress was the most distinct from
DEPs responding to other stresses (Figures 1B,C). During
physiological experiments, the cultures under cold stress had
the lowest specific growth rate and the lowest maximum growth
yield; however, the number of down-expressed and unique DEPs
under cold stress were the largest among all tested conditions
(Table 1). These observations indicated a special feature
responding to cold stress of such a hyperthermophilic strain.

Eight (of 10) DEPs involved in the carbohydrate catabolic
process (GO:0016052) were significantly down-expressed
under cold stress, including four energy-producing enzymes
in glycolysis: ADP-dependent phosphofructokinase (PFK,
TEU_11110), NAD(P)-dependent glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, TEU_08915), phosphoglycerate kinase
(PGK, TEU_11225), and pyruvate kinase (PYK, TEU_09365).
These down-expressed enzymes indicated a deficient glycolysis
in T. eurythermalis A501 under cold stress.

Besides the carbohydrate metabolism, cell division
(GO:0051301) was only enriched under cold stress. Four septum
site-determining proteins MinDs (TEU_02560, TEU_07270,
TEU_10955, and TEU_08700) contributing to cell division
were down-expressed under cold stress. However, the energy-
consuming enzymes involved in DNA replication, repair, and
cell division were significantly up-expressed, including ATP-
dependent DNA ligase (TEU_01440), GTP-binding protein EngB
(TEU_04285), and cell division protein 48, which is an ATPase
(TEU_11205). These results indicated a lack of energy for cell

division under cold stress. Additionally, four (of nine) proteins
in A1A0 ATP synthase (TEU_03105, TEU_03110, TEU_03115,
and TEU_03120) were significantly down-expressed with 0.
22-, 0. 32-, 0. 58-, and 0.31-fold under cold stress, respectively
(Supplementary Data S4), supporting the idea that the lack of
energy occurred under cold stress. The above results indicated
that deficient glycolysis and lack of energy for cell division
occurred in T. eurythermalis A501 under cold stress, which
might be an explanation for the lowest specific growth rate and
lowest maximum growth yield among all tested conditions.

Acid Stress (LpH)
The oxidoreductase activity (GO:001662), acting on the aldehyde
or oxo group of donors, with iron-sulfur protein as acceptor,
was only enriched under acid stress. Six (of seven) DEPs were
oxidoreductases involved in pyruvate and amino acid oxidation,
including pyruvate oxidoreductase (POR), ketoisovalerate
oxidoreductase (VOR), oxoglutarate oxidoreductase (OGOR),
and indolepyruvate oxidoreductase (IOR). In Thermococcales,
pyruvate plays two roles, as an acceptor for the amino acid-
derived amino group via glutamate, forming alanine, and as
an energy source to be oxidized to acetate through acetyl-
CoA (Nohara et al., 2014). In amino acid oxidation, VOR,
OGOR, and IOR oxidize 2-oxoglutarate derived from branched-
chain amino acids, glutamate/glutamine, and aromatic amino
acids, respectively. The branched-chain amino acid-specific
VOR (TEU_01680) was up-expressed and was reported as
an important energy-conserving enzyme in T. kodakarensis
grown in the presence of S0. In contrast, the Glu/Gln-specific
OGOR (TEU_08765) and aromatic amino acid-specific IOR
(TEU_04855) were down-expressed. As an energy source,
the key enzyme in pyruvate oxidation POR (TEU_01655 and
TEU_01665) was up-expressed, which catalyzed the conversion
of pyruvate to acetyl-CoA and transferred electrons to the energy
conversion complexes MBH and MBX.

Alkali Stress (HpH)
Mo-molybdopterin cofactor biosynthesis and metabolism
(GO:0032324, GO:0043545, GO:0006777, and GO:0019720)
were only enriched under alkali stress. Molybdopterin is a
cofactor consisting of molybdenum appended to GMP, CMP,
AMP, or IMP (Johnson et al., 1993). Nine (of 13) DEPs involved
in molybdopterin biosynthesis were up-expressed under alkali
stress. Moreover, DEPs involved in purine-containing compound
biosynthesis (TEU_09520, TEU_00750, and TEU_09080)
and nucleoside transport (TEU_08830), which provided
the components for molybdopterin, were also up-expressed
(Supplementary Data S4). These results showed the importance
and increased requirement of molybdopterin under alkali stress.

Pressure Stress (HP)
Differentially expressed proteins related to nuclease
(GO:0016893) were down-expressed under HP stress,
including DNA endonuclease (TEU_05000 and TEU_04710),
tRNA nuclease (TEU_06440), and RNase (TEU_03540 and
TEU_05555). In contrast, the DNA double-strand break
repair-related enzyme (TEU_01120) and the chaperonin small
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heat shock protein (TEU_11270) in the stress response item
(GO:0050896 and GO:0006950) were up-expressed. Compared
with absent enrichment of structural and biosynthetic processes
under HP, these findings indicated the importance of DNA repair
systems and increased requirement of nucleic acid degradation.
These results indicated that the HP stress may induce more DNA
damages in this piezophilic strain than other stresses.

Heat Stress (HT)
For the responses to high temperature, which is one of the most
interesting physiological features of this hyperthermophilic
strain, we found that the transferring phosphorus-containing
groups (GO:0016772) were the unique responding process
that only enriched under heat stress but not under any
other tested conditions (Supplementary Figure S3 and
Supplementary Datas S3, S4).

Among all 18 proteins that were classified into this GO term,
12 were kinases, and 11 of these kinases were down-expressed,
including the phosphoenolpyruvate carboxykinase (TEU_05830)
and phosphoglycerate kinase (TEU_11225) in glycolysis,
isopentenyl phosphate kinase (TEU_05465) and mevalonate
kinase (TEU_05460) in lipid biosynthesis, as well as the other
seven kinases using substrates as nucleoside diphosphate
(TEU_09080), uridylate (TEU_04165), ribose (TEU_01625 and
TEU_02660), and cofactors, i.e., NAD (TEU_02205), riboflavin
(TEU_09890), and pantoate (TEU_01430). Among the total 12
kinases, only carbamate kinase (TEU_01535) was up-expressed,
which is involved in the arginine biosynthesis (Supplementary
Data S4). These results indicated a general negative effect on
the expression of kinases under HT condition. Considering
the close relationship between the phosphorylation function of
kinases and cell signaling transduction, the up-expression of
the chemotaxis proteins in signal transduction at HT indicated
increased requirement in the signal transduction of the cell
(details in Section “Signal Transduction Is Crucial to Heat and
Hypo-Osmotic Stresses”); however, the down-expression of
different types of kinases indicated that the negative effects of
phosphorylation might be a limiting factor for the signaling
transduction under HT stress.

DISCUSSION

In this study, we performed a global quantitative proteomic
analysis under extreme temperatures, pH, HP, and salinity
on a hyperthermophilic and piezophilic archaea strain,
T. eurythermalis A501. The proteomic analysis with 79.8%
genome coverage demonstrated that approximately 61.5% of
the DEPs responded to multiple stresses, while only 1.5–7%
of the total DEPs are uniquely responding to single stress.
The GO functional enrichment of DEPs under each stress
condition identified three levels of responses to various
stresses: (i) universal responses to three stresses or more, (ii)
specific dual-stress responses to two stresses, and (iii) unique
responses for each tested stress. In total, DEPs involved in
the enriched universal responding processes constitute 33.5%
of the predicted protein-encoding genes in the complete

genome of T. eurythermalis A501, while the DEPs involved
in dual-stress or unique stress responding processes are less
than 0.63%. These results indicated a cross-stress adaptation
strategy in T. eurythermalis A501 to cope with the different types
of the stresses.

The cross-stress adaptation behavior further indicated a
high efficiency of multi-stress responses in the genome of
T. eurythermalis A501. Utilizing universal responding processes
to cope with multiple stresses should be a potential advantage
for T. eurythermalis A501, which uses a merely 2.1-Mbp
genome but grows over a wide range, a span of 50◦C, 5
pH units, and 70 MPa, under multi-extreme conditions. The
polyextremophile further reduced process complexity while
inheriting relative shortage. Compared with the organisms
using proton-driven energy-generating systems, the sodium-
based archaea like Thermococcales show growth capability at
wider ranges of pH and temperature but a narrower range
for salinity (Supplementary Figure S5). This indicated that
the sodium-based energy metabolism may contribute to the
robust growth under extreme pH and temperature in these
polyextremophiles like Thermococcales, but at the same time, it
may limit the adaptation to the variation of sodium concentration
and make the sodium one of the limiting factors by disabling the
energy conversion.

The hyperthermophilic and piezophilic characteristic with the
robust growth under multiple stresses make the T. eurythermalis
A501 a potential ideal platform for the development of NGIB.
The growth at high temperature provides possibilities for
contamination-free bioprocessing, and the robust strain provides
a stable platform for the changing of culture conditions. In
this study, we highlighted the signaling transduction and the
transferring phosphorus-containing groups as the specific and
unique processes responding to high temperature in A501, which
was rarely mentioned in previous studies of the high-temperature
adaptation mechanism in hyperthermophiles and provided a new
target for future studies.

Compared with temperature, pH, and salinity, the adaptation
mechanism of the high HP is much less studied due to technical
reasons (Zhang et al., 2015). Although most researches about
pressure in biotechnology have been focused on the development
of food processing methods, the application of elevated pressure
in the range of 1–10 bar for bioprocesses is attracting more
and more interests due to its great potential for enhancing
process productivities and its lower cost in the long run
compared to the use of oxygen-enriched air (Follonier et al.,
2012). In this study, we demonstrated that the response to
high pressure correlated with the responses to other stresses;
positively correlated with alkali, high salinity, and heat stresses;
and negatively correlated with acid and cold stresses (Figure 1A).
The down-expression of the mevalonate pathway and the up-
expression of the isoprenyl chain elongation under HP stress
indicated the potential influences of HP on the length of isoprenyl
chain in core lipids, which is similar to the observation in
previous study (Cario et al., 2015a). Furthermore, we also
highlighted the special requirements in nuclease activity and
DNA repair processes under HP stress, which indicated the
possibility of more DNA damages than other tested stresses, and
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may need more attention in future studies of the HP adaptation.
These findings provided a novel perspective on piezophiles.

Hyperthermophiles are located in the roots of evolutionary
trees (Stetter, 2006). The adaptation strategy of this
hyperthermophilic archaea provides us a window to understand
the important processes of early life. According to our
observation, the responses to cold stress is the most distinct
from the responses to all the other test stresses. Compared
with the other tested stresses, T. eurythermalis A501 under
cold stress has the lowest specific growth rate and lowest
growth yield, but the largest number of down-expressed DEPs
(Table 1). These phenomena indicated a deficiency in metabolism
under cold stress. The significant down-expression of energy-
producing enzymes in glycolysis and proteins in A1A0 ATP
synthase revealed that the deficiency under cold stress could be
related to the lack of energy. The down-expression of septum
site-determining protein MinDs indicated the challenge of
cell division under the energy-lacking condition of cold stress
(Supplementary Data S2).

Besides the particularity of cold stress adaptation, we also
observed the potential correlation among cold adaptation,
acid adaptation, and antioxidation. Two essential antioxidative
enzymes superoxide reductase (SOR) and the non-heme iron-
containing protein rubrerythrin (Rdr) were up-expressed to
2.49- and 4.15-fold under cold stress in T. eurythermalis A501
and up-expressed to 3.82- and 2.15-fold under acid stress
(Supplementary Data S2). In contrast, these two enzymes are not
significantly differentially expressed at high-temperature stress.
These results indicated similar increasing oxidation status under
cold and acid conditions. The changing of the ancient earth,
the decrease in temperature, and the increase in oxidation of
the ocean were the major challenges for the ancient organisms
with changing of the pH, and these problems must be solved
in an efficient manner (Amend and McCollom, 2010). Our
findings provided some hints that the cold stress adaptation
in hyperthermophiles might be related to oxidation adaptation
and has similar antioxidative behavior to the acid adaptation,
which is worth further investigations to elucidate the adaptation
mechanism of early life during the evolution.
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Mesoscale eddies can have a strong impact on regional biogeochemistry and primary
productivity. To investigate the effect of the upwelling of seawater by western Pacific
eddies on the composition of the active planktonic marine archaeal community
composition of the deep chlorophyll maximum (DCM) layer, mesoscale cold-core eddies
were simulated in situ by mixing western Pacific DCM layer water with mesopelagic layer
(400 m) water. Illumina sequencing of the 16S rRNA gene and 16S rRNA transcripts
indicated that the specific heterotrophic Marine Group IIb (MGIIb) taxonomic group
of the DCM layer was rapidly stimulated after receiving fresh substrate from 400 m
water, which was dominated by uncultured autotrophic Marine Group I (MGI) archaea.
Furthermore, niche differentiation of autotrophic ammonia-oxidizing archaea (MGI) was
demonstrated by deep sequencing of 16S rRNA, amoA, and accA genes, respectively.
Similar distribution patterns of active Marine Group III (MGIII) were observed in the
DCM layer with or without vertical mixing, indicating that they are inclined to utilize the
substrates already present in the DCM layer. These findings underscore the importance
of mesoscale cyclonic eddies in stimulating microbial processes involved in the regional
carbon cycle.

Keywords: mesoscale eddies, Marine Group I (MGI) Thaumarchaeota, Marine Group II (MGII) Euryarchaeota, deep
chlorophyll maximum, simulation

INTRODUCTION

Mesoscale eddies are considered oceanic hotspots of prokaryotic activity. Microbial community
structure varies greatly from surface waters (i.e., epipelagic zone) to deeper regions (e.g.,
mesopelagic zone) where different microbial community structures are found (Baltar et al., 2010).
Previous studies have reported that mesoscale eddies play an essential role in controlling the
distribution of microbial populations in the ocean (Ewart et al., 2008; Fong et al., 2008; Zhang et al.,
2009, 2011; Liu et al., 2017). The deep chlorophyll maximum (DCM) is the layer of subsurface
ocean water with the highest concentration of chlorophyll and thus high photosynthetic activity.
Although depth can vary by season and location, the DCM is typically found between 60 and
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120 m below the surface (Estrada et al., 1993). Generally, the
DCM is located close to the bottom of the photic zone connecting
to nutrient-rich deep waters (Martin-Cuadrado et al., 2015). The
DCM provides phytoplankton and marine microbes with light
and inorganic nutrients (Ghai et al., 2010). The distribution of
Marine Group I (MGI) Thaumarchaeota (Fuhrman et al., 1992),
Marine Group II (MGII) Euryarchaeota (DeLong, 2006; Ghai
et al., 2010; Martin-Cuadrado et al., 2015), and Marine Group
III (MGIII) Euryarchaeota (Galand et al., 2010; Haro-Moreno
et al., 2017; Parada and Fuhrman, 2017) in the DCM zones
have been characterized from different oceanic regions, however,
interaction between these archaea group in the DCM and deeper
waters is not well-studied.

MGII Euryarchaeota are globally distributed throughout the
water column in the seas and open ocean (Massana et al., 2000).
Based on 16S rRNA gene sequences, MGII has been classified into
at least four groups: MGIIa, MGIIb, MGIIc, and MGIId (Belmar
et al., 2011; Martin-Cuadrado et al., 2015), with MGIIb members
notably abundant in surface waters and in the DCM (Massana
et al., 2000). It was suggested that MGIIb should be grouped
as a distinct class of euryarchaea, specifically Thalassoarchaea
(Martin-Cuadrado et al., 2015). More recently, Rinke et al.
(2019) proposed the new name Candidatus Poseidoniales,
based on normalized ranks, comprising the families Candidatus
Poseidoniaceae fam. nov. (formerly MGIIa) and Candidatus
Thalassarchaeaceae fam. nov. (formerly MGIIb).

To date, there are no cultured isolates of MGII species. The
ecological roles of MGII members have been revealed only
by genome sequencing studies (Iverson et al., 2012; Martin-
Cuadrado et al., 2015; Xie et al., 2018). In general, MGII
members can degrade high-molecular-weight (HMW) organic
matter such as proteins, carbohydrates, and lipids (Li et al.,
2015). Amino acids, simple sugars, and fatty acids can serve
as viable carbon sources for MGII growth (Martin-Cuadrado
et al., 2015). The identification of proteorhodopsins in genomes
derived from both surface and DCM layer indicated that MGII
are a taxon of photoheterotrophs (Frigaard et al., 2006; Pereira
et al., 2019). Based on the unique metabolic characteristics of the
MGIIa and MGIIb genomes, 17 subclades have been identified,
revealing different ecological patterns (Tully, 2019). These
subclades include algal-saccharide-degrading coastal subclades,
protein-degrading oligotrophic surface ocean subclades, and
mesopelagic subclades lacking proteorhodopsins (Tully, 2019).
These ecological distribution and metabolic profile of MGII
species make them significant contributors to the global oceanic
carbon cycle (Zhang et al., 2015).

In contrast to MGII Euryarchaeota, the availability of pure
and enriched cultures of MGI Thaumarchaeota has led to the
discovery that these organisms are chemolithotrophic ammonia
oxidizers (Könneke et al., 2005; Santoro and Casciotti, 2011;
Tourna et al., 2011; Qin et al., 2014; Jung et al., 2018).
Although oceanic ammonia and nitrite oxidation are balanced,
ammonia-oxidizing archaea (AOA) vastly outnumber the main
nitrite oxidizers, the bacterial Nitrospinae (Kitzinger et al., 2020).
The habitat specificity of AOA varies widely in terms of
global phylogenetic (Alves et al., 2018). To date, all cultivated
planktonic MGI representatives possess the homologs of the

ammonia monooxygenase (AMO) subunit A (amoA) gene, which
encodes a key enzyme catalyzing the oxidation of ammonia
at extremely low concentrations (Santoro et al., 2019). To
adapt to nutrient-limited conditions, marine thaumarchaeotal
ammonia oxidizers commonly utilize a modified version of
the 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycle,
which is the most energy-efficient aerobic pathway for CO2
fixation (Könneke et al., 2014). In the open ocean, the relative
abundance of Thaumarchaeota sharply increases in the upper
mesopelagic layer and decreases at depths greater than 1000
m (Karner et al., 2001). Evidences suggested that dark CO2
fixation by Thaumarchaeota reflects its high potential for primary
production in mesopelagic waters (Ingalls et al., 2006; Reinthaler
et al., 2006; Bergauer et al., 2013).

The tropical equatorial region of the Northwestern Pacific
represents a typical oligotrophic marine environment with a
euphotic zone generally less than 120 m deep (Zheng et al.,
2015). Mesoscale eddies have been frequently observed in this
region (Mizuno and White, 1983; Kawamura et al., 1986; Itoh
and Yasuda, 2010). For example, the cyclonic Mindanao Eddy
(ME) exists year-round center at 7◦N, 128–130◦E, and impacting
water layers from 50 to 500 m (Zhang et al., 2012). Several
studies have examined the physical processes associated with
mesoscale eddies (White and Annis, 2003; Itoh and Yasuda,
2010; Kouketsu et al., 2011). Mesoscale eddies as well as other
diapycnal mixing processes provide an important mechanism
for the exchange of nutrients, dissolved gases, and particulate
matter between the shallow and deep layers (Tian et al.,
2009). Under the influence of the cold eddies, new nutrients
and organic matter are brought to the DCM. This results in
changes in microbial heterotrophic activity of the water layer
relative to the surrounding area (Ewart et al., 2008). Systematic
differences in bacterial responses within and between cyclonic
and mode-water eddies have been documented in the Sargasso
Sea (Ewart et al., 2008). Bacterial community structures in
two cold-core cyclonic eddies in the South China Sea were
significantly influenced by cyclonic eddy perturbations, causing
a shift in the microbial community in the euphotic zone
(Zhang et al., 2011). Robidart et al. (2018) conducted a mixed
experiment in the subtropical circulation of the North Pacific
and revealed that deep-water nutrients and particles had distinct
effects on key members of the surface community, including
Prochlorococcus, Synechococcus, eukaryotic phytoplankton, N2-
fixing cyanobacteria, and viruses. The contribution of MGI
Thaumarchaeota to total picoplankton abundance and total
active cells increased with depth, and the contribution of MGI
in the upper mesopelagic water was greater inside the cyclonic
eddy system relative to outside the system in the South China
Sea (Zhang et al., 2009). However, little is known about how
the western Pacific mesoscale eddies influence the active archaeal
community (especially MGII) in the DCM.

Here, we conducted a set of small-scale mixing experiments
to better characterize the effect of mesoscale eddies on the
relationships in archaea communities between DCM and 400 m
mesopelagic waters. Specifically, we studied shifts in archaeal
communities of the DCM that occurred in response to vertical
mixing with 400 m water through Illumina sequencing of the
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16S rRNA gene and 16S rRNA transcripts. We hypothesized
that heterotrophic microorganisms in the DCM layer could grow
rapidly after being stimulated by fresh substrates, which were
brought from the 400 m waters and produced by autotrophic
microbes, thereby promoting the metabolism of organic matter
in DCM layer and affecting the regional carbon cycle.

MATERIALS AND METHODS

In situ Seawater Sample Collection
A culture experiment was conducted during the R/V Kexue
cruise (October 15th, 2017–November 16th, 2017) in the western
Pacific Ocean (Figure 1). DCM (90 m) and mesopelagic (400 m)
seawater samples were collected and stored in sterile barrels at
7.75◦ N, 130◦ E on October 31, 2017.

Vertical Mixing Culture Experiment
The mixed culture experiment in this study simulated mixing of
deep seawater (400 m) and the surface DCM layer (90 m) by
mesoscale cyclonic cold eddies in the western Pacific. Compared

with the DCM layer, the 400 m layer is a high-pressure, low-
temperature marine environment with little sunlight. Sixty liters
of DCM seawater and 10 L of 400 m seawater were collected
on October 31, 2017 (Figure 1). Among these samples, 45 L of
DCM seawater and 3 L of 400 m seawater were filtered with a
0.22 µm Nuclepore polycarbonate membrane filter (Whatman,
NJ, United States) to remove microorganisms, yielding the
“DCM ultrafiltrate.” Next, 10 L of DCM seawater and 3 L of
400 m seawater were filtered with a 1.2 µm GF/C membrane
(Whatman, NJ, United States) to remove phytoplankton, yielding
the “DCM microbes” or “400 m microbes”, respectively. All
filtered water samples were kept in dark, sterile barrels before
mixing. A total of four groups were set up in this microcosm
experiment, with three parallel in each group: (1) only DCM
ultrafiltrate (= Blk); (2) DCM ultrafiltrate + DCM microbes
at a 4:1 v/v ratio (= Con); (3) DCM ultrafiltrate + DCM
microbes + 400 m ultrafiltrate in a 3:1:1 v/v ratio (= DCM);
and (4) DCM ultrafiltrate + 400 microbes in a 4:1 v/v ratio
(= MSW). The volume of each parallel after mixing was
4.5 L (Figure 2). The mixed samples were all placed in a
temperature-controlled laboratory at 18◦C for 24 h and shaken

FIGURE 1 | Map showing the sampling station (A), sea surface height (B), and distribution of temperature (C), salinity (D), and potential density anomaly σt (E) in the
upper 1000 m. KC, Kuroshio Current; NEC, North Equatorial Current; NECC, North Equatorial Countercurrent; ITF, Indonesian throughflow; NGCC, New Guinea
Coastal Current; ME, Mindanao Eddy; HE, Halmahera Eddy. Dataset of sea surface height was downloaded from Archiving Validation and Interpolation of Satellite
Oceanographic Data, AVISO; http://www.aviso.altimetry.fr/
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FIGURE 2 | Simulation of the water mixing cultivation experiment. DCM seawater means DCM seawater filtered through a 0.2 µm polycarbonate filter, DCM microbe
means DCM seawater filtered through a 1.2 µm glass microfiber filter, 400 m seawater means 400 m seawater filtered through a 0.2 µm polycarbonate filter, 400 m
microbe means 400 m seawater filtered through a 1.2 µm glass microfiber filter. Each culture system was 4.5 L in volume, and three parallel experiments were
conducted. Seawater and microbes were always mixed in a 4:1 ratio. Blk was checked for the removal of microorganisms from seawater. The number in the arrow
represents the mixing ratio. All experiments were performed at 18◦C in the dark for 24 h.

once in the middle of the incubation to ensure that samples
remained evenly mixed.

All the samples were filtered through 0.22 µm Nuclepore
polycarbonate membrane filters (Whatman, NJ, United States) at
the end of the incubation experiment. These membrane samples
were stored in liquid nitrogen until RNA/DNA extraction.
Approximately 2 L of each sample was filtered through 0.22
µm Nuclepore polycarbonate membrane filters (Whatman,
NJ, United States) at the end of the incubation experiment.
These membrane samples were stored in liquid nitrogen until
RNA/DNA extraction. Because of the limitations associated with
the field culture experiment conditions, we could only use one of
the three parallel groups for RNA extraction, and the other two
are used for DNA extraction for 16S rRNA, amoA, and accA gene
detection, while monitoring the parallel experimental groups.
Dissolved organic carbon (DOC) samples were filtered through
0.4 µm nylon filters (Rephile, Shanghai, China), and nutrient
samples were filtered through 0.4 µm Nuclepore polycarbonate
membrane filters (Whatman, NJ, United States); samples were
then stored in a freezer at−20◦C.

Chemical Parameter Analysis
After the DOC samples were acidified, oxygen was purged
to remove dissolved inorganic carbon, and samples were
analyzed with a total organic carbon (TOC) analyzer (TOC
L-CPH, Shimadzu, Japan) using the high-temperature catalytic
oxidation method. Nutrients (silicate, phosphate, and nitrite)
were determined photometrically by an auto-analyzer (Model:
Skalar SANplus) with precision of < 5–10%. Seawater references
were run with each batch of samples to check the precision of
nutrient analysis.

DNA and RNA Extractions
Total DNA was extracted from two randomly selected replicate
filters from the 24 h (T24) samples using a MoBio PowerSoil R©

DNA Isolation Kit (MOBIO Laboratories, Carlsbad, CA,
United States). Total RNA was extracted from the last filter
from the 24 h (T24) samples using an E.Z.N.A. Soil RNA
Mini Kit (Omega Bio-Tek, Norcross, GA, United States).
The RNA was subsequently converted to cDNA using the
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HiScriptTM Q RT SuperMix for qPCR (+ gDNA wiper) Kit
(Vazyme Biotech, China). Final concentrations and purity of the
DNA and cDNA were measured spectrophotometrically with a
NanoDrop ND2000 (Thermo Fisher Scientific, Wilmington, DE,
United States). The extracted DNA and cDNA were stored at
−80◦C until further analysis.

PCR Amplification, Illumina MiSeq
Sequencing, and Sequence Data
Processing
To decrease polymerase chain reaction (PCR) bias, we performed
the minimum number of PCR cycles required to produce
a product; furthermore, three independent PCR mixtures
were pooled for each sample. The V4–V5 hypervariable
regions of the archaeal 16S rRNA genes were amplified
using the primers 524F10extF (5′-TGYCAGCCGCCGCGGTAA-
3′) and Arch958RmodR (5′-YCCGGCGTTGAVTCCAATT-3′)
(Pires et al., 2012) and the following amplification conditions:
denaturation at 95◦C for 3 min; 35 cycles of denaturation
at 95◦C for 30 s, annealing at 55◦C for 30 s, and extension
at 72◦C for 45 s; and an extension at 72◦C for 10 min
and cooling at 4◦C. The V4–V5 hypervariable regions of
the bacterial 16S rRNA gene were amplified using the
primers 515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-
CCGTCAATTCMTTTRAGTTT-3′) (Xiong et al., 2012) and the
following amplification conditions: denaturation at 95◦C for
2 min; 25 cycles of denaturation at 95◦C for 30 s, annealing at
55◦C for 30 s, and extension at 72◦C for 30 s; and an extension at
72◦C for 10 min and cooling at 4◦C. The Archaeal amoA gene
fragments were amplified using the primers Arch-amoAF and
Arch-amoAR (5′-GCGGCCATCCATCTGTATGT-3′) (Francis
et al., 2005) and the following amplification conditions:
denaturation at 95◦C for 3 min; 35 cycles of denaturation at 95◦C
for 30 s, annealing at 55◦C for 30 s, and extension at 72◦C for
45 s; and an extension at 72◦C for 10 min and cooling at 4◦C. The
accA gene fragments were amplified using primers Cren529F (5′-
GCWATGACWGAYTTTGTYRTAATG-3′) and Cren981R (5′-
TGGWTKRYTTGCAAYTATWCC-3′) (Yakimov et al., 2009)
and the following amplification conditions: denaturation at 95◦C
for 4 min; 35 cycles of denaturation at 95◦C for 40 s, annealing at
51◦C for 40 s, and extension at 72◦C for 90 s; and an extension at
72◦C for 10 min and cooling at 4◦C.

For Illumina MiSeq sequencing, PCR products were purified
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
United States) per the manufacturer’s protocol and then
quantified by QuantiFluorTM-ST (Promega, United States).
Reaction mixtures were pooled in equimolar ratios and paired-
end reads were generated on an Illumina MiSeq PE250 (Majorbio
Bio-Pharm Technology Co., Ltd., Shanghai, China).

Sequence Data Processing, OTU
Clustering, and Taxonomic Assignment
Raw Illumina FASTQ files were demultiplexed, quality-filtered,
and analyzed using Quantitative Insights into Microbial Ecology
(QIIME) (version 1.17) (Caporaso et al., 2010) using criteria
described previously (Li et al., 2014). Operational taxonomic

units (OTUs, 97% similarity cutoff) were clustered using
UPARSE (version 7.1)1. Chimeric sequences were screened
using UCHIME. The abundances of OTUs from each sample
were determined by OTU clustering. Reads from each sample
were assigned to each OTU, and an OTU table was generated
using the “usearch_global” command. To obtain the taxonomic
information for each species corresponding to an OTU, the
Ribosomal Database Project (RDP) Classifier2 was used for
taxonomic analysis of representative OTU sequences. The
community composition of each sample was calculated at
the genus level.

Phylogenetic Analyses
The sequences of the representative OTUs in this study
were blasted against GenBank by BLAST3 to obtain reference
sequences. The sequences of representative OTUs and selected
reference sequences from the database were aligned using Clustal
W. A maximum likelihood phylogenetic tree was generated in
MEGA6 using the neighbor-joining method with 1000 bootstrap
replicates (Tamura et al., 2013) and was visualized in iTOL
(Letunic and Bork, 2007).

Statistical Analyses
Alpha diversity metrics, principal coordinates analyses (PCoAs)
using Bray–Curtis distances, and inter-group differential species
test based on chi-square test were performed using the free online
Majorbio I-Sanger Cloud Platform4.

Nucleotide Sequence Accession
Numbers
Sequence data in this study were entered into the NCBI Sequence
Read Archive (SRA) under BioProject ID PRJNA511510
and PRJNA634930.

RESULTS

Description of Site Environmental
Characteristics
The sampling collection station was located close to a mesoscale
eddy center (ME, 7◦N, 128–130◦E). In situ physical profiles
(i.e., temperature and salinity as a function of depth) were
obtained from CTD information. In the area affected by ME
at 130◦E, the sea level was lower than the surrounding areas,
and the temperature, salinity, and density lines were markedly
increased (Figure 1 and Supplementary Table S1). At 90 m, the
temperature was 24.0◦C, salinity was 34.8, oxygen concentration
was 5.2 mg/L, and the concentration of DOC was 59 µmol/L.
In contrast, the region at 400 m was a low-temperature and
high-pressure environment. The temperature dropped to 7.7◦C,
the salinity changed slightly (34.5h), and the oxygen and DOC

1http://drive5.com/uparse/
2http://rdp.cme.msu.edu/
3https://blast.ncbi.nlm.nih.gov/Blast.cgi
4www.i-sanger.com
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concentration decreased to 3.1 mg/L and 47 µmol/L, respectively.
In addition, the concentrations of nutrient (nitrate, silicate, and
phosphate) in 400 m seawater was higher than that in 90 m
seawater (Supplementary Table S1).

Varies in Chemical Parameters During
Cultivation
Since the DCM and MSW groups consisted of seawater from
the 400 m layer, initial nutrient concentrations were higher than
those in the Con group. After 24 h incubation experiments, the
concentration of DOC decreased in the three groups. Compared
with Con, DOC in DCM and MSW decreased significantly,
especially in the DCM group (by 23 µmol/L). Mixing resulted
in higher initial nitrate content in the DCM combined MSW
group than those in the other three groups, and after 24 h,
nitrate was consumed in the DCM group and accumulated in the
MSW group. In addition, silicate and phosphate levels remained
relatively stable throughout the experiment (Figure 3).

Distribution and Composition of Total
(DNA) and Active (RNA) Archaeal
Communities in Each Mixing Group
PCR was successfully performed with DCM, MSW, and Con
samples, but no PCR products were obtained from Blank
(Blk) samples (Supplementary Table S2). PCoA analysis based
on the sequencing data showed consistent clustering of DNA

samples in each group (Figure 4), indicating that the culture-
based experiments were highly replicable. There were significant
differences (p < 0.01) between RNA and DNA in both the Con
and DCM groups, whereas the total and active communities
were clustered in the MSW group. Our results revealed possible
archaeal community in the DCM layer with and without vertical
mixing. Furthermore, the sequencing results of the functional
genes on the PCoA distribution distinguished the three groups
clearly, and 16S rRNA, amoA, and accA showed similar
distribution trends. Specifically, the compositions of MSW in 16S
rRNA, amoA, and accA were significantly different from those in
the other two groups (p < 0.01) (Supplementary Figure S1).

After sequencing, we obtained a total of 413,804 high-quality
archaeal V4–V5 Illumina sequences from both total (DNA) and
active (RNA) communities. There were 31,051 archaeal reads per
sample after subsampling. Based on the 97% similarity cutoff,
there were 94 archaeal OTUs in the complete OTU dataset, and
Euryarchaeota (20.3%) and Thaumarchaeota (78.9%) were the
main phyla detected. The main families within Euryarchaeota
were MGII and MGIII, and the most abundant class within
Thaumarchaeota was MGI.

Figure 5 shows that there were some variations in the
percentage compositions among the groups at the genus level. For
total archaeal communities, Nitrosopelagicus was the dominant
genus in the Con (87.0%) and DCM (97.1%) samples, and
uncultured MGII members made up 12.2 and 1.6% of the
archaeal sequences in the Con and DCM groups, respectively.

FIGURE 3 | Chemical parameters in each group; DOC, dissolved organic carbon; * indicates a significant difference.
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FIGURE 4 | Principal coordinates analysis (PCoA) based on a Bray–Curtis distance matrix representing differences in the community structure of six groups at the
OTU level. The first and second principal components (PCo1 and PCo2) are shown, explained 71.23 and 23.95% of the variance in the dataset, respectively.
Triangles and circles indicate control active (RNA) and total (DNA) archaeal communities, respectively. Con, DCM, and MSW groups are represented by red, blue and
green, respectively.

FIGURE 5 | Distributions of genus-level taxa. Bars represent the relative abundance of Illumina sequences representative of each genus. Bacterial taxa represented
by less than 1% of reads are pooled as “others.” “Uncultured” means that the specific archaeal taxa cannot be classified at the genus level. The R before the sample
group name represents RNA (active), and D stands for DNA (total). The proportion of each sequence in DNA samples is the mean value of duplicate analyses.

However, uncultured MGIII members and Nitrosopumilus were
almost absent from these two groups (<1%). In the MSW
group, uncultured MGI (87.6%) members was the most abundant
genus; Nitrosopelagicus (6.4%) and uncultured MGII members
(5.9%) were two other abundant genera; and Nitrosopumilus and
uncultured MGIII members were less abundant than these three
genera (<1%). In contrast to the total archaeal communities,

the active MGII archaea represented 46.6 and 72.5% of reads
in the Con and DCM samples, respectively, and active MGIII
made up 9.2% (Con sample) and 6.8% (MSW sample) of the
sequences in total archaeal community. Uncultured MGI (86.8%)
members were the most abundant archaea in the MSW group,
demonstrating that the active archaeal communities of the MSW
group were quite different from those of the DCM or Con groups.
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Distribution of MGI in Each Group
Eight MGI OTUs possessed more than 1% of the reads
from either a single sample or from multiple samples. These
OTUs formed three distinctive clusters (Figure 6). OTU92
in MGI cluster 1 had 99.5% similarity with Candidatus
Nitrosopelagicus brevis strain CN25 (CP007026), an ammonia-
oxidizing enrichment culture collected from a depth of 25m in the
northeastern Pacific (35.46◦N, 124.91◦W) (Jung et al., 2018). This
OTU was predominant in both DCM and Con samples at the
DNA level, and the relative abundance of OTU92 reached up to
42.39% in the Con-RNA sample, whereas OTU92 accounted for
19.42% of the total DCM-RNA at the end of the culturing period.
OTU10 in MGI cluster 2 included 4.45% of the total sequences
from the MSW-RNA sample and displayed 99.1% similarity with
Nitrosopumilus cobalaminigenes strain HCA1 (NR_159206) (Qin
et al., 2017). The five OTUs in MGI cluster 3 were closely
related to MGI clones from an archaeal community at 670 m
in the mesopelagic zone of the North Pacific Subtropical Gyre
(Hansman et al., 2009), and the sequences of OTU2, OTU3,
OTU8, OTU14, and OTU42 possessed > 99.3% similarity with
the corresponding sequences in these clones. Sequences of these
five OTUs contributed the most to either active (83.11% of total
sequences) or total (79.36% of total sequences) communities in
400-m deep water but were seldom recovered from all of the
tested DCM and Con samples (Table 1).

Diversity of MGII in Each Group
Six MGII OTUs were abundant (>1% and present in at least
one sample) (Table 1). Among these OTUs, OTU90 had the

highest relative abundance in the DCM-RNA sample (up to
52.14%), which was approximately three times higher than that
in the Con-RNA sample (19.55%). This OTU represented only
0.32% of the total sequence abundance in the MSW-RNA sample.
OTU90 was phylogenetically associated (100% similarity) with
the clone CWP-B5 from the Ontong Java Plateau from the center
of the western Pacific warm pool (HQ529815) and the clone
KM3-85-F5 (99.5% similarity) from the deep Mediterranean,
which was clustered in subcluster O of MGIIb (Galand et al.,
2010). OTU90 had a 96% similarity with the metagenomic
fosmid clone MedDCM-OCT2007-C57 from the Mediterranean
DCM, which is named Candidatus Thalassoarchaea mediterranei
(KP211789) and belongs to the class Thalassoarchaea. In
addition, three other OTUs (OTU68, OTU73, and OTU87)
had 96.8–98.2% similarity with Ca. Thalassoarchaea mediterranii
(Figure 6).

Diversity of Archaeal amoA and accA
Genes
We analyzed seven representative OTUs of the AOA amoA
gene (> 1% and appeared in at least one sample). These
OTUs fell into two distinct phylogenetic clusters (Supplementary
Figure S2). Four OTUs (OTU77, 78, 47, and 82) within the
WCA cluster dominated in the DCM group (Table 2 and
Supplementary Figure S3). OTU77 had a 99.3% similarity
with Ca. Nitrosopelagicus brevis strain CN25 (CP007026), an
ammonia-oxidizing enrichment culture collected from a depth
of in the northeastern Pacific (35.46◦N, 124.91◦W). The relative
abundances of this OTU reached 85.23% in Con and 85.04%

FIGURE 6 | Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences of the representative OTUs based on 16S rRNA gene sequences from NCBI
GenBank. These OTUs were those that made up more than 1% of the reads from at least a single sample. The scale bar represents the estimated number of
nucleotide changes per sequence position. Percentage on nodes refer to the percentage of recovery from 1000 bootstrap resamplings. Only values > 50% are
shown. Limnohabitans australis strain MWH-BRAZ-DAM2D (NR_125544) was used as the outgroup. The color bar represents the percentage composition of reads
in an RNA sample.
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TABLE 1 | Relative abundance (%) of 16 OTUs represented by more than 1% of the reads from at least a single sample and their closest matches retrieved
from NCBI GenBank.

Phylogenetic group Relative abundance (%) Closest matches to 16S rRNA
genes in NCBI database

Con DCM MSW

Class Family Genus OTU RNA DNA RNA DNA RNA DNA Clone or culture (accession no.) Similarity

Thermoplasmata MGII OTU90 19.55 5.08 52.14 1.05 0.32 1.14 CWP-B5 (HQ529815) 100%

OTU73 8.17 1.95 12.98 0.39 0.84 0.75 CWP-C7 (HQ529853) 100%

OTU87 3.65 1.06 2.69 0.06 0 0.29 AU1369-69 (JQ181909) 99.8%

OTU68 10.38 2.54 1.84 0.05 0.03 3.30 CWP-A10 (HQ529782) 100%

OTU75 1.42 1.13 0.62 0.04 0 0.08 HF70_59C08 (DQ156348) 100%

OTU71 1.85 0.07 0.35 0.00 0 0.03 155D1_1456_BaajC (KJ608346) 100%

MGIII OTU9 7.47 0.61 5.31 0.16 0.53 0.05 AD1000-40-D7 (EU686628) 99.3%

OTU1 1.44 0.18 1.32 0.02 0.24 0.01 AU1370-28 (JQ181946) 99.8%

MGI Uncultured MGI OTU3 0.02 0.01 0.46 0.89 63.68 57.77 670m_Arch6 (EU817638) 99.3%

OTU2 0 0 0 0 8.24 8.11 670m_Arch10 (EU817640) 99.8%

OTU14 0 0 0.04 0.08 6.90 9.63 670m_Arch1 (EU817636) 99.8%

OTU12 0 0 0.01 0 3.72 3.46 2A-015 (FJ980947) 100%

OTU8 0 0 0.16 0.14 2.76 1.47 670m_Arch17 (EU817641) 100%

OTU42 0 0 0 0 1.53 2.38 670m_Arch7_0.5 (EU817645) 99.5%

Nitrosopumilus OTU10 0.22 0.00 0.07 0 4.45 0.06 Nitrosopumilus cobalaminigenes
strain HCA1 (NR_159206)

99.1%

Ca. Nitrosopelagicus OTU92 42.39 84.44 19.42 96.72 4.99 6.07 Candidatus Nitrosopelagicus brevis
strain CN25 (CP007026)

99.5%

Two DNA parallel averages were used to calculate the relative abundance values in the table.

in DCM, but only 12.08% in MSW. In contrast, three OTUs
(OTU48, 54, and 63) within the WCB cluster dominated in
the MSW group, but they are almost absent in Con and DCM
(Table 2 and Supplementary Figure S3). Three representative
OTUs retrieved from MSW were identical to clones in the same
depth (400 m) from different oceans. For example, OTU54

TABLE 2 | Relative abundance (%) of seven amoA OTUs represented by more
than 1% of the reads from at least a single sample and their closest matches
retrieved from ammonia-oxidizing archaea (AOA) amoA genes in the Fungene
and NCBI databases.

OTU Relative abundance
(%)

Closest matches to AOA amoA genes
in Fungene and NCBI database

Con DCM MSW Clone or culture
(accession no.)

Similarity

OTU77 85.23 84.04 12.08 Candidatus Nitrosopelagicus
brevis strain CN25 (CP007026)

99.3%

OTU78 4.41 5.04 1.38 Candidatus Nitrosopelagicus
brevis strain CN25 (CP007026)

98.6%

OTU47 4.7 3.41 0.43 608-75-amoA29 (GU181598) 100%

OTU82 3.02 3.29 0.34 MW_AamoA_100m_06
(AB703976)

100%

OTU54 0 0.65 15.16 712-400-amoA22 (GU181561) 100%

OTU48 0 0 13.08 6-400m_07 (KC596418) 100%

OTU63 0 0 4.72 a109.400.46d (JF272642) 100%

Two parallel averages were used to calculate the relative abundance values in the
table.

had 100% similar with clone 712-400-amoA22 (GU181561) in
the 400 m layer from the East China sea, and the other two
OTUs (OTU48 and OTU63) had 100% similarity with clone
6-400m_07 (KC596418) and clone a109.400.46d (JF272642) in
the 400 m water from the North Pacific and the Arctic Baffin
Bay, respectively.

Based on the top three abundant OTUs of the accA gene in
at least one sample, the phylogenetic tree showed two distinct
clusters – one with sequences from Con and DCM and the
other with sequences from MSW (Supplementary Figure S3) –
a topology consistent with that for 16S rRNA and amoA genes.
In the DCM group, OTU11 had the highest relative abundance
in Con (59.29%) and DCM (53.40%) but was seldom detected
in MSW (0.65%) (Table 3). OTU11 had 99.8% similar with
the uncultured thaumarchaeote clone S100 accA 21 (GQ507517)
found at a depth of 100 m from the South China Sea. The
second most abundant OTU71 had 98.8% similarity with an
uncultured thaumarchaeote clone (MF137423) from the East
China Sea. In the MSW group, OTU21 showed 99.3% similarity
with the uncultured thaumarchaeote clone D5-450m-accA-61
collected at a 450-m depth in the Gulf of Mexico, which
was the most abundant in MSW (64.77%). Approximately
5.52% sequences in the DCM sample belonged to OTU21,
but this OTU was not detected in the Con group (Table 3).
Compared with OTU21, OTU15, and OTU55 had lower relative
abundance but similar distribution trend (Table 3). Additionally,
no closest match of OTU86 from the DCM layer was detected
in the NCBI database, indicating that OTU86 may represent
a novel species.
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TABLE 3 | Relative abundance (%) of 12 accA OTUs represented by the top three
abundant reads from at least a single sample and their closest matches retrieved
from NCBI GenBank.

OTU Relative abundance
(%)

Closest matches to accA genes in
NCBI database

Con DCM MSW Clone or culture
(accession no.)

Similarity

OTU11 59.29 53.40 0.65 S100 accA 21 (GQ507517) 99.8%

OTU71 30.52 22.55 0.12 2014SepS39093 (MF137423) 98.8%

OTU21 0 5.52 64.77 D5-450m-accA-61 (KC349506) 99.3%

OTU15 0 0.36 7.66 Z500 accA 31 (GQ507619) 97.0%

OTU55 0 0.19 5.11 2014SepS6800118 (MF137701) 99.6%

OTU86 2.15 2.98 0 No match

Two parallel averages were used to calculate the relative abundance values in the
table.

Distribution of Total (DNA) Bacterial
Community in Each Mixing Group
After subsampling, we obtained 51,569 bacterial reads per
sample in the total (DNA) community. Based on the 97%
similarity cutoff, there were 107 OTUs in the complete
OTU dataset. Alphaproteobacteria was the dominant class in
all samples, ranging from 64.5 to 78.3% of the sequences.
Gammaproteobacteria was the second most abundant class in
all samples (15.9–24.4%). Class Flavobacteriia constituted 2.3–
10.6% of the bacterial sequences. Less than 50 of the 51,569
sequences of the phylum Cyanobacteria were recovered in each
group. Furthermore, no reads affiliated with known marine NOB,
including phylum Nitrospinae and Nitrospirae, were detected in
both datasets (Supplementary Figure S4).

DISCUSSION

Niche Differentiation of MGI Between the
DCM Layer and the 400 m Deep Water
In the open ocean, depth is a significant factor controlling the
distribution of AOA (Francis et al., 2005; Mincer et al., 2007;
Smith et al., 2016; Santoro et al., 2017). Phylogenetic analysis of
thaumarchaeal amoA divided the marine Thaumarchaeota into
two main clades based on depth: the shallow, water column “A”
(WCA) (Francis et al., 2005; Hallam et al., 2006) ecotype and
the deep, water column “B” (WCB) ecotype (Smith et al., 2016).
The WCA clade is generally detected at all depths, with the peak
abundance of the WCA amoA gene located near the top of the
nitracline (Santoro et al., 2017), whereas the WCB clade was
detected primarily below the photic zone (Beman et al., 2008;
Santoro et al., 2010). Ca. Nitrosopelagicus brevis strain CN25
was the only cultivated representative of the shallow, WCA clade.
There are currently no enrichments or isolates of the deep, WCB
clade (Santoro et al., 2019). In our study, sequences related to the
Ca. Nitrosopelagicus brevis strain CN25 were abundant in the
total and active DCM archaeal communities, indicating that the
WCA clade inhabited the DCM layer. Sequences of the six MGI
OTUs belonging to the distinct uncultured MGI cluster were

abundant in both active and total archaeal communities in the
400-m deep water sample. Closest relatives of these OTUs have
been collected from 670 m of the North Pacific Subtropical Gyre
(Hansman et al., 2009). These uncultured MGI archaeal groups
were reported that adapted to thrive in mesopelagic waters and
might possess an inorganic carbon fixation pathway (Hansman
et al., 2009). Our data on the niche differentiation of MGI are
consistent with previously observed ecotype-specific AOA in the
water column of the Pacific (Smith et al., 2016; Jing et al., 2017;
Santoro et al., 2017).

Stimulation of MGII in the DCM Layer by
Vertical Mixing With Deeper Waters
Phylogenetic analyses have identified the presence of two major
groups within MGII, and these groups are referred to as MGIIa
and MGIIb (Massana et al., 2000; Martin-Cuadrado et al., 2008;
Galand et al., 2009; Belmar et al., 2011). Previous work suggests
that the abundances of MGIIa and MGIIb vary seasonally and
that these two groups partition niches. For example, Galand
et al. (2010) found that MGIIb members developed in nutrient-
enriched waters during winter mixing, when phytoplankton
blooms occurred. In contrast, MGIIa members were abundant in
nutrient-depleted waters during summer stratification when the
phytoplankton stocks were relatively low. Furthermore, MGII is
relatively abundant in surface waters (DeLong, 2006) and within
DCM layers (Martin-Cuadrado et al., 2015; Orsi et al., 2015)
in oligotrophic seas. Our findings revealed that active MGIIb
members were predominant in the DCM in early November after
additional substrates had been brought from 400 m waters.

Although there are no cultured representatives of MGII
Euryarchaeota, metagenomic sequencing provides a powerful
strategy for uncovering the metabolic potential of MGIIa and
MGIIb. For example, two draft genomes of thalassoarchaeal
fosmid clones from the DCM in the Mediterranean Sea indicated
that these taxa have a non-motile photoheterotrophic lifestyle
(Martin-Cuadrado et al., 2015). Zhang et al. (2015) summarized
the key metabolic functions of MGII, with an emphasis on MGII
metabolic genes for the TCA cycle. A relatively high abundance
of sequences representing active Ca. Nitrosopelagicus brevis
strain CN25 was observed in Con-RNA (42.39%) and DCM-
RNA (19.42%) samples; this strain actively fixes inorganic carbon
via the 3HP/4HB cycle, which leads to the production of acetyl-
CoA (Santoro et al., 2010). Thus acetyl-CoA can serve as a
precursor for the TCA cycle in MGII members. In our study, five
dominant MGI-related OTUs (OTU2, OTU3, OTU8, OTU14,
and OTU42) in either MSW-RNA or MSW-DNA samples had
99.3–100% similarity with clones retrieved from the free-living
microbial community at a depth of 670 m at a Pacific site (Table 1
and Figure 6). The radiocarbon signatures of thaumarchaeal
DNA demonstrated that MGI members derive the majority of
their carbon from inorganic carbon fixation from the same
site (Hansman et al., 2009). A recent quantitative study of the
amoA and accA genes in the western Pacific revealed similar
distributional trends at depths greater than or equal to 100 m
as those documented in our study (Zhang et al., 2020). Our
sequencing data showed that in 400 m, the distribution trend
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of 16S rRNA, amoA, and accA genes was highly consistent,
confirming that the ammonia oxidation process of AOA and the
fixation of carbon dioxide were mutually coupled in our culture
experiments (Supplementary Figure S1). The growth of certain
heterotrophic MGII members in DCM-RNA samples could be
quickly stimulated by obtaining fresh organic carbon after being
mixed with 400 m deep waters. We also found that these five
MGI OTUs were almost absent from DCM-RNA and Con-RNA
samples, which may explain why the relative abundance of MGII
in the DCM-RNA sample was at least threefold greater than
that in the controls at 24 h. The DOC in the DCM group was
dramatically consumed (Figure 3), indicating that MGII also
promoted the degradation of organic matter in the DCM layer
after being stimulated. Our results are consistent with previous
observations of MGIIb bloomed in the DCM layer after water
column mixing during the winter (Martin-Cuadrado et al., 2015).
We infer that the marked changes in specific MGII taxa in the
DCM-RNA sample occurred in response to vertical mixing.

Active MGIII Members in the DCM Layer
With or Without Vertical Mixing
There were two OTUs represented by more than 1% of the reads
from only active archaeal communities in the DCM layer, either
with or without vertical mixing (Table 1). Panoceanic OTUs
are defined as clones that have identical or nearly identical 16S
rRNA genes that have been collected from distant geographical
locations (Martin-Cuadrado et al., 2008). OTU9 shared 99.3%
similarity with the low-GC genomic clone AD1000-40-D7
collected from a depth of 1000 m in the Adriatic Sea (EU686628).
Clone AD1000-40-D7 belonged to the panoceanic OTU D and
has a global distribution (Martin-Cuadrado et al., 2008). OTU1
had 99.8% similarity with clone AU1370-28 (JQ181946), which
was from surface seawater in the South Pacific Gyre and was the
only MGIII clone of the 38 total archaeal clones (Yin et al., 2013).

The first two MGIII clones were retrieved from 500 to
3000 m depths in the Northeastern Pacific in 1997 (Fuhrman
et al., 1992). Until Galand et al. (2009, 2010) reported
the presence of MGIII Euryarchaeota in the photic zone,
MGIII members had generally been considered low-abundance
members of archaeal communities in deep mesopelagic and
bathypelagic waters (Massana et al., 2000; López-García et al.,
2001; Martin-Cuadrado et al., 2008). As no representative of
MGIII Euryarchaeota has been cultivated to date, our knowledge
of the metabolic capacity of deep-sea MGIII taxa has been based
on comparative metagenomic analyses (Martin-Cuadrado et al.,
2008) or constructed partially to nearly completed genomes and
transcriptomes (Li et al., 2015). The epipelagic MGIII genomes
not only contain numerous photolyase and rhodopsin genes but
also harbor enzymes for glycolysis, the carboxylic acid cycle, and
the uptake and degradation of peptides and lipids, indicating
a photoheterotrophic lifestyle (Haro-Moreno et al., 2017). In
our study, MGIII OTUs 1 and 9 had low relative abundances
in the total archaeal communities, and incubation with or
without vertical mixing resulted in similar shifts in these two
representative MGIII OTUs in the DCM layer (Table 1). Thus,
if these specific MGIII taxa prefer to utilize substrates provided

by other microbes in the DCM layer, vertical mixing might not
greatly stimulate the growth of these MGIII members.

Potential Link Between AOA and MGIIb
The fixation of CO2 by marine microbes through
chemoautotrophic pathways is an important process for
providing fresh organic carbon in the deep sea, and the ammonia
oxidation process of AOA may be an important energy source
for the fixation of deep-sea organic carbon (Herndl et al., 2005;
Reinthaler et al., 2010; Könneke et al., 2014). The amoA gene
encodes the alpha subunit of a key enzyme in the ammonia
oxidation process: AMO (Jung et al., 2014). The amoA gene has
stronger specificity and higher resolution than the 16S rRNA gene
and can more accurately reflect the community structure and
distributional characteristics of AOA in environmental samples
(Mosier and Francis, 2008; Dang et al., 2010). In the genomes of
“Candidatus Nitrosopelagicus brevis strain CN25,” “Candidatus
Nitrosopumilus maritimus,” and “Candidatus Cenarchaeum
symbiosum,” a new autotrophic carbon fixing mechanism was
identified, the 3-hydroxypropionate/4-hydroxybutyrate pathway
(Hallam et al., 2006; Walker et al., 2010; Hu et al., 2011b; Santoro
et al., 2015). The accA genes encoding acetyl-CoA (acetyl-CoA)
carboxylase (one of the key enzymes in this pathway) have been
used as phylogenetic markers that reflect the ecological function
of MGI. qPCR studies have shown that accA gene abundance
is related to the abundance of amoA across the entire ocean
water column (Hu et al., 2011a) and also to the abundance of
thaumarchaeal 16S rRNA and the CO2 fixation rate (Bergauer
et al., 2013; Zhang et al., 2020). In our experiment, the parallel
niche differentiation of autotrophic archaea and an AOA was
confirmed by these genetic markers (aacA and amoA), showing
that the DCM layer and the 400-m layer were dominated by
different AOA groups (Figure 4 and Supplementary Figure S1).

The photoautotrophic cyanobacteria (Flombaum et al., 2013)
and chemolithoautotrophic AOA (Karner et al., 2001) represent
two major groups of marine planktons that are responsible for a
considerable fraction of primary production in the global ocean.
In our incubation systems, almost no marine cyanobacterial
sequences were detected (Supplementary Figure S4), and AOA
was the main microbial group making organic matter available
for heterotrophic microorganisms. Since the MGII metabolic
genes include coding functions related to the TCA cycle,
the intermediate acetyl-CoA produced during carbon fixation
through the 3HP/4HB pathway can be directly involved in
the metabolism of MGII as a precursor (Zhang et al., 2015).
The stimulation of MGII growth and DOC degradation were
observed in our culture experiment (Figures 3, 5). In contrast
to the Control and MWS treatments, two specific MGIIb taxa
within the DCM group, OTU90 and OTU73, grew rapidly after
receiving fresh substrate from 400 m water (Figure 6); this growth
coincided with a rapid decline in DOC in the DCM group
compared with the other two groups in the culture experiment
(Figure 3). Phylogenetic analysis revealed that OTU90 and 73
are photoheterotrophs of the Ca. Thalassarchaeaceae family
in the genera O1 and O4, respectively (Rinke et al., 2019).
Given the distinct AOA communities in the DCM and 400 m
layers, we hypothesize that the AOA in these two layers might
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FIGURE 7 | The possible mechanism by which the growth of Marine Group II Euryarchaeota is stimulated by carbon flow affected by mesoscale eddies. Particulate
organic matter (POM) produced in the upper ocean enters the ocean interior by sedimentation and physical mixing and releases NH4

+ under the action of
heterotrophic microorganisms. MGI Thaumarchaeota couples the oxidation of ammonia with carbon fixation in HCO3

− through the 3HP/4HB pathway, and the
intermediate acetyl-CoA can act as a precursor of the TCA cycle and participate in the metabolism of MGII. Much organic matter produced by ammonia-oxidizing
archaea stored in mesopelagic water is brought into the DCM layer by the mesoscale process. This new organic carbon provides a carbon source for heterotrophic
MGII members and rapidly stimulates the growth of specific MGII taxa. The CO2 produced during degradation is released into the atmosphere by sea–air exchange
or supplied to plankton of the DCM layer.

release different kinds of organic compounds into surrounding
waters and that the vertical mixing process helped pump
these substantial substrates from deep water to DCM layers
for the growth of certain members of MGIIb in the DCM
layer. Recent studies examining the metabolic interactions
between marine AOA and heterotrophic bacterial groups support
our speculations (Bayer et al., 2019a,b; Reji et al., 2019).
Our results highlight the potential role of vertical mixing in
linking the uncultured AOA in mesopelagic water and MGIIb
in the DCM layer.

Possible Mechanism of Marine Group II
Euryarchaeota Stimulation by Mesoscale
Eddy-Fueled Organic Carbon
The particulate organic matter produced in the upper ocean
enters the interior of the ocean (below the euphotic layer) by
sedimentation and physical mixing (Eppley and Peterson, 1979;
Ducklow et al., 2001) and releases NH4

+ under the action of
heterotrophic microorganisms (Karl et al., 1984; Kuypers et al.,
2018). MGI Thaumarchaeota couple the oxidation of ammonia
with carbon fixation so that organic matter is synthesized
and stored in the interior of the ocean (Figure 7). CO2 is
fixed in the form of HCO3

− through the 3HP/4HB pathway,
and the intermediate acetyl-CoA can act as a precursor of
the TCA cycle and participate in the metabolic processes of

MGII (Santoro et al., 2010; Li et al., 2015; Zhang et al., 2015).
Much organic matter produced by AOA that is only stored
in mesopelagic water is brought into the DCM layer by the
mesoscale eddies, and this new organic carbon provides a carbon
source for heterotrophic MGII members, rapidly stimulating the
growth of MGII members. CO2 produced during degradation is
released into the atmosphere by sea–air exchange or is supplied
to the plankton of the DCM layer (Offre et al., 2013; Zhang
et al., 2015). Niche partitioning of either MGI or MGII was
observed in this study, and the mesoscale eddies are considered
the main mechanism by which organic matter from the interior
of the ocean is brought to the DCM layer. Therefore, the
simulation of this physical process would facilitate predictions of
regional carbon flow under the influence of mesoscale eddies and
how the flow might affect biogeochemical processes in regional
and global oceans.

CONCLUSION

In this study, we demonstrated the distinct niches occupied by
autotrophic MGI Thaumarchaeota between the DCM layer and
mesopelagic water. We have shown that new substrates obtained
by the upwelling of seawater by mesoscale cold eddies quickly
stimulated the growth of specific MGIIb euryarchaeal taxa at
the DCM layer. Given the non-motile lifestyles of MGI in the
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open ocean (Lehtovirta-Morley et al., 2011) and MGII in the
DCM layer (Martin-Cuadrado et al., 2015), we hypothesize that
this physical process is the major contributor bringing this new
organic matter from the interior of the ocean into the upper
layer. Our results provided novel insights into the mechanisms
underlying shifts in active archaeal community composition
by vertical mixing in the western Pacific Ocean. Additional
studies of the enrichment and isolation of representative AOA
and MGII as well as metagenomics analysis will strengthen
our understanding of how the interaction between these
two significant archaeal groups responds to mesoscale eddy
perturbations in the open ocean.
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Clay layers are common in subsurface where microbial activities play an important
role in impacting the biogeochemical properties of adjacent aquifers. In this study, we
analyzed the community structure and abundance of bacteria and archaea in response
to geochemical properties of six clay sediments at different depths in a borehole
(112◦34′0′′E, 30◦36′21′′N) of Jianghan Plain (JHP), China. Our results suggested that
the top two clay layers were oxic, while the remaining bottom four clay layers were
anoxic. Both high-throughput sequencing and qPCR of 16S rRNA gene showed
relatively high abundance of archaea (up to 60%) in three of the anoxic clay layers.
Furthermore, microbial communities in these clay sediments showed distinct vertical
stratification, which may be impacted by changes in concentrations of sulfate, HCl-
extractable Fe2+ and total organic carbon (TOC) in the sediments. In the upper two oxic
clay layers, identification of phyla Thaumarchaeota (11.2%) and Nitrosporales (1.2%)
implied nitrification in these layers. In the two anoxic clay layers beneath the oxic zone,
high abundances of Anaeromyxobacter, Chloroflexi bacterium RBG 16_58_14 and
Deltaproteobacteria, suggested the reductions of nitrate, iron and sulfate. Remarkably,
a significant portion of Bathyarchaeota (∼25%) inhabited in the bottom two anoxic clay
layers, which may indicate archaeal anaerobic degradation of TOC by these organisms.
The results of this study provide the first systematic understandings of microbial activities
in subsurface clay layers at JHP, which may help develop microorganism-based
solutions for mitigating subsurface contaminations.

Keywords: bacteria, archaea, diversity and abundance, clay sediment, Jianghan Plain

INTRODUCTION

Clays and clay minerals are abundant in soils, sediments, and subsurface (Dong et al., 2009;
Dong, 2012). In subsurface, clays and clay minerals are often found in the sediment layers with
different depths, where they impact microbial activities substantially. For example, iron (Fe)-rich
clays and clay minerals function as electron donors and/or acceptors to support microbial growth
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(for reviews, see Dong et al., 2009; Dong, 2012; Shi et al., 2016).
The clays rich in aluminum oxides (Al2O3), however, inhibit the
growth of sulfate-reducing bacteria (SRB) (Wong et al., 2004).
This is consistent with the observations that microbial sulfate
reduction activity in subsurface clay layers is lower compared to
that in the adjacent sand layers (McMahon and Chapelle, 1991;
Ulrich et al., 1998). It was also suggested that microorganisms
in the subsurface clay layers converted complex organic matters
into low-molecular-mass fatty acids and hydrogen gas (H2) via
fermentation. These fermentation products diffused into the
surrounding environments (e.g., aquifers) where they were used
by SRB as electron donors to reduce sulfate (McMahon and
Chapelle, 1991; McMahon et al., 1992; Krumholz et al., 1997;
Fredrickson and Balkwill, 2006). Furthermore, recent results
demonstrated that dissolved organic carbon diffused from the
adjacent clay layer activated the microbial activity in aquifers,
which increased the arsenic (As) level in the groundwater of
aquifers (Mihajlov et al., 2020). Thus, microorganisms in the
subsurface clay layers impact the geochemical properties of not
only the clay layers, but also their surrounding environment,
such as the groundwater of aquifers. Finally, microbial activity
in subsurface clay layers also influences the diagenesis of
subsurface sediments, such as aquitard (McMahon et al., 1992;
Hesse and Schacht, 2011).

In addition to Fe(III)-reducing, Fe(II)-oxidizing and
fermentation microorganisms, other microorganisms have
been identified from subsurface clay layers. Bacteria related
to Proteobacteria and Firmicutes were found in a clay layer
that was 224 m deep (Boivin-Jahns et al., 1996). Analyses of
different clay layers of coastal subseafloor sediments from
Okhotsk sea identified a variety of bacteria and archaea, such as
green non-sulfur bacteria and deep sea archaeal group (Inagaki
et al., 2003). Different groups of bacteria were found in the
Opalinus clay rock from Mont Terri, Switzerland and Kisameet
Glacial clay from British Columbia, Canada, whose functions
range from CO2 fixation to sulfate reduction (Bagnoud et al.,
2016a,b; Svensson et al., 2017). Thus, a phylogenetically and
physiologically diverse groups of bacteria and archaea are
associated with subsurface clay layers.

Jianghan Plain (JHP) is a semi-closed Quaternary basin
in Hubei province, China, which was formed by the alluvial
sediments of the Yangtze River and Han River (Gan et al.,
2014). Because of intensive human activities, the aquifer systems
of JHP has been polluted with different contaminants, such as
ammonium (Du et al., 2017), As (Gan et al., 2014), antibiotics
(Tong et al., 2014), and phthalate esters (Liu et al., 2010), which
pose substantial health risks to the local residents. Thus, the
JHP subsurface has been subjected to rigorous investigation in
order to find the science-based solutions for mitigating the risks.
For example, microbiological investigation of the core samples
from the shallow subsurface of JHP revealed that the subsurface
bacterial communities and functional groups were influenced by
a variety of environmental factors, such as pH, Fe content, and
NH4

+. Results also showed existence of unique dissimilatory
arsenate-reducing bacterial communities in the JHP sediments
(Lu et al., 2017). Further analyses suggested that Fe(III)-reducing
and Fe(II)-oxidizing bacteria play crucial roles in controlling As

dynamic in the shallow sediments of JHP (Deng et al., 2018;
Zheng et al., 2019). Moreover, up to 192 bacteria species with
pathogenic potential were identified from 156 samples collected
from JHP groundwater (Wu et al., 2019). Geochemical analyses
also revealed that the shallow aquifer system (<50 m below
ground surface) in JHP consisted of multiple layers rich in clays
(Deng et al., 2018; Gan et al., 2018). However, the bacterial
and archaeal communities in these clay layers had never been
systematically investigated.

In this study, we used high-throughput sequencing and q-PCR
of 16S rRNA gene to investigate the bacterial and archaeal
community structure and abundance of six clay sediments at
different depths in a borehole from JHP shallow subsurface. We
further analyzed vertical distribution characteristics of microbial
community structure and functional potentials and determined
environmental factors that significantly impact the microbial
community structure.

MATERIALS AND METHODS

Site Description and Sampling
The sampling site (112◦34′0′′E, 30◦36′21′′N) was near a paddy
field at Guangmang village, Shayang county, Jingmen city, Hubei
province, China (Figure 1). This sampling site is located in the
northern part of JHP and lies on the western bank of Hang
River. A borehole with a depth of 30 m was drilled in September,
2017 using direct-mud rotary drilling technique. Based on the
lithological characters in this borehole, six representative clay
sediments samples were collected from the depths of 3, 5, 7, 9,
12, and 26 m and were placed in sterile anaerobic bag (Lu et al.,
2017). All the samples were stored and transported on dry ice in
the field. The samples along the depth were herein designated A1,
A2, A3, A4, A5, and A6, respectively.

Geochemical Analyses
In the laboratory, the external portions of the sediment cores
that may be contaminated and oxidized during sampling were
carefully removed in an anaerobic chamber filled with 97%
N2 and 3% H2 (Coy Laboratory Products, MI, United States)
(Lu et al., 2017). Only the internal parts were used for further
analyses. Each sediment sample was homogenized and split into
two portions to perform geochemical measurements and DNA
extraction, respectively. Prior to chemical analysis, sediment
samples were freeze-dried, homogenized and filtered through a
2.0 mm sieve. The pH value was analyzed using a Delta 320 pH
Analyzer (Mettler Toledo, OH, United States) in a suspension of
5 g sediment and 25 mL 0.01 M calcium chloride. Concentrations
of anion were measured by ion chromatograph (Dionex Aquion,
Thermo Fisher Scientific, MA, United States) equipped with
an ion exchange column (Dionex IonPac AS22 IC, Thermo
Fisher Scientific, MA, United States) after extraction with ddH2O
(a sediment-to-water ratio of 1:3). HCl-extractable Fe2+ was
determined using the Ferrozine-based assay (Islam et al., 2004).
Total Fe (FeTot), Mn (MnTot), and As (AsTot) concentrations in
the sediments were extracted by aqua regia and measured by
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FIGURE 1 | A geographic map showing locations of Jianghan Plain, China (A) and borehole site for clay sediment sampling in Jianghan Plain (B). The shadow area
in map (A) refers to the boundary of Jianghan Plain.

inductively coupled plasma optical emission spectrometer (ICP-
OES, Avio 200, PerkinElmer, MA, United States) and atomic
fluorescence spectrometry (AFS-9780, Haiguang, Beijing, China),

respectively. Total organic carbon (TOC) was determined by a
TOC analyzer (Vario TOC select, Elementar, Hesse, Germany).
All the samples were run in triplicates.
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DNA Extraction, 16S rRNA Gene
Amplification and High-Throughput
Sequencing
Genomic DNA in samples were extracted using DNeasy
PowerMax Soil Kit (Qiagen, Shanghai, China) following the
manufacturer’s instructions. DNA concentrations and quality
were determined by a Nanodrop One UV-Vis Spectrophotometer
(Thermo Fisher Scientific, MA, United States). The V4 region
of bacteria and archaeal 16S rRNA gene was amplified using
the primer 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and
806R (5′-GGACTACHVGGGTWTCTAAT-3′) combined with
Illumina adapter sequences, a pad and a linker, as well as
barcodes on the reverse primers (Jiang et al., 2016). PCR
amplification was carried out in a 50 µL reaction buffer
containing 25 µL Premix Ex Taq (TaKaRa Biotechnology,
Dalian, China), 0.5 µM of both forward and reverse primers,
60 ng DNA template using the following program: 5 min
at 94◦C for initialization; 30 cycles of 30 s denaturation at
94◦C, 30 s annealing at 52◦C, and 30 s extension at 72◦C;
10 min final elongation at 72◦C. Triplicate PCR reactions were
performed per sample and pooled together. After confirmed
by agarose gel electrophoresis, PCR products were mixed
in equidensity ratios according to the GeneTools Analysis
Software (Version 4.03.05.0, SynGene, Karnataka, India) and
then purified with EZNA Gel Extraction Kit (Omega Bio-tek,
GA, United States) (Chen et al., 2020). Sequencing libraries
were prepared using NEBNext Ultra DNA Library Prep Kit for
Illumina (New England Biolabs, MA, United States) following
the manufacturer’s recommendations. The library was sequenced
on an Illumina Hiseq 2500 platform (Guangdong Magigene
Biotechnology, Guangzhou, China) and 250 bp paired-end reads
were generated. Raw sequencing read of 16S rRNA gene in the
study were deposited in the NCBI Sequence Read Archive under
the accession number SRP216165.

Sequencing Data Processing and
Statistical Analyses
Raw sequence read of 16S rRNA with perfect matches to
barcodes were split to sample libraries. Forward and reverse
reads with at least 30 bp overlap and less than 25% mismatches
were joined using Fast Length Adjustment of SHort reads
(FLASH) (Magoc and Salzberg, 2011). The joined sequences
were trimmed using Btrim with a QC threshold of greater
than 30 over a 5 bp window size and a minimum length of
150 bp (Kong, 2011). After trimming the sequences containing
N base and sequences with the lengths of <248 or >255 bp,
the clean sequences were clustered to operational taxonomic
units (OTUs) by Uparse at a similarity level of 97% (Edgar,
2013). For each representative sequence in OTUs, the silva1

database (SSU r132) was used to annotate taxonomic information
at a minimal 50% confidence. Singletons in generated OTU
tables were removed and then samples were rarefied at
42,887 sequences per sample based on the least number of
sequences in the samples.

1https://www.arb-silva.de/

All statistical analyses in the study were performed with
the Vegan and Stats packages in R2 (Jiang et al., 2016). Alpha
diversity indices, such as Chao1, Shannon and equitability, and
library coverage were calculated. Correlation analysis was used
to evaluate the relationship between geochemical variables and
diversity indices as well as microbial community compositions.
The differences of microbial community composition among
samples were determined using principal coordinates analysis
(PCoA) (Wang et al., 2016). Three complimentary non-
parametric multivariate statistical tests including adonis,
ANOISM, and MRPP was performed to test the significance of
microbial community differences among different groups
(Jiang et al., 2016). Canonical correspondence analysis
(CCA) was performed to elucidate the relationship between
microbial community composition and geochemical variables.
Geochemical variables were chosen for CCA analysis based on
their significance calculated from individual CCA results and
variance inflation factors (VIFs) calculated during CCA (Van
Nostrand et al., 2009). Partial CCA (pCCA) was used to partition
variation observed in microbial community composition to these
selected geochemical variables (Lu et al., 2012b).

Quantitative Polymerase Chain Reaction
The universal primers bac331F (5′-TCCTACGGGAGGCAGC
AGT-3′)-bac797R (5′-GGACTACCA GGGTCTAATCCT
GTT-3′) and arch349F (5′-GYGCASCAGKCGMGAAW-3′)-
arch 806R (5′-GGACTACVSGGGTATCTAAT-3′) were
employed for quantification of bacterial and archaeal 16S
rRNA gene, respectively. The bacterial 16S rRNA gene from
Shewanella surugensis strain c959 and archaeal 16S rRNA gene
from Methanospirillum sp. clone sagar113 were synthesized (Lin
et al., 2012b) and cloned into pUC57-Kan as the quantitative
polymerase chain reaction (qPCR) standards. PCR amplification
was carried out in a 20 µL reaction buffer containing10 µL
PowerUp SYBR Green Master Mix (Applied Biosystems, Thermo
Fisher Scientific, MA, United States), 0.5 µM of both forward
and reverse primers, 60 ng DNA template using the following
program: 2 min at 95◦C for initial denaturation; 40 cycles of
15 s denaturation at 95◦C, 60 s annealing/extension at 60◦C.
All reactions were performed in triplicates. The melting curve
analysis was performed to verify reaction specificity. The
correlation coefficients (R2) of linear plots between the Ct value
and log (copy numbers/reaction) for bacterial and archaeal
16S rRNA genes were 0.995 and 0.992, respectively. The qPCR
amplification efficiencies were in the range of 92–103%.

RESULTS AND DISCUSSION

Sediment Geochemistry
The grain size of sediments along the borehole generally ranged
from clay to silt to fine-medium sand. The sediment color shifted
dramatically from yellow-brown in upper layer (0–6 m) to gray
in lower layer (6–30 m) (Figure 2). The physical properties of
sediments in the borehole implied that an interface of vadose and

2http://www.r-project.org/
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FIGURE 2 | Vertical lithological profile of the borehole (left part) and physicochemical properties of sediment samples at different depths from the borehole (right
part). The lithologies in the borehole were represented with the colors and textures defined for sediments at corresponding depths. The boxes represent core
textures, which include clay, silt, fine sand, medium sand, and gravel. The colors depict the physical appearance of the core. The top portion of the core that
includes A1 and A2 clay layer appears yellow-brown, while the remaining portion appears gray.

saturated zone may occur near 6 m below the ground, which is
very close to water level in JHP reported by Gan et al. (2018).
Distinct geochemical characteristics occurred among upper layer
samples (A1 and A2), middle layer samples (A3 and A4) and
bottom layer samples (A5 and A6) (Figure 2). Sediment pH
values were slightly acid, ranging from 6.55 at sample A4 to
6.92 at sample A2 (Figure 2). Nitrate and sulfate concentrations
displayed a similar vertical distribution. The highest levels of
nitrate and sulfate were found at sample A1 and A2, while the
lowest were at sample A3 and A4 (Figure 2). TOC contents
ranged from 1.54 mg/g (sample A4) to 16.31 mg/g (sample
A5). High levels of Fe, Mn, and As were detected in all the
samples, which is comparable to those reported before (Gan et al.,
2014). The sample A3 contained the highest level of Fe, Mn,
and As, while the A4 contained the lowest. Samples A1 and A2
contained few HCl-extractable Fe2+, which was detected in all
other samples and their levels were much lower than that of total
Fe detected. Similar to that for total Fe and Mn, the highest level
of HCl-extractable Fe2+ was detected in sample A3 (Figure 2).
Compared to that in samples A1 and A2, sample A3 contained
much lower levels of nitrate and sulfate and higher level of Fe2+.
These results suggest a change from microbial aerobic respiration
of O2 in samples A1 and A2 to anaerobic respiration of nitrate,
sulfate and Fe2+ at sample A3 as well as an oxic to anoxic
transition zone between the depths of samples A2 and A3.

Alpha Diversity of Microbial Community
and Abundance of Bacteria and Archaea
A total of 328,827 sequences were originally obtained from six
sediment samples. After rarefaction at 42,887 sequences per
sample, 257,322 sequences remained. A large number of taxa

were detected in those samples, with 1,990–3,848 observed OTUs
and 2,492–4,250 predicted OTUs (Chao1) (Supplementary
Table 1). Library coverage of those samples ranged from
78.95 to 91.02%. Alpha diversity indices including richness,
Shannon diversity and equitability generally declined along
the borehole (Supplementary Figure 1). Moreover, Shannon
diversity displayed a significantly negative relationship with
depth (r = −0.829, p = 0.042). qPCR results showed the
abundance of total 16S rRNA gene in the samples ranged from
9.26 × 105 to 5.96 × 107 copies/g sediment. The samples
A3–A6 had approximately 10-fold less than the samples A1–A2
in 16S rRNA gene copies (Figure 3). The concurrent decrease
of alpha diversity indices and 16S rRNA gene abundance along
the borehole are most likely attributed to change of redox
condition. This is consistent with geochemical data that suggest
an oxic to anoxic transition between the depths of sample
A2 and A3. Previous results also demonstrated that compared
to that in the oxic zone of a terrestrial subsurface, microbial
population was much lower in the anoxic zone (Lin et al.,
2012a). Remarkably, archaea in these sediments constituted
a far larger proportion of the whole microbial community
(35.5% on average), as compared to other borehole sediments
in aquifer system (Lin et al., 2012a). In contrast to that (5.4–
9.4%) in the samples A1, A2, and A4, the relative abundances
of archaea in samples A3, A5, and A6 were up to ∼60%, which
suggests a dominant role of archaea in regulating biogeochemical
reactions in these subsurface clay layers (Castelle et al., 2015;
Anantharaman et al., 2016). A significantly positive correlation
between archaeal relative abundance and TOC content (r = 0.846,
p = 0.034) implied that extremely low TOC content in sample
A4 (Figure 2) might lead to dramatically drop of archaeal
relative abundance.
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FIGURE 3 | Vertical distribution of total 16S rRNA gene copy numbers (A) in
clay sediments with different depths and the relative abundance of archaeal
copy numbers to total 16S rRNA gene copy numbers (B).

Microbial Community Composition and
Function
The microbial community in all six clay sediments generally
comprised 67.5% bacterial phyla, 29.5% archaeal phyla, and 3%
unclassified phyla (Figure 4A). The dominant phyla in bacteria
mainly included Chloroflexi (17.5%), Proteobacteria (11.7%),
Acidobacteria (7.1%), Planctomycetes (4.0%), Actinobacteria
(3.7%), Patescibacteria (3.2%), Elusimicrobia (2.9%), NC10
(2.6%), and Firmicutes (2.3%), with respect to Bathyarchaeota
(16.2%), Euryarchaeota (6.1%), Thaumarchaeota (3.9%), and
Woesearchaeota (2.3%) being abundant in archaea (Figure 4A).
The presence of 3% unclassified phyla in this study implied
that subsurface clay layers in JHP maybe also nourish many
novel bacterial or archaeal organisms as same as the aquifer
adjacent to the Colorado River, near Rifle, CO, United States
(Castelle et al., 2015; Anantharaman et al., 2016), which is
deserved for the further investigation. The relative abundance of
archaea revealed by 16S rRNA gene sequencing was comparable
to that from q-PCR results, which highlights the importance
of archaea in those samples. Microbial community composition
in JHP subsurface clay layers is very similar to the aquifer
adjacent to the Colorado River, both of which have dominant
Chloroflexi, Proteobacteria and some archaeal phyla (Castelle
et al., 2013; Hug et al., 2013). Vertically, NC10, Euryarchaeota,
Thaumarchaeota, and Woesearchaeota were mainly found in
samples A1 and A2, whereas Bathyarchaeota and Elusimicrobia
dominate in samples A5 and A6. Besides, the abundances
of Bathyarchaeota and Elusimicrobia in clay sediments had a
significantly positive correlation with depth (Supplementary
Table 2). Chloroflexi and Proteobacteria were predominant in the
sample A3. At the class level, microbial community composition
was more diverse and even, and about 12.2% sequences were
not classified to known classes, suggesting the presence of novel

lineages in these samples (Figure 4B). Compared to the relatively
high proportions of Nitrososphaeria, Thermoplasmata, and
Methylomirabilales in the upper samples A1 and A2, the bottom
sediments from A5 and A6 were characterized by the presence of
Dehalococcoidia of Chloroflexi, 4–29 of Elusimicrobia, Subgroup
6 and 12 of Bathyarchaeota. In addition, sample A3 was
dominated by Anaerolineae and Deltaproteobacteria as well as
subgroup 11 of Bathyarchaeota. Based on all OTUs detected,
both PCoA and CCA ordination analyses showed that the
microbial communities were similar between samples A1 and A2,
between samples A3 and A4, and between samples A5 and A6,
respectively, whereas microbial communities among the three
groups (A1/A2, A3/A4, and A5/A6) were far apart (Figure 5A
and Supplementary Figure 2), suggesting a distinct difference
of microbial community among these three different zones of
clay layers. Furthermore, the difference of microbial community
among upper layer samples (A1 and A2), middle layer samples
(A3 and A4) and bottom layer samples (A5 and A6) was tested
to be significant, revealed by Adonis analysis (Supplementary
Table 3). All of these results demonstrated the unique microbial
communities resided in different subsurface clay layers of JHP.

Consistent with geochemical characteristics in the sediment
samples, the function potentials of microbial community also
displayed a distinct distribution along the depth. In the clay
sediments of A1 and A2, nitrification was identified. Ammonia-
oxidizing archaea (AOA) might outcompete ammonia-oxidizing
bacteria (AOB) and contribute to ammonia oxidation in
upper clay sediments, as indicated by high abundance of
Thaumarchaeota (Nitrosopumilales and Nitrososphaerales)
relative to these representative AOB (Supplementary Figure 3;
Herber et al., 2020). Nitrite produced by AOA could serve
as substrate for nitrite-oxidizing bacteria (NOB), such as
Nitrosporales, leading to nitrate accumulation in upper samples
(Figure 2; Daims et al., 2016). AOA and NOB abundance
significantly positively correlated to sulfate concentration and
negatively correlated to HCl-extractable Fe2+ concentration,
which further suggested the oxic condition in samples A1 and
A2 (Supplementary Figure 2 and Supplementary Table 2). In
addition, Woesearchaeota were mainly found in upper sediment
samples from the borehole (Supplementary Figure 3), which
coincide with its wide ecological niches ranging from oxic to
anoxic biotopes and might provide a series of intermediates
for other aerobes and anaerobes due to reported heterotrophic
and syntrophic lifestyle (Castelle et al., 2015; Liu et al.,
2018). The sediments of A3 and A4 were characterized by
the significant portion of microbial populations associated
with reductions of nitrate (Anaeromyxobacter and nitrate-
dependent methanotrophic Methanoperedens-like archaea), Fe
(Anaeromyxobacter and Chloroflexi bacterium RBG_16_58_14),
and sulfate (Deltaproteobacteria) (Supplementary Figure 3; He
and Sanford, 2003; Muyzer and Stams, 2008; Anantharaman
et al., 2016; Welte et al., 2016; Bell et al., 2020). This is consistent
with observations of low levels of nitrate and sulfate, but high
level of HCl-extractable Fe2+ in the samples A3 and A4, which
further support the idea of an oxic to anoxic transition between
the sediments of A2 and A3 (Figure 2). These microbial groups
may use TOC as energy and electron sources to reduce nitrate,
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FIGURE 4 | Microbial community structure of sediment samples at the (A) phylum- and (B) class-level. Only top 13 phyla and classes in abundance were displayed,
the rest phyla and classes were summed and assigned to others.

Fe, and sulfate. More importantly, reduction of iron and sulfate
causes As mobilization in JHP groundwater system (Deng et al.,
2018; Zheng et al., 2019). In aquifers, As is mainly adsorbed to
solid-phase iron minerals (Fendorf et al., 2010). Indeed, our
results also showed that amounts of AsTot detected correlated
with those of FeTot and HCl-extractable Fe2+, which are all
detected in the highest amounts in sample A3 (Figure 2). These
iron-reducing bacteria and sulfide produced by SRB in sample
A3 most likely reductively dissolve the iron minerals adsorbed
with As, which could release adsorbed As into the pore water of
clay sediments. It has documented that the pore water containing
dissolved As and As-mobilizing solutes, such as dissolved organic
carbon and competing ions, are expelled to the underlying

aquifer with extensive groundwater pumping, thus making
As contamination in aquifers even worse (Erban et al., 2013;
Mihajlov et al., 2020; Xiao et al., 2020). Methanogens, such as
Methanobacteriales, Methanocellales, and Methanosarcinales,
were also relatively abundant in A3 and A4 sediments, where
methane might be oxidized by methanotrophic microorganisms
by coupling with nitrate reduction (Supplementary Figure 3).
Significantly different with A1–A4 sediments, a substantial
portion of Bathyarchaeota (∼25%) consisting of mainly subgroup
6 and subgroup 12 were identified in the bottom A5 and A6 clay
layers. Given the common acetyl-CoA-centralized heterotrophic
lifestyle shared by all Bathyarchaeota subgroups (Zhou et al.,
2018; Feng et al., 2019), the Bathyarchaeota in these sediments
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FIGURE 5 | (A) Canonical correspondence analysis (CCA) of microbial
community composition and geochemical variables (TOC, sulfate,
HCl-extractable Fe2+). Geochemical variables were chosen based on
significance calculated from individual CCA results and VIFs calculated during
CCA. The percentage of variation explained by each axis is shown, and the
relationship is significant (p = 0.014). (B) Variation partitioning of microbial
community composition respond to significant geochemical variables.

could use organic substrates to grow. This was supported by
the significantly positive correlation between Bathyarchaeota
subgroup 6 abundance and TOC content (Supplementary
Table 2). The metabolites produced by Bathyarchaeota
might be used by other methanogens, such as members from
Methanofastidiosales and Crenarchaeote enrichment culture
clone_61-15f detected in the same layer sediments, to produce
methane (Supplementary Figure 3; Pavlova et al., 2014; Evans
et al., 2019). Furthermore, Bathyarchaeota itself in the bottom
clay layers might also have a potential of methanogenesis, which
was supported by methane metabolism found in Bathyarchaeota
genomes (BA1 and BA2) recovered from a deep aquifer (Evans
et al., 2015; Lloyd, 2015). Elusimicrobia, another microbial

population appearing in bottom samples A5 and A6 (Figure 4),
might contribute to various substrates for methanogens by
sugar fermentation to acetate, malate and butyrate, suggested
by recent reconstructed Elusimicrobia genomes analysis from
groundwater and other natural environments (Meheust et al.,
2020). Beyond methanogenesis, these fermentation products
could also to be used by the members in class Dehalococcoidia
residing in bottom samples A5 and A6 (Figure 4B) to respire the
organohalide, a widespread recalcitrant pollutant in groundwater
systems (Yang et al., 2020).

Relationship Between Microbial
Community Structure and Sediment
Geochemistry
Canonical correspondence analysis was used to determine the
most significant geochemical variables to shape the microbial
community structure of samples. On the basis of significance
(p < 0.05) calculated from individual CCA results and
VIFs calculated during CCA (Van Nostrand et al., 2009),
TOC, HCl-extractable Fe2+ and sulfate were chosen from all
geochemical variables to perform CCA. The specified CCA
model was significant (p = 0.014) and described 79.2% of
the total variation (the first axis explained 47.3% and the
second axis explained 14.3%) (Figure 5A). The microbial
community structure in sediments from A1–A2, A3–A4, and
A5–A6 appeared to be strongly affected by the concentrations
of sulfate, HCl-extractable Fe2+ and TOC, respectively, as
indicated by their proximity to those arrows in Figure 5A.
To further assess the contribution of above three variables to
microbial community structure, variation partitioning analysis
was performed (Lu et al., 2012a). Three variables explained
a large portion of the variation observed, leaving 24.1% of
the variation unexplained by these factors. HCl-extractable
Fe2+ alone accounted for 22.1% (p = 0.019), 23.5% of the
variation was attributed to sulfate (p = 0.026) and TOC
explained the largest amount of variation, 25.1% (p = 0.013)
(Figure 5B). Interactions between and among variables only
explained <3.5% of variation. These results suggest that sulfate,
HCl-extractable Fe2+ and TOC significantly influence the
microbial community structures of subsurface clay layers in
JHP, which was also reflected by functional potentials of
microbial populations.

CONCLUSION

Microbial community composition residing in different
subsurface clay layers of JHP generally consisted of 67.5%
bacterial phyla, 29.5% archaeal phyla, and 3% unclassified phyla.
Geochemical and microbial characterizations suggest that the
top two clay layers are oxic and the bottom four clay layers are
anoxic. High abundance of archaea (up to 60%) were observed
in three of the anoxic clay layers. The concentrations of sulfate,
HCl-extractable Fe2+ and total organic carbon significantly
shaped the microbial community structure in different clay
layers of subsurface. A distinctly vertical stratification of
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microbial communities in clay sediments was evident along
the borehole. In the upper two oxic clay layers, nitrification,
nitrite-dependent methane oxidation, and ammonium oxidation
may occur. Reduction of nitrate, iron and sulfate were mainly
found in the two anoxic clay layers beneath the oxic zone.
The bottom two anoxic clay layers were dominated by archaeal
anaerobic degradation of TOC and potential methanogenesis.
Additionally, large amounts of unclassified sequences suggested
that microorganisms with novel lineages might inhabit in
the subsurface clay layers of JHP. These results for the first
provide comprehensive insights into bacterial and archaeal
community structure and functional potentials in shallow
subsurface clay layers of JHP, which will help develop the
science-based solutions for mitigating the health risks associated
with JHP subsurface.
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Archaea are widespread in marine sediments and play important roles in the cycling
of sedimentary organic carbon. However, factors controlling the distribution of archaea
in marine sediments are not well understood. Here we investigated benthic archaeal
communities over glacial-interglacial cycles in the northern South China Sea and
evaluated their responses to sediment organic matter sources and inter-species
interactions. Archaea in sediments deposited during the interglacial period Marine
Isotope Stage (MIS) 1 (Holocene) were significantly different from those in sediments
deposited in MIS 2 and MIS 3 of the Last Glacial Period when terrestrial input to
the South China Sea was enhanced based on analysis of the long-chain n-alkane
C31. The absolute archaeal 16S rRNA gene abundance in subsurface sediments was
highest in MIS 2, coincident with high sedimentation rates and high concentrations
of total organic carbon. Soil Crenarchaeotic Group (SCG; Nitrososphaerales) species,
the most abundant ammonia-oxidizing archaea in soils, increased dramatically during
MIS 2, likely reflecting transport of terrestrial archaea during glacial periods with high
sedimentation rates. Co-occurrence network analyses indicated significant association
of SCG archaea with benthic deep-sea microbes such as Bathyarchaeota and
Thermoprofundales in MIS 2 and MIS 3, suggesting potential interactions among these
archaeal groups. Meanwhile, Thermoprofundales abundance was positively correlated
with total organic carbon (TOC), along with n-alkane C31 and sedimentation rate,
indicating that Thermoprofundales may be particularly important in processing of
organic carbon in deep-sea sediments. Collectively, these results demonstrate that the
composition of heterotrophic benthic archaea in the South China Sea may be influenced
by terrestrial organic input in tune with glacial-interglacial cycles, suggesting a plausible
link between global climate change and microbial population dynamics in deep-sea
marine sediments.

Keywords: benthic archaea, thermoprofundales, thaumarchaeota, terrestrial input of organic matter, glacial-
interglacial cycles
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INTRODUCTION

Long-term carbon sequestration in the form of organic matter
(OM) deposited in marine sediments plays an important role in
climate regulation. Currently, an estimated 7.8 × 1022 grams of
carbon are stored in marine sediments, including both terrestrial
and marine sources (Mackenzie et al., 2004). The contributions of
these distinct organic pools to marine sediment vary with climate,
geologic time, and geographic location (Stein, 1990; Schubert
and Calvert, 2001; Yamamoto and Polyak, 2009). Marine OM
from organisms in the water column contains predominantly
proteins and carbohydrates, whereas terrestrial components such
as lignocellulose derived from vascular plants are generally more
nitrogen-depleted (Hedges et al., 1997). It has been observed that
marine OM is broadly more reactive than terrestrial OM (Prahl
et al., 1997; Aller and Blair, 2004; Zhang et al., 2018; He et al.,
2020) and thus remineralization of terrestrial OM is much less
efficient than marine OM.

The differences in quantity and quality of organic matter likely
have important influences on deep-sea microbial assemblages,
which are generally considered food (organic carbon) limited
(Smith et al., 2008). Bathyal sediments below 2000 m water depth
comprise the majority of the sea floor (Dunne et al., 2007) and
are generally oligotrophic, with low organic carbon content and
low sedimentation rates (Seiter et al., 2004; Dunne et al., 2007).
Due to low respiration rates, dissolved electron acceptors such as
oxygen, nitrate, and sulfate can penetrate deep into oligotrophic
sediments on the scale of meters (D’Hondt et al., 2004; D’Hondt
et al., 2015). In contrast, coastal sediments are commonly rich
in organic matter, which can consume those electron acceptors
within millimeters to centimeters of the sediment depth.

Archaea, as an important component in the sedimentary
biosphere, constitute a significant portion of the global biomass
(Whitman et al., 1998; Danovaro et al., 2015; Hoshino
and Inagaki, 2019) and are key drivers of organic matter
remineralization in sediments (Biddle et al., 2006; Lloyd et al.,
2013; Zhou et al., 2018). Genomic and transcriptomic data have
shown that marine archaea can use diverse organic compounds
including fatty acids, carbohydrates, and lipids as sources of
carbon (Inagaki et al., 2006; Li et al., 2015). Archaea have
been reported to be of similar abundance with bacteria and
can even dominate in some marine sediments (Biddle et al.,
2006; Lipp et al., 2008; Vuillemin et al., 2019). Some archaeal
lineages are considered to constitute the in situ populations
in typical subsurface sediments (Inagaki et al., 2006; Parkes
et al., 2014). For example, Lokiarchaeota [previously referred
to as Marine Benthic Group B (MBGB) or Deep-sea Archaeal
Group (DSAG)] has been prominently observed in methane
hydrate-bearing sediments (Inagaki et al., 2006; Nunoura et al.,
2008; Dang et al., 2010). Bathyarchaeota [previously named
Miscellaneous Crenarchaeotic Group (MCG)] is widespread
in marine sediments, particularly the organic-rich sediments
on continental margins (Kubo et al., 2012; Wang et al.,
2020a). In addition, Thermoprofundales [formerly named Marine
Benthic Group D (MBGD)], Hadesarchaeota [formerly named
South African Gold Mine Euryarchaeotal Group (SAGMEG)],
and Halobacteriales (Halobacteriaceae, Deep Sea Euryarchaeotic

Group, and Marine Hydrothermal Vent Group) have also been
found in various oceanic regions (Sørensen and Teske, 2006;
Heijs et al., 2008; Wang et al., 2014; Wang et al., 2020b).

Ammonia-oxidizing archaea (AOA) of the phylum
Thaumarchaeota are ecologically widespread, occurring in
terrestrial and marine habitats worldwide, and significantly
contribute to global nitrogen cycle (Alves et al., 2018). AOA are
regarded as important players in fueling microbial communities
and sustaining oxic deep-sea benthic ecosystems (Orsi, 2018).
Marine group I (MG-I; also named Nitrosopumilales or Group
I.1a), the major AOA group in marine environments, constitutes
the most abundant archaeal group in the global oceans (Könneke
et al., 2005; Qin et al., 2014, 2020). MG-I in marine sediments
were found to be diverse and phylogenetically distinct from
those in water columns (Francis et al., 2005; Durbin and Teske,
2010; Wang et al., 2010). In contrast, Soil Crenarchaeotic Group
(SCG; also named Nitrososphaerales or Group I.1b) has been
found in various terrestrial environments such as soils (Tourna
et al., 2011; Bouskill et al., 2012; Hong and Cho, 2015; Schneider
et al., 2015), freshwater aquatic systems (Liu et al., 2014; Fillol
et al., 2015), and hot springs (Zhang et al., 2008). Recent research
has reported the identification of SCG over a wide spectrum of
marine sediments (Li et al., 2008; Park et al., 2008; Dai et al.,
2016; Alves et al., 2018) and even in a hadal trench (Nunoura
et al., 2013); thus, the occurrence and ecological significance of
this lineage is not fully understood.

While it is recognized that archaea are ubiquitous and play
a crucial role in elemental cycling (D’Hondt et al., 2002; Offre
et al., 2013), our understanding of the functions of marine
benthic archaea, and the influence of climatic forces on the
composition and function of marine benthic communities is
far from complete. The influence of glacial runoff on bacterial
communities in fjord sediments has been suggested (Pelikan
et al., 2019). Consistent with this observation, terrestrially
derived sediments have been shown to retain indigenous bacterial
communities in marine deep-sea sediments for tens of millions
of years (Inagaki et al., 2015). Additionally, analysis of 16S rRNA
gene clone libraries from subsurface continental slope sediments
has revealed that differences in bacterial and archaeal community
composition could be associated with depositional environments
(Nunoura et al., 2009). However, studies are lacking that integrate
biological analyses with terrestrial input biomarkers and the
geological time frames or climatic processes.

The South China Sea is one of the largest margin seas. Organic
matter on the continental slope has complex compositions,
which are affected by climate oscillations, especially glacial and
interglacial cycles (Zhao et al., 2017). The large expansion of
exposed continental shelf as the sea level decreased during the
Last Glacial Period, especially the Last Glacial Maximum (LGM),
led to an expansion of vegetation around the northern South
China Sea (Zhou et al., 2012). During that time, a large amount
of terrigenous material, including terrestrially derived organic
carbon (TerrOC), was transported to the deep ocean via river and
submarine canyons (Lin et al., 2016).

In this study, archaeal 16S rRNA gene characterization was
performed in sediment from the Pearl River Submarine Canyon
in the South China Sea to identify and quantify archaeal species
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in the context of geochemical and paleoecological signatures,
with a goal to understand the potential impact of terrestrial
input on deep-sea benthic archaeal community structure in South
China Sea sediments.

MATERIALS AND METHODS

Geological Setting and Sample
Collection
A sediment core from the Pearl River Submarine Canyon
(MD12-3433Cq; 19◦16.88′ N, 116◦14.52′ E; Water depth:
2125 m) in the South China Sea was obtained (Figure 1) using a
gravity corer during the Chinese-French joint MD190-CIRCEA
cruise (June 12 to June 30, 2012). This site is located about
380 km southeast of Hong Kong. The core consisted of highly
stratified sediments with colors from light (0 to 100 cmbsf) to
deep gray (100 to 820 cmbsf). The sediments were characterized
by continuous homogenous clay or silt without observable
bioturbations, suggesting a stable depositional environment.

On board the research vessel, samples for microbial (archaeal
and bacterial) analyses were carefully taken from the center of the
core using sterilized tools. Thirty-six subsamples were collected
into airtight sterile PVC tubes and stored in a−80◦C freezer until
further analysis. Samples from the sediment core were assigned
to one of the three Marine Isotope Stages (MISs) (Figure 2).
Sediments in the top 1 m belonged to MIS 1, those of the 1–3.5 m
depth MIS 2, and those below 3.5 m depth MIS 3. MIS 1 and MIS
3 represent interglacial periods while MIS 2 represents a glacial
period. MIS 3 is interstadial during the Last Glacial Period, which
spans from MIS 2 to MIS 4.

Determination of Environmental
Parameters
Total organic carbon (TOC) and total nitrogen were measured
by Vario Cube CN (Germany Elementar Company). Briefly,
sediment samples (around 0.5 g) were decarbonated by
acidification with 1 N HCl, rinsed three times with deionized
water until the pH value decreased to around 7, and dried
using a freeze dryer. Finally, the dried samples (∼20 mg
per sample) were manually ground, sealed in tin foil, and
loaded onto the analyzer for analysis. In a similar manner,
TC was measured without HCl treatment. In order to
eliminate the deviation from the weight loss of carbonates,
TOC was corrected using the following formula: TOC
(%) = TOCmeasured × (12−TC)/(12−TOCmeasured). Alkanes
were measured by GC-MS (Agilent) at State Key Laboratory of
Marine Geology (Tongji University) and grain size was measured
using Laser Diffraction Particle Size Analyzer (Beckman Coulter
LS230, United States). Water content was calculated as follows:
water content = (wet weight – dry weight)/wet weight. The
age model for this core was established by the planktonic
foraminiferal (Globigerinoides ruber) δ18O curve (Zhao et al.,
2017). Sedimentation rate (SR, unit:cm kyr-1) was estimated by
age and the thickness of the sediment column.

Porewater samples were collected on board the ship from
sediments using rhizon samplers (Seeberg-Elverfeldt et al., 2005),
which were equipped with vacuum syringes. Approximately 5-
10 ml volume of pore water was removed from the sediment
and filtered with 0.22 µm membrane. A total of 28 samples were
collected and frozen immediately at −20◦C for storage. Nutrient
analyses including nitrate, nitrite, ammonium and phosphate
were performed on a continuous flow analyzer (AA3, Seal
Analytical, Norderstedt, Germany). Sulfate and chloride contents
were measured by ion chromatography (ICS-1500; Dionex, CA,
United States) at Tongji University (Shanghai, China).

DNA Extraction and 16S rRNA Gene
Sequencing
Bulk DNA was extracted from approximately 0.5 g sediment
of each sampling depth with the FastDNA R© spin kit for soil
(MP Biomedicals, United States) following a modified version of
the manufacturer’s protocol. According to the results of a pre-
experiment, guanidinium thiocyanate (GTC) wash buffer (MP
Biomedicals, United States) was used to improve the efficiency
of DNA extraction. Sterilized quartz sand was used as control in
each DNA extraction process. In total, 35 samples were included
in the extraction. Archaeal 16S rRNA gene fragments were
amplified using specific primers Arch_524F 5′-barcode-TGY
CAG CCG CCG CGG TAA-3′ and 958_R 5′-YCC GGC GTT
GAV TCC AAT T-3′ (Liu et al., 2016; Liu C. et al., 2017; Cerqueira
et al., 2017), which cover the V4-5 regions. The V3 and V4 regions
of the bacterial 16S rRNA genes were amplified using the bacterial
universal primers 338F: 5′-ACTCCTACGGGAGGCAGCAG-3′
and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′ (Fan et al.,
2019). PCR reactions were conducted in triplicate in a 20 µL
reaction volume containing 0.8 µl of each primer (5 µM), 4 µl of
5 × FastPfu Buffer, 0.4 µl of FastPfu Polymerase, 2 µl of 2.5 mM
dNTPs, and 10 ng of template DNA. The PCR products were
sent to Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai,
China) for sequencing.

Briefly, 16S rRNA gene amplicons were extracted from 2%
agarose gels and purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, United States)
according to the manufacturer’s instructions and quantified using
QuantiFluorTM-ST (Promega, United States). The sequencing
library was prepared using the NEXTFLEXTM Rapid DNA-Seq
Kit (BIOO Scientific Crop., Austin, TX, United States) following
the manufacture’s recommendations. The purified amplicons
were pooled and paired-end (PE) sequenced (2 × 250) on
an Illumina MiSeq platform (Illumina Inc., San Diego, CA,
United States) according to standard protocols. The raw reads
were deposited into the NCBI Sequence Read Archive (SRA)
(PRJNA563932 and PRJNA667744).

Real-Time Quantitative PCR
Archaeal 16S rRNA genes were quantified by real-time
quantitative PCR (PIKO REAL 96, Thermo Fisher Scientific,
place, country) with Archaea-specific primers (Arch344F
5′-ACG GGG YGC AGC AGG CGC GA-3′ and Arch915R
5′-GTG CTC CCC CGC CAA TTC CT-3′) (Casamayor
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FIGURE 1 | Geomorphologic map of the northern continental margin of the South China Sea. Color bar on the right side represents water depth. The sediment core
location is indicated by the red star. The black dotted line is the Pearl River Canyon. The range of Pearl River Estuary is shown by a black solid line.

et al., 2002; Ohene-Adjei et al., 2007) targeting the V3-V5
region of the 16S rRNA gene. Each 10 µl qPCR reaction
solution consisted of 5 µl SYBR Premix Ex TaqTM II (TaKaRa
Bio Co., Kutsatsu, Japan), 1 µl of template DNA, 0.2 µl of
1 µM each primer, 0.1 µl Bovine Serum Albumin (BSA,
20 mg/mL) solution (TaKaRa Bio Co., Kutsatsu, Japan) and
3.5 µl deionized water. Sterilized water was used as a negative
control. The procedures for qPCR were as follows: 95◦C for
30 s; 35 cycles at 95◦C for 5 s, 55◦C for 30 s, and 72◦C for
1 min. The qPCR was done in triplicates for each sample.
The standard curve was obtained by using five 10-fold serial
dilutions of purified plasmid DNA from the cloned archaeal 16S
rRNA gene of Nitrosopumilus maritimus with the primer pair
Arch21F and Arch958R (DeLong, 1992). The R2 values for the
standard curves were greater than 0.98 and the amplification
efficiencies were between 85 and 88%. qPCR results were
rejected if the post-amplification melt curves showed evidence
of primer dimers.

Data Processing and Statistical Analysis
Raw Illumina fastq files were de-multiplexed, quality-filtered
and analyzed using QIIME (Quantitative Insights into Microbial
Ecology, version 1.9.1). Chimeric reads were filtered using
UCHIME (Edgar et al., 2011) and Operational Taxonomic Units
(OTUs) at 97% sequence similarity was done using UPARSE

(version 7.11). The taxonomy of each OTU was assigned using
the RDP Classifier2 against the Silva (SSU123) database using a
confidence threshold of 70%. All samples were normalized to
the lowest number of sequences (19,195 reads), since uneven
sequencing depth could affect microbial diversity estimates.
Rarefaction curves indicated that sufficient reads were obtained
for robust statistical analysis (Supplementary Figure 1).

Rarefaction curves, richness estimators (Chao) and diversity
estimators (Shannon index) were calculated with Mothur
software (version 1.34.4) (Schloss et al., 2009). Non-metric
multidimensional scaling analysis (NMDS) was used to
determine the degree of dissimilarity between pairs of archaeal
communities using the Bray-Curtis distance method. NMDS and
one-way analysis of similarity (ANOSIM: permutations = 999)
were executed with the vegan package in R version 3.5.1.
Visualization was handled in R using the ggplot2 graphics
package (Wickham, 2011).

An estimate of the absolute abundance of 16S rRNA gene
copies of SCG, MG-I, and Thermoprofundales per gram of
sediment was calculated by multiplying the absolute archaeal 16S
rRNA gene abundance (obtained by qPCR) by their respective
relative abundance from 16S rRNA gene sequencing (Lou et al.,
2018; Elovitz et al., 2019; Dorsaz et al., 2020).

1http://drive5.com/uparse/
2http://rdp.cme.msu.edu/
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FIGURE 2 | The depth profiles of total organic carbon (TOC), n-alkane C31, and sedimentation rate. The geological timescale (59 kyr-present) is shown on the right.
The Relative Seal Level is from Higginson et al. (2003). Samples were assigned to MIS 1, MIS 2, and MIS 3 according to the age model established by (Zhao et al.,
2017). LGM, Last Glacial Maximum.

Redundancy analysis (RDA) was conducted using PRIMER
v6.1.16 (Plymouth Routines In Multivariate Ecological Research,
PRIMER-E. Ltd., New Zealand) to examine the relationships
between archaeal communities and environmental parameters.
The distance matrix of archaeal groups, as response variables, was
calculated using the Bray-Curtis method. A stepwise method with
R2 value was applied for the selection of environmental factors.
The statistical significance of the RDA was further tested using
the Monte Carlo permutation test (999 permutations).

To examine associations between archaeal taxa, we analyzed
pairwise correlations of the relative abundance of archaeal OTUs
using Extended Local Similarity Analysis (eLSA) (Xia et al., 2011).
OTU abundance data were filtered including a mean minimum

occurrence of 2 OTUs per sample and the ratio of empty less
than 1/3. P-values were estimated using the “perm” approach
and “percentile Z” in the setting was used to normalize data (Xia
et al., 2013). False discovery rates (FDR Q-values) were calculated
to estimate the likelihood of false positives (Storey, 2003). The
whole sediment column was separated into two parts: samples in
MIS 1 and samples in MIS 2 and MIS 3, based on their similarity.
OTUs with significant correlations (P ≤ 0.05 and Q ≤ 0.01) were
visualized in Cytoscape (v3.7.0) (Shannon et al., 2003) together
with an attribute table of taxonomy.

A phylogenetic tree of AOA based on the 16S rRNA gene was
inferred with QuickTree (Howe et al., 2002) using the neighbor-
joining method with 1000 bootstrap replicates. Numbers at
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branch nodes refer to bootstrap values. Sequences used for
creating the phylogenetic tree include AOA sequences from
MD12-3433, the corresponding best Blast hits from NCBI,
published MG-I subgroup sequences (Durbin and Teske, 2010)
and MG-I sequences from the water column of the South China
Sea (Liu H. et al., 2017). Euryarchaeota sequences were used as
an outgroup. Visualization and annotation were conducted in R
software (V.3.5.1).

RESULTS

Pore Water Chemistry
Chloride and sulfate were measured immediately after the pore
water samples arrived at the home laboratory (Tongji University).
Nitrate, nitrite, ammonium, and phosphate were measured in a
later time at Tongji University. These parameters tended to be
unstable during measurements and the pore water samples were
transferred between two different labs, and may not have been
preserved appropriately during storage. Thus, only chloride and
sulfate were reported in this study (Supplementary Figure 2).

Sedimentation Rate, TOC and n-Alkane
C31
The sedimentation rate varied between 11.4 and 18.6 cm kyr-1

during MIS 3 and showed a general increasing trend with
younger sediments. On average, the sedimentation rates were
14.0 ± 2.7 cm kyr-1 in MIS 3, 19.6 ± 4.8 cm kyr-1 in MIS 2,
and 9.2 ± 1.9 cm kyr-1 in MIS 1 (Figure 2). The sedimentation
rates in the three MISs differed significantly as determined by
independent-sample two-tailed t-test (p < 0.001).

The TOC and n-alkane C31 content exhibited similar
variations as the sedimentation rate and a significant positive
linear correlation was observed (Supplementary Figure 3). The
TOC content varied between 0.73 and 1.08 wt% in MIS 3,
increased to its maximum value of 1.41 wt% at 1.75 m in MIS
2, and decreased to its minimum value of 0.57 wt% during
MIS 1. The n-alkane C31 content, a terrestrial biomarker, varied
from 96.7–188.1 ng/g in MIS 3, increased to a maximal value
of 285 ng/g in MIS 2, and was reduced to its minimum value
of 42.1 ng/g during MIS 1. The average TOC and n-alkane C31
values during MIS 2 (1.26 ± 0.10 wt% and 224.1 ± 45.44 ng/g,
respectively) were significantly higher (P < 0.01) than those in
MIS 1 (0.68 ± 0.09 wt% and 50.85 ± 8.79 ng/g, respectively) and
MIS 3 (0.89 ± 0.11 wt% and 132 ± 33.45 ng/g, respectively).
Mean TOC and n-alkane C31 values during MIS 3 were
significantly higher than those in MIS 1 (p < 0.01). The contrast
between MIS 1 and MIS 2 was sharper than the transition between
MIS 2 and MIS 3, which correlates with more drastic changes
in sea level between the MIS 1 and MIS 2 periods. Overall, the
sedimentation rate, TOC and n-alkane C31 were highest in MIS
2, reflecting maximal terrestrial input.

Archaeal Community Structure
16S rRNA Illumina tags were clustered into 793 unique OTUs,
with an average of 175 OTUs per sample. Good’s coverage values

exceeded 99.8%, which is indicative of a high level of diversity
coverage in the samples. Alpha diversity indices were calculated
using Chao 1 and Shannon (Supplementary Figure 4). Whereas
no obvious trend for the Shannon index was observed between
the three MISs, there was gradual increase in Chao 1 richness
from MIS 3 to MIS 2 and a gradual decrease from MIS 2 to MIS 1.

Lokiarchaeota and Bathyarchaeota were consistently
the predominant archaeal groups in the core (Figure 3).
Lokiarchaeota accounted for more than 50% of the archaeal
community and Bathyarchaeota accounted for approximately
14%. Thaumarchaeota were also significant components in the
samples. MG-I (Nitrosopumilales), the major Thaumarchaeota
lineage in oceans, accounted for over 60% of archaea in the
surface sediments (i.e., 0–5 cm) and the mean was 11.8 ± 14.5%
in MIS 1, but only 1.67± 0.56% in MIS 2 and MIS 3. MBGA was
most prevalent in MIS 1, accounting for 4.34% of the archaeal
population on average. A marked decrease in MG-I was observed
in MIS 2 and MIS 3; in contrast, the relative abundance of
Thermoprofundales and Hadesarchaeota was higher in sediments
deposited during these two stages. The latter two groups on
average comprised 10.53± 2.87 and 5.71± 6.54% of total archaea
in MIS 2 and MIS 3, respectively, which were much higher than
their presence in MIS 1 (2.70± 1.89% for Thermoprofundales and
1.02 ± 0.94% for Hadesarchaeota). The minor Thaumarchaeota
group SCG (Nitrososphaerales) varied from 0.05 to 3.45% and
reached its maximum abundance at 175 cmbsf.

Based on non-metric multidimensional scaling (NMDS)
analysis (Figure 4), MIS 1-derived samples clustered separately
from samples from the other periods. This was also supported by
pairwise ANOSIM tests (Figure 3).

Redundancy analysis (RDA) was used to identify
environmental factors that correlate with the archaeal
community structure. As displayed in Supplementary Figure 5,
the first and second canonical axes represented 79.9% (26.2% of
total) and 19.5% (6.4% of total) of the total variance observed,
respectively. RDA1 separated MIS 1 archaeal communities from
MIS 2 and MIS 3 communities. The n-alkane C31 (p < 0.01)
and TOC (p < 0.01) correlated significantly with the archaeal
communities and were highest in MIS 2 and MIS 3. While
TOC was significantly correlated with Thermoprofundales and
total nitrogen correlated best with SCG, n-alkane C31 was
closely related to Methanomicrobia, Ca. Poseidoniales, and
Hadesarchaeota. Additionally, MG-I and MGBA negatively
correlated with TOC and n-alkane C31. Notably, Lokiarchaeota
and Bathyarchaeota, the two most abundant groups in the
sediment core, did not correlate with TOC or n-alkane C31.

The qPCR Abundance of 16S rRNA
Genes of Archaea and AOA
The archaeal 16S rRNA gene copy number per gram of wet
sediment (/g.w.sdmt) ranged from 1.89 × 105 to 2.58 × 106

in MIS 3, and it gradually increased in MIS 2 followed by a
decrease in MIS 1 (Supplementary Figure 6A). The highest
gene copy number (8.39 × 106/g.w.sdmt) was found at 175
cmbsf, consistent with the highest concentration of TOC.
Overall, the mean archaeal 16S rRNA gene copy numbers
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FIGURE 3 | Taxonomic composition of archaeal communities based on 16S rRNA gene sequencing. Samples were divided into MIS 1, MIS 2, and MIS 3, and two
stages based on the terrestrial input intensity derived from n-alkane C31 [minus sign (–), low terrestrial input; plus sign (+), high terrestrial input]. The similarities were
analyzed by ANOSIM (*P < 0.01, N.S = not significant).

were 8.32 × 105/g.w.sdmt in MIS 1, 4.27 × 106/g.w.sdmt in
MIS 2 and 1.02 × 106/g.w.sdmt in MIS 3. The SCG 16S
rRNA gene copy number showed a similar trend with that of
archaea but was orders of magnitude lower. The SCG 16S rRNA
gene copy number varied between 6.46 × 102/g.w.sdmt and
1.70 × 104/g.w.sdmt (Supplementary Figure 6B). While a large
variation occurred between 50 and 100 cm during MIS 1, it
reached the maximum value of 3.31 × 105/g.w.sdmt at 175 cmbf
in MIS 2 and then decreased gradually to the lowest value of
1.82 × 103/g.w.sdmt in MIS 3. On average, the SCG gene copy
number was 3.63 × 103/g.w.sdmt in MIS 1, 7.59 × 104/g.w.sdmt
in MIS 2 and 7.41× 103/g.w.sdmt in MIS 3.

MG-I gene copy number exhibited a different pattern. MG-
I gene copy number showed a decreasing trend in MIS 1, with
three peaks at 35, 65 and 85 cmbsf. It decreased downward into
MIS 2 and MIS 3 with the lowest value of 2.14× 103/g.w.sdmt at
475 cmbsf in MIS 3. On average, the MG-I gene copy number was
5.50× 104/g.w.sdmt in MIS 1, 4.79× 104/g.w.sdmt in MIS 2 and
1.48× 104/g.w.sdmt in MIS 3.

Impact of Terrestrial Input on SCG and
Thermoprofundales
Five SCG OTUs with the highest relative abundances (OTU321,
OTU463, OTU650, OTU530, and OTU593) showed a drastic
increase during MIS 2 (Supplementary Figure 7A), suggesting
that they may be derived from terrestrial sources. These OTUs
displayed a consistent pattern of fluctuation, suggesting that
terrestrial input may be a significant factor shaping their
distribution. The distinct patterns of SCG OTUs present in
MIS 1 and MIS 3 may indicate varying influence of different
climatic factors on SCG sedimentation, in situ growth, and/or
preservation during periods of high and low terrestrial input.
Additionally, the absolute abundance of SCG was significantly
correlated with n-alkane C31 (R = 0.61), TOC (R = 0.63), and
sedimentation rate (R = 0.44) in the sediment core, suggesting
that it is of terrestrial origin (Supplementary Figure 8A).

SCGs in marine sediments consisted of OTUs −303, −42,
−453, −593, −463, −321, −74, −193, −650, −783, −530,
−594, −230, −494, −274, and −45. Interestingly, phylogenetic
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FIGURE 4 | The archaeal community structure in relationship to MIS stages by the NMDS analysis based on Bray-Curtis dissimilarities. Each dot represents a
sample and the colors indicated different groups. Ellipses denote 95% confidence intervals.

analysis demonstrated that SCG sequences obtained from marine
and terrestrial environments were not phylogenetically distinct
(Supplementary Figure 9).

The absolute abundance of Thermoprofundales also
showed significant positive correlations with n-alkane C31
(R = 0.54), TOC (R = 0.58), and sedimentation rate (R = 0.51)
(Supplementary Figure 8B). Further investigation showed that
the seven most abundant Thermoprofundales OTUs exhibited
a marked increase in MIS 2-derived samples (Supplementary
Figure 7B). The results indicated that Thermoprofundales
was significantly affected by terrestrial input. Overall, the
distributional patterns of Thermoprofundales OTUs were similar
to SCG OTUs, but with orders of magnitude higher abundance.

Interestingly, the ratio of sulfate to chloride was consistently
around 0.05 in the MIS 1-derived sediments (Supplementary
Figure 2), suggesting that there was no significant loss of sulfate
through dissimilatory sulfate reduction. The ratio decreased
gradually with increasing depth in MIS 2- and MIS 3-derived
sediments, suggesting sulfate reduction in the deeper sediments.
However, no known sulfate-reducing archaea (SRA) were found.
The profiles could be caused by sulfate-reducing bacteria (SRB) or
unknown SRA. We examined the bacterial data and indeed found
presence of SRB in all the sediment layers (present in very low
abundance). However, unlike archaea, the distributional patterns
of bacteria, including SRB, were unrelated to the terrestrial input
(Supplementary Figure 10).

Network Analysis of Archaeal
Communities
Both ANOSIM analysis and NMDS ordination analysis clearly
separated samples into two groups: MIS 1 and MIS 2 – MIS 3

(Figures 3, 4). As such, we constructed archaeal co-occurrence
networks to investigate the correlations between the OTUs within
MIS 1 (Figure 5A), and OTUs shared between MIS 2 to MIS
3 (Figure 5B). A highly connected cluster (module) of MG-I
OTUs was observed in the MIS 1 group, whereas only four MG-
I OTUs with two degrees were observed in the MIS 2 – MIS
3 group. In contrast, SCG OTUs exhibited an opposite pattern.
SCG OTUs were less connected in the MIS 1 group but intensively
connected within the group and with benthic groups such as
Bathyarchaeota and Thermoprofundales in the MIS 2 – MIS
3 group. Additionally, Methanomicrobia were more intensely
connected in the MIS 2 – MIS 3 group compared to the MIS
1 group. Lokiarchaeaota, one of the “Asgard archaea,” showed
less connection to other archaeal groups although they were
present in high abundance, which is apparently contradictory to
the syntrophic nature of the only lab-cultivated member of the
group, ‘Candidatus Prometheoarchaeum syntrophicum’ (Imachi
et al., 2020). However, since co-correlations were not computed
between archaea and bacteria, it is possible that the Lokiarchaeota
could be syntrophic with one or more bacteria.

DISCUSSION

Geological Framework of the Pearl River
Submarine Canyon Sediments
The sediment core from the Pearl River Submarine Canyon
region of the South China Sea (Figure 1) represented three MISs,
which were correlated with changes in sedimentation rate, TOC
and the terrestrial n-alkane C31 (Figure 2). MIS 2, the glacial
period, displayed the highest levels of TOC, n-alkane C31 and
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FIGURE 5 | Correlation network analysis of archaeal communities. Each node represents an OTU and edges are defined based on the correlation between
abundance profiles across samples in MIS 1 (A) and MIS 2-MIS 3 (B). Nodes with significant correlations are connected, with solid and dotted lines representing
positive and negative correlations, respectively. Nodes are colored based on taxonomy.

sedimentation rate while MIS 1 (Holocene) displayed the lowest
of the three parameters. High enrichment of organic carbon could
be caused by either an increased input of organic matter or
increased preservation in anoxic marine sediments (Stein, 1990).
The significant positive correlation between organic carbon and
sedimentation rate (Supplementary Figure 3) suggests that
the former is the more important, although fine-grained and
reducing environments could contribute to the preservation of
organic matter (Müller and Suess, 1979). Several studies have
shown that OM can be stabilized and can sustain long-term
preservation in marine sediments by binding with metal ions and
clay minerals (Curry et al., 2007; Blattmann et al., 2019).

Notably, the greatest decrease in relative sea level was observed
in the transition from MIS 2 to MIS 1 compared to MIS 3
to MIS 2. The observations made in MIS 2 support previous
evidence that global cooling is associated with accumulation of
organic carbon in the deep sea, and OM fluxes to the deep
sea have been estimated to be ∼50% higher during glacial
maxima than during interglacials (Cartapanis et al., 2016).
Moreover, there have been prior reports of a link between
global cooling and accelerated terrestrial sedimentation during
the late Cenozoic Era (Molnar, 2004), though this relationship
has been challenged (Willenbring and von Blanckenburg, 2010).
Additionally, the paleo Pearl River Estuary extended outward
and contracted inward with the large eustatic sea-level fall
and rise (Figure 1). Although different evolutionary models of
the Pearl River Estuary have been proposed (Wu et al., 2007;
Tang et al., 2010), they agree that geographical changes in
the estuarine system altered the terrestrial input, sedimentary
processes or depositional environments. Understanding of the

geological framework is important for interpreting changes in
the archaeal community structure in the Pear River Submarine
Canyon sediments (see below).

The Impact of Terrestrial Input on
Archaeal Communities
By profiling the vertical distribution of archaeal communities
and cross-referencing environmental footprints conserved in the
sediment, our understanding of the factors that shape archaeal
structure is improved. For example, while pH and temperature
have been deemed important regulators of community structure
in non-saline environments (Cole et al., 2013; Hedlund et al.,
2016; Wen et al., 2017), organic carbon concentration has been
shown to be an important factor shaping archaeal community
structure in marine sediments (Durbin and Teske, 2012; Learman
et al., 2016). In other deep-sea ecosystems, bottom water
temperatures and trophic resources including organic substrates
(Danovaro et al., 2016) at least partially drive habitat preferences.
Our results show that the alteration of archaeal community
structure in marine sediments is associated with terrestrial
input, either directly, by bringing in compounds such as long-
chain n-alkanes derived from epicuticular waxes of vascular
plant leaves (Bi et al., 2005), which may stimulate or support
the growth of some lineages, or indirectly, by changing the
depositional conditions.

In particular, the occurrence of the highest total abundance
of the archaeal 16S rRNA gene in MIS 2-derived samples
(Supplementary Figure 6A) can be explained in detail. One
explanation is that fermentation of a large amount of terrestrial
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organic matter occurred in situ, which provided energy for the
growth of archaea that may have participated in the fermentation
process. Recent research showed that fermentation-related genes
encoding multiple fermentation pathways were found in marine
sediments (Zinke et al., 2019). Additionally, fermentation
pathways have been found in genomes of Thermoprofundales
(Zhou et al., 2019) and Lokiarchaeota (Orsi et al., 2020). The
recently cultivated member of the Lokiarchaeota, ‘Candidatus
Prometheoarchaeum syntrophicum’, has been shown to ferment
amino acids (Imachi et al., 2020). Some archaeal lineages are
capable of degrading refractory organics (He et al., 2016; Yu et al.,
2018), which are further utilized by other organisms.

Another explanation is that the increased supply of
terrigenous matter may also bring in nutrients that stimulated
phytoplankton growth, which produced rich sources of labile
organic carbon such as amino acids. That labile carbon pool may
have settled rapidly to the sea floor due to the high sedimentation
rate and became trapped in fine-grained sediments (Curry et al.,
2007), with labile fractions used by heterotrophic microbes,
including archaea.

The low-abundance archaeal group SCG, important
AOA that dominate soil archaeal communities (Bates et al.,
2011), was strongly associated with long-chain n-alkane C31
(Supplementary Figure 8A), supporting its terrestrial origin
(Seki et al., 2003). In accordance with this hypothesis, SCG
OTUs from this study exhibited a high similarity with SCG
from terrestrial environments based on phylogenetic analysis
(Supplementary Figure 9). While fluctuations were apparent
across all SCG OTUs throughout the sediment core, all five SCG
OTUs (321, 463, 650, 530, and 593) simultaneously increased
dramatically during the Last Glacial Maximum, when terrestrial
input was at its maximum (Supplementary Figure 7A), which
would also transport a larger amount of TerrOC into the ocean
than during interglacial periods.

The presence of terrestrial SCG in marine sediment may
also suggest that they survive and remain active after being
transported from soil. Several studies have shown that SCG have
diverse metabolisms, including autotrophy (Stieglmeier et al.,
2014) and heterotrophy (Hallam et al., 2006; Mußmann et al.,
2011). An in situ cultivation experiment in deep-sea sediments
indicated SCG was among the most abundant group in the initial
archaeal community and they still existed after 405 days (Takano
et al., 2010). RDA analysis showed that SCG was the lineage
most closely related to total nitrogen (Supplementary Figure 5),
which might indicate its role in metabolizing organic nitrogen
(Di et al., 2010; Levičnik-Höfferle et al., 2012; Lehtovirta-Morley
et al., 2016; Abby et al., 2018). Network analysis showed not
only intimate interactions within SCG OTUs but also with other
benthic groups such as Bathyarchaeota, Thermoprofundales, and
Methanomicrobia (Figure 5B). Such interactions could result
from metabolic associations. For example, the production of
urea by Bathyarchaeota (Pan et al., 2020) could be used by
SCG (Tourna et al., 2011) and the synthesis of cobalamin
by Nitrososphaera (Lu et al., 2020), a group of SCG, could
stimulate growth of cobalamin-dependent lineages. However,
we cannot exclude the possibility that interactions could be
caused by their similar environmental niches. Interestingly, SCG

have been reported to grow in the absence of nitrification
(Jia and Conrad, 2009).

Another intriguing possibility for the existence of SCG in
sediment samples and enrichment in MIS 2-derived sediments
is their preference for high ammonia concentrations. It has
been reported that SCG prefers ammonia-rich environments
(Prokopenko et al., 2006; Tourna et al., 2011). MIS 2-derived
sediments received a significant increase in organic matter
(Figure 2), and a large amount of ammonium could be produced
due to the ammonification and mineralization of the organic
matter (Prokopenko et al., 2006). Further research should be
undertaken to investigate the activity of the SCG lineage in
marine sediments considering its potential roles in the nitrogen
and carbon cycles.

16S rRNA gene copy numbers of Thermoprofundales,
showed significant positive correlation with TOC, n-alkane
C31, and sedimentation rate, similar to SCG (Supplementary
Figure 8B). Although Thermoprofundales were initially found
in marine sediments, they are spread across a wide range
of terrestrial habitats including soil, wetland soil, and inland
lakes (Jiang et al., 2008; Zhou et al., 2019). The observed
increase of Thermoprofundales in MIS 2 may partly be
explained by the input of terrestrial Thermoprofundales lineages
along with enhanced terrestrial input. In line with this,
numerous subgroups of Thermoprofundales were found in
both saline and non-saline environments (Zhou et al., 2019).
Seven Thermoprofundales OTUs (OTU142, OTU355, OTU384,
OTU707, OTU622, OTU366, and OTU776) closely tracked
terrestrial input (Supplementary Figure 7B). Another possibility
is that Thermoprofundales abundance may be indirectly impacted
by terrestrial TOC. Indeed, this is in keeping with research
that indicates the critical role of Thermoprofundales in the
sedimentary carbon cycle (Lloyd et al., 2013; Vigneron et al., 2014;
Zhou et al., 2019).

Although Lokiarchaeota were identified as the dominant
archaea with 50% representation, redundancy analysis revealed
that these organisms were not correlated with organic carbon or
n-alkane C31 (Supplementary Figure 5). The cultivated member
of the Lokiarchaeota is extremely slow-growing in lab cultures
(Imachi et al., 2020) and consequently they may be less sensitive
to organic carbon. Similarly, Bathyarchaeota, though counting
for a large proportion (14%) of the total archaeal population,
did not show significantly correlations with organic carbon or
n-alkane C31, also likely due to their slow growth (Yu et al., 2018).

The sources of MG-I in Pearl River Submarine Canyon
sediments may be complicated. MG-I recovered mainly from
marine sediments include ε (epsilon), ζ (zeta), θ (theta), η (eta), κ
(kappa), υ (upsilon) and ι (iota) subgroups, whereas γ (gamma),
δ (delta) and β (beta) subgroups are usually identified in water
columns and the α (alpha) subgroup is found in both water
column and sediment (Durbin and Teske, 2010; Lauer et al.,
2016). For example, MG-I subgroups ε, κ, and υ are predominant
in the subseafloor sediments at ODP Site 1225 (Lauer et al.,
2016). MG-I populations shifted from multiple subgroups to the
dominance of subgroups υ and η as the sediment depth increases
in the South Pacific Gyre (Durbin and Teske, 2010). Our results
showed two distributional patterns of MG-I subgroups: the ε-ζ-θ
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FIGURE 6 | The depth profiles of 12 MG-I OTUs having the highest mean abundance. The color bar above represents the intensity of terrestrial input (yellow: low;
green: high). Colored squares on the bottom left represent different MG-I subgroups. Circles in different colors on the bottom right represent the number of OTUs
identified. The cluster tree on the left was simplified schematic of evolutionary relationship according to the phylogenetic tree (Supplementary Figure 9).

subgroups were present across all depth intervals and the η-κ-
υ subgroups mainly existed in the MIS 1 stage. The α subgroup
may be a mixture of planktonic or benthic MG-I populations
(Figure 6), whose presence is likely linked to the availability of
oxygen or nitrate in the sediment porewater (Jorgensen et al.,
2012; Lauer et al., 2016; Hiraoka et al., 2020).

MBG-A, a sister group of MG-I, mainly existed in the
MIS 1-derived sediments and negatively correlated with the
terrestrial biomarker n-alkane C31 (Supplementary Figure 5).
Methanomicrobia, dominant in methane-containing sediments
(Hamdan et al., 2013), showed a positive correlation with
terrestrial input. Depth-related increases in the abundance
of Hadesarchaeota have been previously characterized in the
South China Sea (Cui et al., 2016) and it exhibited a weak
positive correlation with terrestrial input. Ca. Poseidoniales is
the dominant planktonic archaeal group in ocean surface waters
(Zhang et al., 2015; Rinke et al., 2019) and the lineage showed
a weak correlation with terrestrial signal, suggesting pelagic
archaea could be trapped with advanced sedimentation.

CONCLUSION

This study offers a unique look at archaeal communities in a deep-
sea sediment column spanning over 59 k years in the Pearl River
Submarine Canyon. While it is well-known that archaea in deep
sea ecosystems play critical roles in biogeochemical cycling, much
remains unknown about their specific metabolic capacities and
environmental adaptation in deep sea sediments. In addition to
broad characterization of a sediment core, this paper provided an
in-depth analysis of diverse archaeal groups in marine sediments
in the context of terrestrial organic input in the South China
Sea. The SCG archaea, though a minor group, revealed high

correlation with terrestrial input, which may be a consequence
of its terrestrial origins coupled with high sedimentation of
organic carbon. MG-I, many of which can be indigenous AOA
in marine environments, may participate in nitrogen cycling
in the upper layer of sediments. Terrestrial input correlated
negatively with MG-I and may insert adaptive pressures to the
group. Thermoprofundales may be directly impacted by terrestrial
input or indirectly influenced via organic carbon. Additionally,
Hadesarchaeota, and MBGA could also be affected by terrestrial
input directly or directly.

These results demonstrate that composition of benthic archaea
in the South China Sea may be controlled by glacial-interglacial
cycles that control terrestrial organic input, providing a plausible
link between global climate cycles and microbial population
dynamics in deep-sea marine sediments. Though genomic
analysis provided important findings, the broad metabolic
capacities of some of these archaeal groups are lacking and their
roles in deep sea sediments should be pursued.
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Methanotrophs are the only biofilters for reducing the flux of global methane (CH4)
emissions in water-logged wetlands. However, adaptation of aerobic methanotrophs
to low concentrations of oxygen and nitrogen in typical swamps, such as that
of the Qinghai–Tibetan Plateau, is poorly understood. In this study, we show that
Methylobacter-like methanotrophs dominate methane oxidation and nitrogen fixation
under suboxic conditions in alpine swamp soils. Following incubation with 13C-CH4

and 15N-N2 for 90 days under suboxic conditions with repeated flushing using an
inert gas (i.e., argon), microbial carbon and nitrogen turnover was measured in swamp
soils at different depths: 0–20 cm (top), 40–60 cm (intermediate), and 60–80 cm
(deep). Results show detectable methane oxidation and nitrogen fixation in all three soil
depths. In particular, labeled carbon was found in CO2 enrichment (13C-CO2), and soil
organic carbon (13C-SOC), whereas labeled nitrogen (15N) was detected in soil organic
nitrogen (SON). The highest values of labeled isotopes were found at intermediate
soil depths. High-throughput amplicon sequencing and Sanger sequencing indicated
the dominance of Methylobacter-like methanotrophs in swamp soils, which comprised
21.3–24.0% of the total bacterial sequences, as measured by 13C-DNA at day 90.
These results demonstrate that aerobic methanotroph Methylobacter is the key player
in suboxic methane oxidation and likely catalyzes nitrogen fixation in swamp wetland
soils in the Qinghai–Tibetan Plateau.

Keywords: suboxic methane oxidation, nitrogen fixation, swamp soil, Qinghai–Tibetan Plateau, high-throughput
sequencing, stable-isotope probing

INTRODUCTION

Methane-oxidizing bacteria are the only biofilter of atmospheric methane, a potent greenhouse
gas emitted from anoxic environments. It is estimated that up to 90% of anaerobically produced
methane could be consumed by methanotrophs before it escapes to the atmosphere from water-
logged suboxic or even anaerobic environments, such as natural wetlands, marine sediment, paddy
soils, and rivers (Conrad, 2009, 2020). Although anaerobic methane oxidation plays a pivotal role in
marine ecosystems (Knittel and Boetius, 2009), oxygen functions as the primary electron acceptor
to facilitate methane oxidation by aerobic methanotrophs in terrestrial environments (Ho et al.,
2013, 2017; Serrano et al., 2014). Aerobic methanotrophs are classified into Alphaproteobacteria
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(type II), Gammaproteobacteria (type I and type X), and
some thermoacidophilic Verrucomicrobia guilds (Hanson and
Hanson, 1996; Op den Camp et al., 2009; Knief, 2015). In
the absence of oxygen, anaerobic methane-oxidizing archaea
(ANME) use alternative electron acceptors to perform anaerobic
oxidation of methane (AOM). These ANMEs include the
euryarchaeal ANME-1, ANME-2, and ANME-3 groups. AOM
processes are classified into sulfate-dependent (Boetius et al.,
2000), denitrifying (Ettwig, 2010), and metal-dependent (Beal
et al., 2009). AOM, according to their respective electron acceptor
(i.e., sulfate, nitrate, nitrite, and metals, respectively).

The availability of electron acceptors is a key factor in shaping
the diversity of aerobic methanotrophs (Fan et al., 2020). Due
to the rapid depletion of oxygen in micro-aggregates with high
levels of organic carbon, such as deep wetland soils, anoxic
habitats could be formed in favor of ANMEs. This suggests the
importance of electron acceptors other than oxygen in AOM
during methane oxidation. Nevertheless, the presence of trace
oxygen in shallow depths of wetland soils permits the growth of
aerobic methanotrophs (e.g., Methylobacter). Methylobacter is a
type I aerobic methanotroph that is pervasive in microbial soil
communities where oxygen levels are between 15 and 75 µM. At
oxygen levels above 150 µM, relative abundance of Methylobacter
drops drastically (Hernandez et al., 2015). Thus, Methylobacter
is tolerant to suboxic conditions, a key identifying feature of
microaerophiles (Morris and Schmidt, 2013). Previous studies
have demonstrated the role of Methylobacter-driven methane
oxidation under anaerobic conditions using samples of Lacamas
lake water (van Grinsven et al., 2020) and sub-Arctic lake
sediment (Martinez-Cruz et al., 2017). However, little is known
about active methane oxidizers in suboxic wetland ecosystems.

Methanotrophic nitrogen fixation by obligate types I, II,
and X methanotrophs has been characterized in a number
of batch cultures including Methylomonas albus BG8,
Methylobacter capsulatus Y, Methylosinus trichosporium OB3b,
and Methylococcus capsulatus (Bath) (Murrell and Dalton, 1983).
Type II methanotrophs possess higher nitrogenase activity than
type I methanotrophs (Murrell and Dalton, 1983). In complex
water-flooding environments, the bioavailable nitrogen fixed
by methanotrophs could partly compensate for nitrogen loss
via denitrification (230 ± 60 Tg N year−1) (DeVries et al.,
2012). Diazotrophic methanotrophs play a pivotal role in
sustaining peatland productivity, as methanotrophy-induced
nitrogen fixation contributes up to 40% of the nitrogen supply
during peatland development (Larmola et al., 2014; Vile et al.,
2014; Ho and Bodelier, 2015). It is interesting to note that
ANME archaea can also fix inert gas N2 in marine sediments
(Dekas et al., 2009, 2018). 15N2 isotope tracing is a classic
method for detecting and measuring nitrogen fixation. It is a
powerful method to quantify diazotrophic activity in complex
environments. Although numerous studies have employed
acetylene reduction assay (ARA) to measure nitrogen fixation,
this method can suppress nitrogenase leading to biases in
measurements (Saiz et al., 2019). Likewise, inhibition of
acetylene to methane monooxygenase can underestimate the
nitrogen-fixing potential by microbial methane oxidizers (Flett
et al., 1975; Prior and Dalton, 1985).

The alpine wetlands in Tibet account for approximately
1% of the global CH4 budget from freshwater wetlands (Jin
et al., 1999). The purpose of this study was to quantify the
methanotrophy and diazotrophy potentials of alpine swamp soils
at different soil depths. Samples were taken from the Qinghai–
Tibetan Plateau. Three soil depths (i.e., 0–20, 40–60, and 60–
80 cm) were studied to identify active microbes involved in
methanotrophic nitrogen fixation processes in this hotspot of
methane production (Hirota et al., 2004). Soil depths of 20–40 cm
were not included in this incubation because soils at 40–80 cm
could better represent suboxic conditions, while the surface soil
of 0–20 cm was more likely subjected to high concentration of
oxygen. We hypothesized the following: (1) Different soil depths
possess strong methanotrophic and diazotrophic potentials
under suboxic conditions. (2) Microbial-mediated processes
reflect the impact of long-term environmental conditions, such as
methane and oxygen concentrations. (3) Aerobic methanotrophs
play a key role in oxidizing methane in swamp soils.

MATERIALS AND METHODS

Sites and Sampling
The swamp in this study is located at Maqu, Gansu province,
PR China (101◦52′16′′ E, 33◦39′58′′ N; elevation, 3450 m). This
region is part of Qinghai–Tibetan Plateau with typical plateau
continental climate. The annual temperature is ∼1.2◦C, and
precipitation is about 615 mm.

The swamp soils were flooded with water depth of 0.3–
0.5 m under field conditions. The grass covers 95% the
swamp, dominated by Carex thibetica Franch, Potentilla anserina
L., Poa poophagorum Bar, Polygonum viviparum L., and
Agrostis clavata Trin.

Swamp soils at the depth of 0–20, 40–60, and 60–80 cm were
collected in June 2017 with three replications at each depth.
Then soils were transported to the lab and stored at 4◦C until
microcosm incubation. Besides, soils for DNA extraction were
stored at−80◦C refrigerator.

Microcosm Isotopic Labeling Under
Suboxic Condition
For microcosm incubation of suboxic methane oxidation, fresh
soils equivalent to 5.0 gram of dry weight were used. Soil samples
were first placed into 120 ml glass bottles before addition of
5 ml nutrient solution contains 0.2 mM of NaCl and 30 mM
of Na2SO4. The bottles were sealed by rubber stoppers and
fixed with aluminum caps. Samples were pre-incubated in 4◦C
dark condition without shaking for 24 h so as to stabilize
microbial activity and thus to reach the equilibrium of soil oxygen
consumption. After pre-incubation, the headspace gas in the
bottles was evacuated for 3 min by a vacuum pump which was
connected to a rubber tube and sealed with three-way valve. After
headspace gas evacuation, the same volume of chemically inert
argon gas (Ar) was injected into the bottle to replace headspace
gas and decrease oxygen concentration. After three times of argon
gas replacement, the headspace gas was again evacuated, and the
artificial gas consisting of 13C-CH4 (atom percent 99.9%), 15N-N2
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(atom percent 99.9%) and Ar were injected into the bottles with
a mixing ratio of 3:1:1 (CH4: N2: Ar), the total volume of mixture
gas were approximate 360 ml to reach the over-pressed condition
(3 atm.) to simulate water-logged wetland environment under
field conditions. Then the stoppers were again sealed by silicone
rubber. These bottles were incubated in 4◦C dark condition
without shaking. The temperature of 4◦C is similar to field air
temperature when soil samples were collected from swamps in
Qinghai–Tibetan Plateau.

At day 90, gas sampling was performed in the headspace for
measurement of CH4, CO2 concentrations and 13C-CO2 isotopic
atom percentage. After gas sampling, the slurry headspace was
flushed by Ar gas to remove residual methane which may bias
the result due to aerobic methane oxidation. The isotopic atom
excess of 13C in SOC and 15N in SON were then determined.
Soil samples were stored at −20◦C for measurement of SOC and
SON. Soils for DNA extraction were stored at−80◦C.

Calculation of Methane Oxidation and
Nitrogen Fixation Potentials
The headspace CO2 and CH4 concentrations were determined by
gas chromatograph Agilent 7890A with flame-ionization detector
(Santa Clara, United States). The 13C-CO2 isotope ratios were
determined by GC-MS (MAT 253, FLASH EA Delta, Thermo
Fisher Scientific Inc., Waltham, United States). The soil 13C and
15N atom isotopic percentages were measured by Isotope ratio
mass spectrometer (Thermo Fisher Scientific Inc., Waltham,
United States), after vacuum freeze-drying at −50◦C and
grinding to pass 0.15 mm sieve. The isotopic atom percentages
were expressed as 13C/(13C + 12C) and 15N/(15N + 14N). Soil
organic carbon and nitrogen contents were measured by C/N
analyzer (Vario Max CN, Elementar, Langenselbold, Germany)
after the removal of inorganic carbon by HCl acidification
(0.5 mol/L). The methane oxidation potentials of 13C-CO2 and
13C-SOC were calculated as Eqs. 1, 2.

Gas_13C = Cgas×(Agas−Agas0)×Vh×106

Vs×m×t (1)

Where Gas_13C, methane oxidation potential of 13C-CO2,
nmol/g dws/day; Cgas, CO2 concentration at day 90,%; Agas,
atom percent of 13C in CO2 at day 90,%; Agas0, atom percent
of 13C in CO2 at day 0,%; Vh, volume of gas, mL; Vs, molar
volume of gas at standard condition, L/mol; m, dry weight soil, g;
t, days of incubation.

SOC_13C =
Csoc×(Asoc−Asoc0)×m×109

Vs×m×t (2)

Where SOC_13C, methane oxidation potential of 13C-SOC,
nmol/g dws/day; Csoc, soil organic carbon content at day 90,%;
Asoc, atom percent of 13C-SOC at day 90,%; ASOC0, atom percent
of 13C-SOC at day 0,%; M, molar mass of 13C, g/mol; m, dry
weight soil, g; t, days of incubation.

Nitrogen fixation potentials were calculated as Eq. 3.

F15N = CSON×(ASON−ASON0)×m×109

M×m×t (3)

Where F15N, nitrogen fixation potential, nmol/g dws/day;
CSON, soil organic nitrogen content at day 90,%; ASON, atom
percent of 15N-SON at day 90,%; ASON0, atom percent of 15N-
SON at day 0,%; M, molar mass of 15N, g/mol; m, dry weight soil,
g; t, days of incubation.

Soil Physico-Chemical Properties
Analysis
Gravimetric soil water contents were determined by oven-drying
method. Soil pH was measured by a pH electrode. Soil NH4

+-N,
NO3

−-N, NO2
−-N were extracted with 2 M KCl, and analyzed

by AA3 continuous flow analyzer (SEAL Analytical GmbH,
Norderstedt, Germany). Soil total phosphorus contents were
assessed by Petra MAX element analyzer (XOS, East Greenbush,
United States). A conductivity meter was used to measure soil
conductivity. See soil properties in Supplementary Table S1.

DNA Extraction, 13C-DNA Isolation,
Quantitative PCR, and Sequencing
Soil genomic DNA was extracted using Fast DNA spin
kit for soil according to the instructions by manufacturer
(MP Biomedicals, Irvine, United States). The DNA quality
and quantity were assessed by a spectrometer (NanoDrop
Technologies, Wilmington, United States).

We isolated microbial 13C-DNA from the 13C-CH4 and 15N-
N2 labeled total genomic DNA by ultra-centrifugation techniques
as described before (Xia et al., 2011; Zheng et al., 2014). Briefly,
DNA fractionations with CsCl buoyant densities ranging from
1.70 to 1.75 were obtained by centrifuging at 177 000 × g
for 44 h in a vertical rotor (Beckman Coulter, Inc., Palo Alto,
United States). Then the fractionated DNA samples were stored
at−20◦C for further analysis.

The population size of methanotrophs and diazotrophs
were quantified by using functional gene biomarkers pmoA
and diazotrophic nifH genes on Bio-Rad CFX96 Real-Time
qPCR system, respectively. The primers were respectively
A189f/mb661r (Bourne et al., 2001) and polF/polR (Gaby and
Buckley, 2012). The qPCR reaction mixture in a total volume
of 20 µL contains 0.5 µL of each forward and reverse primers,
1 µL of DNA templates, 10 µL of SYBR Premix Ex Taq, and 8 µL
of sterilized water. The melting curve was established from 65
to 95◦C at 0.5◦C increment. The plasmids DNA containing the
insert of target gene were prepared to generate standard curve by
using the pEASY-T1 Cloning Kit (Beijing TransGen Biotech Co.,
Ltd., Beijing, China) and TaKaRa MiniBEST Plasmid Purification
Kit Ver.4.0 (TaKaRa Bio Inc., Kusatsu, Japan) according to the
manufacturers’ instructions. The PCR products were checked by
1% agarose gel electrophoresis for amplicon specificity.

Illumina MiSeq sequencing of bacterial 16S rRNA genes
were performed by using the primer pair 515F/907R (Christner
et al., 2001). The total volume of 50 µL PCR reagents contain
2 µL DNA templates, 1 µL of each primer, 25 µL of SYBR
Premix Ex Taq (Tli RNaseH Plus, TaKaRa, Japan), and 21 µL
of sterilized water. PCR products were checked and purified by
1.2% agarose gel electrophoresis to ensure PCR amplification
specificity. Sequence libraries were constructed by using the
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TruSeq Nano DNA LT Sample Prep Kit Set A, sequencing was
performed with MiSeq Reagent Kit v3 (600 cycles).

To increase phylogenetic resolution of active methanotrophs,
the full-length of 16S rRNA genes of Archaea and Bacteria
derived from labeled 13C-DNA (heavy fractions) were sequenced
on ABI 3730 sequencing system by clone library construction
(Applied Biosystems, Thermo Fisher, Carlsbad, United States).
The primer pairs of 21F/1492R and 27F/1492R were employed
to amplify archaeal and bacterial 16S rRNA genes, respectively
(DeLong, 1992), and PCR mixture were the same as those for
515F/907R as mentioned above.

All the DNA sequences were deposited in the NCBI database
under accession numbers of SRR12240017–SRR12240034
(sequence read archive for Illumina MiSeq sequences),
MT798144–MT798236 (GenBank accessions for cloned archaeal
sequences), and MT798237–MT798385 (GenBank accessions for
cloned bacterial sequences).

Bioinformatics Analysis
Illumina MiSeq sequencing data of 16S rRNA genes were
first processed in QIIME version 1.9.1 (Quantitative Insights
Into Microbial Ecology, please visit the website for detailed
information)1, for quality control with the quality score of
q25. Chimeras were identified by using usearch61 and then
removed following paired ends joining, barcodes extraction
and demultiplexing. Operational taxonomic units (OTUs) were
classifying at the similarity of 97% (Caporaso et al., 2010).
The sequences of 16S rRNA genes at the level of OTUs
were directly annotated to different phyla, classes, orders,
families and genera by using the open reference database
(pick_open_references.py).

1http://qiime.org

For 16S rRNA cloned bacterial and archaeal sequences,
they were manually assembled and aligned in BioEdit 7.22,
yielded sequences size of 1300–1500 bp (Heijs et al., 2007).
Chimeras were detected and removed in Ribosomal Database
Project (RDP) classifier (see the website for more information)3,
(Cole et al., 2009).

Statistical Analysis
One-way ANOVA analysis in SPSS 16.0 (International Business
Machines Corp., Armonk, United States) was used to assess
the statistically significant difference among different treatments.
Pairwise comparison was also conducted between the labeled
and control treatment including 13C-SOC, 13C-CO2, 15N-SON,
methane oxidation and nitrogen fixation potentials, gene copy
numbers and relative abundance of taxa.

RESULTS

Methane Oxidation and Nitrogen Fixation
Potentials
Methane oxidation potential was assessed as the sum of 13CO2
and 13C-soil organic carbon (SOC). Stable isotope tracing with
13C-CH4 and 15N-N2 indicates significant methane oxidation
and nitrogen fixation potentials in all three soil depths in the
Qinghai–Tibetan Plateau swamp (isotopic atom excess data are
shown in Supplementary Figure S1). The intermediate soil
layer (40–60 cm) had the highest methanotrophic potential
(144.17± 3.10 nmol C/g dws/day), representing 2.5- and 1.2-fold
increases compared to the top (0–20 cm) and deep (60–80 cm)
soil layers, respectively (Figure 1A). Most of the 13C-derived

2https://bioedit.software.informer.com/
3http://rdp.cme.msu.edu/classifier/classifier.jsp

FIGURE 1 | Suboxic methane oxidation (A) and nitrogen fixation (B) potentials of swamp soils collected from the Qinghai–Tibetan Plateau. Soil samples were labeled
with 13CH4 and 15N2 for 90 days. Microcosm incubation was conducted with ∼6 g of fresh soil in 120-mL bottles. Suboxic conditions were generated by flushing
the headspace with an inert gas (argon) three times using a vacuum pump, and a mixing ratio of 3:1:1 (CH4: N2: Ar) was achieved for incubation. In panel A, SOC
and CO2 respectively indicate the 13C that were converted to soil organic carbon (13C-SOC) and CO2 (13C-CO2). They are shown as percentages within the
corresponding columns. “0–20,” “40–60,” “60–80” indicate top (0–20 cm), intermediate (40–60 cm), and deep (60–80 cm) soil layers, respectively. Letters above the
columns indicate significant difference (p < 0.05).
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FIGURE 2 | Variations in compositions of aerobic methanotrophic bacteria (A) and archaea (B) communities after suboxic methane oxidation in swamp soil profile.
“0–20,” “40–60,” “60–80” indicate top (0–20 cm), intermediate (40–60 cm), and deep (60–80 cm) soil layers, respectively.

from methane was oxidized to CO2 (ca. 67–81%); this value
increased with soil depth. It is estimated that ∼18–31% of the
13CH4-derived carbon was incorporated into SOC via microbial
biomass synthesis during methane oxidation (Figure 1A).

The highest diazotrophic potential (0.57 ± 0.04 nmol N/g
dws/day) was observed in the intermediate soil layer, which
was 4.4 and 1.4 times higher than those in deep and top soils,
respectively (Figure 1B). The intermediate soils possessed the
highest methane oxidation and nitrogen fixation potentials. The
deep soil exhibited a higher methane oxidation potential than
topsoil, but the lowest nitrogen fixation potential. The topsoil had
the lowest methanotrophic potential, but with a relatively high
diazotrophic potential than topsoil.

Population Dynamics of Methanotrophic
Communities
High-throughput sequencing of the total 16S rRNA genes
identified five genera of methanotrophic bacteria: Methylosinus,
Methylocaldum, Methylobacter, Methylomicrobium, and
Crenothrix. In addition, one methanotrophic archaea
genus, Candidatus Methanoperedens, was present that
belonged to ANME-2d.

The in situ swamp soil methanotrophic bacteria community
compositions were significantly different among different
depth profiles. As shown in Figure 2A, aerobic methanotrophs
comprised Methylosinus (50%) and Methylocaldum (21%) in the
0–20 cm soil layers. In the intermediate layer, methanotrophic
communities were composed of Crenothrix (37%), Methylosinus
(29%), and Methylocaldum (22%). In deep soil, the
methanotrophic community was dominated by Methylosinus
(50%) and Methylobacter (42%). Ammonia-oxidizing
Thaumarchaeota dominated the archaeal communities in all

soils, and the ANME-2d archaea Candidatus Methanoperedens
were found in the intermediate soil with an extremely low relative
abundance of 0.002% of the total microbiomes (Figure 2B).

After 90-day of incubation with methane and dinitrogen
gas, the relative abundances of Methylobacter-like phylotypes
increased by 32.9% (15-fold), 52.9% (5-fold), and 10.6% (1.3-
fold) in the top, intermediate, and deep soils, respectively. The
relative abundances of Methylosinus-like phylotypes increased by
15.1, 5.2, and 11.8% in the top, intermediate, and deep soils,
respectively (Figure 2). No ANME archaea were detected in any
of the soils at day 90.

Stable Isotope Probing of Active
Methanotrophs and Diazotrophs Under
Suboxic Conditions
Real-time quantitative polymerase chain reaction (qPCR)
analysis of pmoA genes in fractionated DNA buoyant density
gradients from the labeled microcosms indicated significant
labeling of pmoA gene-carrying methanotrophs in all three
13C-fed soils. The pmoA gene copy numbers peaked at heavy
13C-DNA fractions with buoyant densities of ∼1.734 g/mL.
For 12C-feed soils, the peaks were generally observed at light
fractions with densities of∼1.72 g/mL (Figure 3A). However, for
nifH gene quantification, there were no evident peak separations
between the 13C and 12C treatments (Figure 3B).

A total of 149 cloned sequences of the full-length bacterial
16S rRNA genes in 13C-DNA were retrieved in addition to
94 cloned archaeal sequences from the labeled microcosms
(Supplementary Table S2). Based on the analysis of the full-
length 16S rRNA genes, 62 bacterial genera and 7 archaeal
genera were identified (Supplementary Table S2). Among them,
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FIGURE 3 | Quantitative distribution of pmoA (A) and nifH (B) gene copies across the entire CsCl buoyant density gradient of the fractionated DNA fractions from
the labeled and control microcosms. “0–20,” “40–60,” “60–80” indicate top (0–20 cm), intermediate (40–60 cm), and deep (60–80 cm) soil layers, respectively.
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FIGURE 4 | Dominant bacterial phylotypes in 13C-DNA based on the cloned
full-length 16S rRNA genes. Rare taxa of bacteria were shown in
Supplementary Table S2. “0–20,” “40–60,” “60–80” indicate top (0–20 cm),
intermediate (40–60 cm), and deep (60–80 cm) soil layers, respectively.

Methylobacter was the most abundant bacteria in heavy 13C-
DNA fractions for all samples, accounting for 28.85, 24.00, and
21.28% in the top, intermediate, and deep soil bacterial clones,
respectively (Figure 4).

For the archaeal community, there were no ANME
archaea. However, the predominant methanogenic archaea,
Methanothrix, accounted for 59.38, 32.26, and 38.71% of the top,
intermediate, and deep soil archaea communities, respectively.
Methanosarcina ranked second in archaea communities,
with corresponding abundances of 21.88, 25.81, and 22.58%
(Supplementary Table S2).

These results demonstrate that aerobic methanotrophs
(i.e., Methylobacter) are the most active players during
suboxic methane oxidation and possibly nitrogen fixation
in alpine swamp soils in the Qinghai–Tibetan Plateau,
whereas the role of ANMEs in this process seems to
be marginal.

DISCUSSION

Our results show strong methane oxidation activities in swamp
soils under suboxic conditions, ranging from 58 to 144 nmol
C/g/day. These activities are one or two orders of magnitude

lower than the methane oxidation rates in the Riganqiao
peatland soils (∼3.7–4.2 µmol CH4/g/day) in the Qinghai–
Tibetan Plateau, when an initial oxygen concentration of
∼21% was supplied (Deng et al., 2013). This suggests that
oxygen limitation under suboxic conditions constrains microbial
methane oxidation. Interestingly, the methane oxidation rates
of subarctic Sphagnum mosses at low oxygen concentrations,
reported by Kox et al. (2018), are 100-fold greater (i.e., 11–
15 µmol CH4/g/day) than those in this study. This can be
partly attributed to the stimulative effects of photosynthetic
oxygen on methane oxidation in moss samples. Kox et al. (2018)
conducted experiments under light conditions; we performed
microcosm incubations under dark conditions, with lower
methane oxidation potentials. Nonetheless, the suboxic methane
oxidation potentials reported in this study are significantly higher
than those observed under strictly anaerobic conditions, with
approximately 00001–0.01 nmol/cm3/day in marine sediments
(Sivan et al., 2007) and 0.0001–1 nmol/cm3/day in lake sediments
(Knittel and Boetius, 2009). In addition, it is noteworthy that
carbon utilization efficiency in known cultures of methanotrophs
is higher than those observed in this study. The methane-derived
carbon assimilation efficiencies of 19–31% were observed in
soils tested, whereas higher values have been shown for aerobic
Methylomicrobium alcaliphilum 20Z (40–50%) under 20% O2
(Kalyuzhnaya et al., 2013) and Methylococcus capsulatus (31.3–
49.4%) under 16.9–19.7% O2 (Leak and Dalton, 1986). These
aerobic efficiencies in batch cultures are comparable to those
of landfill soils (29.1–39.3%) under initial O2 concentrations
of 21 and 2.5% (He et al., 2020). However, the anaerobic
efficiencies were as low as ∼1% in the sediments of the southern
Hydrate Ridge in north-east Pacific (Nauhaus et al., 2007) and
1–2% in Black Sea mats (Treude et al., 2007). Future studies
are required to determine the carbon utilization efficiency of
methanotrophs under oxygen and nitrogen stresses in batch
culture and complex environments.

The intermediate swamp soils (40–60 cm) had the highest
suboxic methane oxidation potential, reflecting the impact of
the long-term environmental selection of specific functional
guilds by in situ oxygen and methane concentrations. Methane
is generally considered as the sole carbon and energy source
of the cell propagation of methane oxidizers (Hanson and
Hanson, 1996). The deep soils are generally saturated with
high concentrations of methane, which facilitates methane
oxidation, resulting in higher methanotrophic potentials
compared to the topsoil. Moreover, oxygen content is
also a key factor influencing the methane oxidation rate
by shaping different lifestyles of phylogenetically distinct
methanotrophs (Ho et al., 2017). The increase in oxygen
concentration under oxygen-limited conditions leads to
higher methane oxidation activities (Amaral and Knowles,
1995). This may partly explain the slightly lower methane
oxidation potentials of the deep soils than that of the
intermediate soils.

The diazotrophic potentials of the swamp soils share similar
patterns with methanotrophic potentials, i.e., with the highest
potentials in the intermediate soils, implying the dependence
of nitrogen fixation on methane oxidation under suboxic
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conditions. This is in accordance with a previous study suggesting
CH4 oxidation-dependent N2 fixation in a low-nitrogen paddy
soil (Shinoda et al., 2019). Methanotrophic nitrogen fixation
sustains the accumulation of bioavailable carbon and nitrogen in
pristine peatlands (Vile et al., 2014) and oligotrophic peatlands
(Larmola et al., 2014). This dependence might be attributed to
the survival strategy of methanotrophs to cope with nitrogen-
deficiency during methane oxidation (Bodelier and Laanbroek,
2004). This might also be attributed to the combined effects
of methane and oxygen on nitrogen fixation under long-term
in situ conditions (Hill, 1988), although the discrepancy in the
dependence between top and deep soils remains unknown.

Our results suggest that aerobic Methylobacter-like
methanotrophs (not ANME archaea) played a pivotal role
in methane oxidation in all suboxic swamp soils. The members
of genus Methylobacter are the major driver of methane
oxidation in anoxic freshwater wetland soil (Smith et al.,
2018) and lake water and sediment samples (Oshkin et al.,
2015; Martinez-Cruz et al., 2017; van Grinsven et al., 2020).
These oxygen-limited environments might have resulted
in a distinct evolutionary trajectory of methanotrophs to
low oxygen stress. For instance, it has been reported that
Methylomicrobium alcaliphilum 20Z performs fermentation-
based methanotrophy with a novel pyrophosphate mediated
glycolytic pathway (Kalyuzhnaya et al., 2013). Similar pathways
have been found for OWC Methylobacter (Smith et al.,
2018), Methylomicrobium buryatense 5GB1 (Gilman et al.,
2017), Methylomicrobium album BG8 (Kits et al., 2015a),
and Methylomonas denitrificans (Kits et al., 2015b) under
O2-starvation. Functional genes responsible for dissimilatory
nitrate and nitrite reduction (denitrification) were recovered
from the genomes of operational pmo units 3 (OPU3)
methanotrophic clades under oxygen-minimum zone field
conditions (Padilla et al., 2017). Furthermore, the oxygenic
reaction by NC10 bacteria enables the growth of aerobic
methanotrophs in anaerobic environments (Ettwig, 2010), and
it is unclear whether a similar metabolism exists for aerobic
methanotrophs. Another adaptation strategy is the synthesis of
high-affinity terminal oxidase that facilitates aerobic respiration
at nanomolar oxygen concentrations (Morris and Schmidt,
2013). However, given that the initial oxygen concentration
in our experiment was not zero, it is probable that ANMEs
played a role in methane oxidation under strictly anaerobic
field conditions.

Previous studies have identified the nitrogen-fixing potential
of the Methylobacter, owing to the presence of nifH gene
sequences in the strains Methylobacter vinelandii, Methylobacter
chroococcum, Methylobacter bovis, Methylobacter marinus,
Methylobacter capsulatus Y (Oakley and Murrell, 1988;
Auman et al., 2001; Boulygina et al., 2002). However, the
acetylene reduction method could likely lead to bias in
the determination of N2-fixing activity of methanotrophs
in batch culture and complex environments (Murrell and
Dalton, 1983). This might be attributed to the inhibition
of acetylene on methane monooxygenase, as this enzyme is
evolutionarily related to ammonia monooxygenase, which
can be effectively inhibited by acetylene (Holmes et al.,

1995). Thus, the 13CH4 and 15N2 labeling methods used
in this study provide strong evidences of diazotrophic
activity linked to methane oxidation by Methylobacter-like
methane oxidation bacteria, and highlight the importance
of methane oxidizers on carbon and nitrogen cycling in
swamp soils.

CONCLUSION

Our results suggest that the aerobic methanotroph Methylobacter
plays a key role during suboxic methane oxidation and nitrogen
fixation in the Qinghai–Tibetan Plateau swamp soil. This result
shows the micro-aerobic niche adaptation of obligate aerobic
methanotrophs in natural suboxic environments. Further studies
on the physiological metabolism and biochemical mechanisms
of Methylobacter during the adaptation of suboxic conditions
are required to better understand the global carbon and
nitrogen cycles.
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Phosphoproteomic Analysis Reveals
Rio1-Related Protein
Phosphorylation Changes in
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Qihong Huang, Zijia Lin, Pengju Wu, Jinfeng Ni* and Yulong Shen*

CRISPR and Archaea Biology Research Center, State Key Laboratory of Microbial Technology, Microbial Technology
Institute, Shandong University, Qingdao, China

DNA damage response (DDR) in eukaryotes is largely regulated by protein
phosphorylation. In archaea, many proteins are phosphorylated, however, it is unclear
how the cells respond to DNA damage through global protein phosphorylation. We
previously found that 1rio1, a Rio1 kinase homolog deletion strain of Sulfolobus
islandicus REY15A, was sensitive to UV irradiation. In this study, we showed that 1rio1
grew faster than the wild type. Quantitative phosphoproteomic analysis of the wild type
and 1rio1, untreated and irradiated with UV irradiation, revealed 562 phosphorylated
sites (with a Ser/Thr/Tyr ratio of 65.3%/23.8%/10.9%) of 333 proteins in total. The
phosphorylation levels of 35 sites of 30 proteins changed with >1.3-fold in the wild
type strain upon UV irradiation. Interestingly, more than half of the UV-induced changes
in the wild type did not occur in the 1rio1 strain, which were mainly associated with
proteins synthesis and turnover. In addition, a protein kinase and several transcriptional
regulators were differentially phosphorylated after UV treatment, and some of the
changes were dependent on Rio1. Finally, many proteins involved in various cellular
metabolisms exhibited Riol-related and UV-independent phosphorylation changes. Our
results suggest that Rio1 is involved in the regulation of protein recycling and signal
transduction in response to UV irradiation, and plays regulatory roles in multiple cellular
processes in S. islandicus.

Keywords: archaea, Sulfolobus islandicus, phosphoproteome, UV irradiation, Rio, protein phosphorylation

Abbreviations: PTM, post-translational modification; DDR, DNA damage response; UV, ultraviolet; TFB3, transcription
factor B3; Rio, right open reading frame; MCS, multiple cloning site; TMT, tandem mass tags; SCX, strong cation exchange;
IMAC, immobilized metal affinity chromatography; PBS, phosphate-buffered saline; LC-MS/MS, liquid chromatography
tandem mass spectrometry; Q-TOF, quadrupole time-of-flight; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes
and Genomes; arCOG, archaeal clusters of orthologous groups; RSD, relative standard deviation; vWA, von Willebrand type
A; TEF, translation elongation factor; PTP, phosphotyrosine phosphatases; SMC, structural maintenance of chromosome.
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INTRODUCTION

Protein post-translational modifications (PTMs) are rapid
regulatory mechanisms of cells in response to various stresses. In
eukaryotes, protein phosphorylation, one of the most important
PTMs, mediates multiple cellular processes and signal cascades,
including DNA damage response (DDR) and DNA repair (Sirbu
and Cortez, 2013; Jette and Lees-Miller, 2015; Blackford and
Jackson, 2017).

Transcriptomic studies shown that multiple genes exhibited
transcriptional changes in several archaea after UV or
γ-irradiation, including the up-regulation of genes involved in
DNA repair, and the down-regulation of genes involved in DNA
replication and cell division (McCready et al., 2005; Frols et al.,
2007; Gotz et al., 2007; Williams et al., 2007). Phosphoproteomic
analyses showed that a number of archaeal DDR and DNA
repair proteins were regulated by phosphorylation (Aivaliotis
et al., 2009; Esser et al., 2012; Reimann et al., 2013). Importantly,
some kinases were induced or repressed by DNA damages. For
example, Saccharolobus solfataricus Rio1, an atypical protein
kinase, was transcriptionally induced at the early stage (30 min)
of UV-treatment and the mRNA level of Rio1 increased in
γ-irradiated Pyrococcus furiosus cells (Gotz et al., 2007; Williams
et al., 2007). Another study showed that a typical (Hanks-
type) protein kinase (homolog of SiRe_2030) was repressed in
UV-treated S. solfataricus (Frols et al., 2007). In addition, two
regulators, Orc1-2 and TFB3, were found to be phosphorylated
in S. solfataricus and Sulfolobus acidocaldarius (Esser et al., 2012;
Reimann et al., 2013). These observations suggest that protein
phosphorylation plays an important role in DDR and/or DNA
repair. However, a detailed mechanism of how these processes
are regulated is still unknown.

Rio kinases are found in all three domains of life. In
eukaryotes, Rio kinases participate in ribosome biogenesis, cell
cycle progression, and genome integrity (Angermayr et al., 2002;
Ferreira-Cerca et al., 2012; Widmann et al., 2012). Importantly,
human RIO1 is overexpressed in different tumor types and
promotes tumor growth (Weinberg et al., 2017). Recently, yeast
Rio1 interactome containing more than 100 putative interactors
has been mapped (Iacovella et al., 2018). Yeast Rio1 was able to
regulate the transcription of a number of genes by binding to their
promoter regions (Iacovella et al., 2018), indicating that Rio1
plays a global regulatory role in the cell. Although archaeal Rios
was suggested to have a conserved role in ribosome biogenesis
(Knuppel et al., 2018), their function has not been established
thus far. Our previous study revealed that Rio1 phosphorylated
the Holliday junction resolvase Hjc in S. islandicus and regulated
its nuclease activity (Huang et al., 2019). However, it remains
unclear what other role(s) archaeal Rio1 plays in DNA damage-
induced regulatory networks. And above this, the effects of
DNA damage on the entire phosphoproteome have not been
reported in archaea.

Mass spectrometry-based phosphoproteomics is a very
powerful tool for identifying and quantifying protein
phosphorylation, and has been widely applied in the investigation
of eukaryotic DDR and DNA repair (Ajon et al., 2011; Makarova
et al., 2015; van Wolferen et al., 2016; Cao et al., 2019). In this

study, we performed quantitative phosphoproteomic analysis on
S. islandicus REY15A and rio1 deletion strain treated or untreated
with UV. We found that both UV-treatment and rio1 deletion
resulted in phosphorylation changes of proteins in various
cellular processes. Moreover, we found that the phosphorylation
changes in 1rio1 were much fewer than those in E233S after UV
irradiation, most of which were related to protein metabolism.
The UV-independent phosphorylation regulated by Rio1 was
also analyzed, indicating that phosphorylation changes of many
proteins participate in various cellular metabolic processes,
reminiscent of those in yeast.

MATERIALS AND METHODS

Strains and Growth Conditions
Sulfolobus islandicus strain REY15A (E233S) (1pyrEF1lacS)
(hereafter E233S) and its transformants were cultured as
described previously (Deng et al., 2009) with slight modification.
In particular, yeast extract was not added to the growth
medium. D-arabinose (0.2% w/v) was used for the induction of
protein overexpression. Gelrite (0.8% w/v) was used for making
culture plates.

UV Sensitivity Assay
Assay of the sensitivity of strains to UV irradiation on plates was
performed as described previously (Huang et al., 2019). For UV-
treatment of cells in liquid medium, a 30 mL aliquot at an OD600
∼ 0.2–0.3 was transferred to a petri dish (9 cm in diameter). The
cells were irradiated with UV at 100 or 200 J/m2 (Frols et al.,
2007) in a CL-1000 UV crosslinker (UVP Bio-imaging systems,
CA, United States) or mock-treated, and transferred back to the
culture flasks. The cells were then incubated at 75◦C in the dark.
The OD600 values were measured every 6 or 12 h. Growth curves
were drawn based on data from three biological repeats.

Microscopy Analysis and Colony
Formation Assay
The wild type and 1rio1 strains were cultivated at an initial
OD600 ∼ 0.04. After growing overnight, the samples (OD600
∼ 0.2) were taken and observed under a Nikon Eclipse80i
Microscope (Nikon corporation, Japan). The sizes of the cells
(in diameter) were measured with software NIS-Elements AR
3.1. Samples at different times from early to late log phase were
also taken and diluted by 10,000-fold, and 2–10 µl of the diluted
samples were plated in triplicate. The plates were incubated at
75◦C for 7–10 days before colony counting.

Sample Preparation for
Phosphoproteomic Analysis
A volume of 250 mL of the wild type or1rio1 (1sire_0171) strain
was cultivated to OD600 ∼ 0.28. A 50 mL aliquot of each culture
was then transferred to petri dish (15 cm in diameter) and put
into a CL-1000 Ultraviolet crosslinker. The cells were irradiated
with UV at 200 J/m2 or mock-treated and then transferred back
to a culture flask. The cells were then incubated at 75◦C for
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30 min with shaking at 110 rpm in the dark before collected
by centrifugation at 6,245 g for 10 min and washed with PBS
(phosphate-buffered saline) buffer three times. The cell pellets
were stored at −80◦C before phosphoproteomics analysis. Each
sample was prepared in duplicate. The sample treatment and
proteomic and bioinformatic analysis were conducted by BPI
(Beijing Protein Innovation Co., Ltd, Beijing, China).

Cell Lysis and Protein Digestion
Samples were first ground in liquid nitrogen into a powder
and then transferred to a 5 ml centrifuge tube. After that, four
volumes (500 µl) of lysis buffer (10 mM dithiothreitol, 1%
protease inhibitor cocktail (Merck, Darmstadt, Germany), and
1% phosphatase inhibitor) was added to the cell powder, followed
by sonication three times on ice using a high intensity ultrasonic
processor (Scientz, Ningbo Xinzhi Ultra-Sonic Technology Co.,
LTD., Zhejiang, China). An equal volume of Tris-saturated
phenol (pH 8.0) was then added, and the mixture was further
vortexed for 5 min. After centrifugation (4◦C, 5,500 g, 10 min),
the upper layer of the phenol phase was transferred to a
new centrifuge tube. Proteins were precipitated by adding five
volumes (2 mL) of ammonium acetate-saturated methanol, and
the samples were then incubated at −20◦C overnight. After
centrifugation at 5,500 g for 10 min at 4◦C, the supernatant
was discarded. The remaining precipitate was washed with ice-
cold methanol once, followed by ice-cold acetone three times.
The proteins were re-dissolved in 8M urea, and the protein
concentration was determined with a BCA (Bicinchoninic acid)
Protein Assay kit (Thermo Fisher Scientific, Waltham, MA,
United States) according to the manufacturer’s instructions.

For digestion, the protein solutions were reduced with 5 mM
dithiothreitol for 30 min at 56◦C and then alkylated with 11 mM
iodoacetamide for 15 min at room temperature in the dark. The
urea concentration of the protein sample was then diluted by
adding 100 mM triethylamonium bicarbonate (TEAB) to less
than 2 M. Finally, trypsin was added at 1:50 trypsin to protein
mass ratio for the first digestion at 37◦C overnight and a 1:100
trypsin to protein mass ratio for a second 4 h digestion.

Peptide Labeling and Enrichment
After trypsin digestion, peptides were desalted using a Strata X
C18 SPE column (Phenomenex, Torrance, CA, United States)
and vacuum dried. Peptides were then resuspended in 0.5 M
TEAB and processed according to the manufacturer’s protocol
for the TMT kit. Briefly, one unit of TMT reagent was thawed
and dissolved in 100% acetonitrile. The peptide mixtures were
then incubated at room temperature for 2 h and pooled,
desalted, and dried by vacuum centrifugation using an Eppendorf
Concentrator plus.

The tryptic peptides were then fractionated using high pH
reverse-phase HPLC on a Thermo Agilent 300Extend C18
column (5 µm particles, 4.6 mm inner diameter, 250 mm length).
Briefly, peptides were first separated with a gradient of 8−32%
acetonitrile (pH 9.0) over 60 min into 60 fractions. Then, the
peptides were combined into four fractions and dried by vacuum
centrifugation for 6 h.

Tryptic peptide mixtures were incubated with an IMAC
(immobilized metal affinity chromatography) microsphere
suspension with vibration in loading buffer (50% acetonitrile/6%
trifluoroacetic acid) and enriched phosphopeptides were
then collected by centrifugation. To remove non-specifically
adsorbed peptides, the IMAC microspheres were sequentially
washed with 50% acetonitrile/6% trifluoroacetic acid and 30%
acetonitrile/0.1% trifluoroacetic acid. Elution buffer containing
10% NH4OH was added, and the enriched phosphopeptides
were eluted from the IMAC microspheres by vibration. The
supernatant containing phosphopeptides was collected and
lyophilized by vacuum centrifugation. The samples were desalted
according to the instruction of the C18 ZipTips column for
LC-MS/MS analysis.

LC-MS/MS Analysis
Tryptic peptides were dissolved in 0.1% formic acid (solvent
A) and then directly loaded on a homemade reverse-phase
analytical column (15 cm length, 75 µm inner diameter). Solvent
A contained 0.1% formic acid in 2% acetonitrile. The gradient
comprised a range of 4–22% solvent B (0.1% formic acid in 90%
acetonitrile) over 40 min, 23–35% over 8 min, climbing to 80% in
4 min then holding at 80% for the last 4 min, all at a constant flow
rate of 400 nL/min on an EASY-nLC 1000 UPLC system.

These peptides were subjected to an NSI source followed
by tandem mass spectrometry (MS/MS) on a Q ExactiveTM

Plus (Thermo Fisher Scientific, Waltham, MA, United States)
coupled inline to the UPLC. The electrospray voltage applied
was 2.0 kV. The m/z scan range was 350−1800 for the full
scan, and intact peptides were detected by the Orbitrap at a
resolution of 70,000. The fixed first mass was set as 100 m/z.
Peptides were selected for MS/MS using an NCE setting of
28, and the fragments were detected on the Orbitrap at a
resolution of 35,000. A data-dependent procedure that alternated
between one MS scan followed by 10 MS/MS scans with
30.0 s dynamic exclusion was then applied. The automatic
gain control (AGC) was set to 1E5. The signal threshold
was set as 20,000 ions/s, and the maximal injection time
was set as 100 ms.

The resulting MS/MS data were processed using the
Maxquant search engine (v.1.5.2.8). Tandem mass spectra
were then searched against the Sulfolobus uniprot database
(Uniprot_Sulfolobus_islandicus_REY15A, 3993 sequences).
A reverse decoy database was concatenated for calculation of the
false positive rate (FPR). Trypsin/P was specified as the cleavage
enzyme allowing up to 2 missing cleavages. The minimum
length of peptides was set to 7 aa, and the maximum number of
modification sites was set to 5. The mass tolerance for precursor
ions was set to 20 ppm in the first search and 5 ppm in the
main search, and the mass tolerance for fragment ions was set
as 0.02 Da. Carbamidomethyl on cystine was specified as a fixed
modification. Phosphorylation on Ser/Thr/Tyr was specified
as variable modifications. The quantitative method was set as
TMT-10plex. Protein identification and the FDR of the identified
peptide spectrum match (PSM) were adjusted to <1%. The
localization probability of site modifications was filtered with a
value of>0.75.
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Bioinformatic Analysis
The Gene Ontology (GO) annotation proteome was derived
from the UniProt-GOA database1. First, the identified protein
IDs were converted to UniProt IDs and then mapped to
GO IDs. If some identified proteins were not annotated by
UniProt-GOA database, InterProScan software was used to
annotate the protein’s GO function based on the protein
sequence alignment method. Then proteins were classified by
Gene Ontology annotation based on three categories: biological
process, cellular component, and molecular function. Functional
descriptions of the identified protein domains were annotated
by InterProScan v.5.14-53.02 based on the protein sequence
alignment method, and the InterPro domain database was
used. The Kyoto Encyclopedia of Genes and Genomes (KEGG)
database was used to annotate protein pathways in this dataset.
The KEGG online service tool KAAS was used to annotate
each protein’s KEGG database description. Then the annotation
results were mapped on the KEGG pathway database using the
KEGG online service tools KEGG mapper.

Soft MoMo (motif-x algorithm) was used to search for a motif
of sequences derived from amino acids in specific positions of
modified-13-mers (6 amino acids upstream and downstream of a
site) in all protein sequences. All the database protein sequences
were used as the background database parameter. The minimum
number of occurrences was set to 20. The emulate original motif-
x option was set, and all other parameters were set to the default.

To perform enrichment analysis of GO, KEGG, and
protein domain for each category, a two-tailed Fisher’s
exact test was employed to test the enrichment of each
differentially modified protein against all identified proteins. The
GO/pathway/protein domains with a corrected p-value < 0.05
were considered significant.

Plasmid Construction
Sulfolobus islandicus FHA and vWAs were co-expressed in E. coli
using the pRSFDuet-1 plasmid (Novagen). The genes encoding
FHA and vWAs were amplified with corresponding primers
(Supplementary Table S1) and inserted into the NdeI/XhoI and
SacI (or BamHI for the vWA2 gene)/SalI, respectively. For co-
expression of FHA and vWAs in S. islandicus, the arabinose
promoter was cloned into the original multiple cloning site
(MCS) of pSeSD (Peng et al., 2012). The gene fragments of
Flag-vWAs and His-FHA were amplified and inserted into the
XhoI/NheI in MCS1 and NdeI/SalI in MCS2, respectively, of
the modified pSeSD, yielding pSeSD-Flag-vWA1-His-FHA and
pSeSD-Flag-vWA2-His-FHA.

The vector pET15b was applied for the construction of
plasmids expressing N-terminal His-tagged Sis7d (SiRe_0668)
and SMC-like protein (SiRe_0508) in E. coli. The genes were
amplified using their corresponding primers (Supplementary
Table S1). The PCR products were digested with NdeI/SalI and
ligated into the same restriction sites in pET15b. The phosphor-
mimic mutants, Sis7d-T41E/S47E and SiRe_0508-Y263E/Y266E

1http://www.ebi.ac.uk/GOA/
2http://www.ebi.ac.uk/interpro/

were constructed by SOE PCR and inserted into the NdeI/SalI
sites of pET15b.

Protein Purification
The plasmids for protein expression were transformed into E. coli
BL21-Codonplus-RIL. E. coli harboring the pET15b plasmids was
cultivated in 1 L of LB medium containing ampicillin (100 µg/ml)
and chloramphenicol (34 µg/ml) (LAC). Proteins were induced
by addition of IPTG and incubation at 37◦C for 4 h. The cells were
collected by centrifugation at 10,000 g for 3 min and disrupted by
sonication in lysis buffer (50 mM Tris-HCl pH 8.0, 200 mM NaCl,
5% glycerol). The proteins were purified with Ni-NTA agarose
(Invitrogen) column, pooled and frozen by liquid nitrogen for
storage at−80◦C.

Pull Down Assay
To detect the interaction between S. islandicus FHA and
vWAs in E. coli, pRSFDuet-1 based co-expression plasmids
were transformed into E. coli BL21-Codonplus-RIL. Single
transformants were picked into 30 ml LAC medium and
subsequently inoculated in 500 ml LAC medium. His-tagged
FHA and Flag-tagged-vWAs were induced as described above
and purified by anti-Flag beads (Sigma) according the standard
protocol. Briefly, E. coli cells were resuspended in 40 ml buffer
A (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5% glycerol) and
cell extract was obtained by sonication. The supernatant of
heat-treated cell extract was incubated with anti-Flag beads pre-
equilibrated with buffer A at 25◦C for 1 h. The beads were
washed with 9 ml of buffer A and the target proteins were eluted
with 3 ml of 0.1 M Gly-HCl buffer. The eluted samples were
analyzed by Western blot using anti-His antibody to detect the
presence or absence of His-vWAs. pRSFDuet-1 containing the
single gene (either FHA or vWA) was used as negative control.
Similar procedure was followed for the pull down assay of the
interaction between FHA and vWAs.

To analyze the interaction between FHA and vWAs
in vivo, pSeSD based co-expression plasmids were transformed
into S. islandicus. One hundreds milliliters of S. islandicus
cells harboring the co-expression plasmid were cultivated to
OD600∼0.2 and the protein expression was induced with 0.2%
D-arabinose for 12 h. The cells were collected and resuspended
in 10 ml lysis buffer and cell extract was obtained by sonication.
Soluble His-tagged FHA was purified with Ni-NTA agarose
column and eluted with 2 ml lysis buffer containing 250 mM
imidazole. The eluted samples were analyzed by Western blot
using anti-Flag antibody to detect the presence or absence
of Flag-vWAs. Strains harboring the expression plasmids for
single gene, pSeSD-His-FHA, pSeSD-Flag-vWA1, or pSeSD-Flag-
vWA2, were used as negative controls. Similar procedure was
followed for the pull down assay of the interaction between FHA
and vWAs from S. islandicus REY15A.

Electrophoretic Mobility Shift Assay
(EMSA)
Electrophoretic mobility shift assay was performed in a 20 µl
reaction mixture containing 25 mM Tris-HCl pH 8.0, 25 mM
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NaCl, 5 mM MgCl2, 1 mM DTT, 5% glycerol, FAM-labeled
dsDNA (500 bp), and various concentrations of the target
protein. The mixture was incubated at 37◦C for 30 min
and analyzed in 8% native PAGE. The gel was scanned by
TyphoonTM 162 FLA 7000 image analyzer (GE Healthcare).

RESULTS AND DISCUSSION

1rio1 Grew Faster Than the Wild Type
Under Physiological Conditions
Previous transcriptomic analysis in S. solfataricus revealed that
rio1, a kinase gene, was up-regulated by 2.8-fold upon UV
irradiation (Gotz et al., 2007), and the rio1 deletion strain (1rio1)
of S. islandicus exhibited higher sensitivity to UV irradiation
than the wild type strain E233S (Huang et al., 2019). Here, we
confirmed that 1rio1 was more sensitive to a relatively high
dosage of UV irradiation than E233S. In liquid medium, both
E233S and1rio1 were sensitive to UV irradiation, but1rio1 was

slightly more sensitive to UV irradiation at 200 J/m2 than E233S
(Supplementary Figure S1A). In the spotting assay, 1rio1 grew
almost the same as the wild type after UV irradiation at 15 J/m2

on plates, but it grew more slowly than the wild type at 25 J/m2

UV (Supplementary Figure S1B). Interestingly, in liquid culture
1rio1 grew faster (5.3 h/generation) and reached a higher density
than E233S (6.3 h/generation) with or without UV treatment
(Figure 1A and Supplementary Figure S1A). The mean cell size
of 1rio1 (1.21 ± 0.15 µm) was comparable to that of the wild
type (1.38 ± 0.22 µm) (Figure 1B). Colony formation assay
revealed that 1rio1 contained more live cells than the wild type
(Figure 1C). The results indicate that Rio1 negatively regulates
cell growth under normal growth conditions.

Experimental Design for
Phosphoproteomic Analysis and Data
Reliability
To reveal the phosphorylation regulatory network in DDR
and Rio1-mediated processes in S. islandicus, we performed

FIGURE 1 | 1rio1 grew faster than the wild type strain E233S. (A) Growth curves of 1rio1 and E233S. The cultures were transferred to fresh medium at a same
initial OD600 value. Samples were taken at an interval of 6 or 12 h for measuring ODs until stationary phase. (B) Cell size of 1rio1 and E233S. The samples at early
log phase (OD600 ∼ 0.2) were used for microscopy. Diameters of 190–200 cells were measured for each strain and the averages are shown at the bottom.
Representative photos are shown. Scale bar (2 µm) is indicated. N.S., non-significant. (C) Colony formation assay of 1rio1 and E233S. Samples of the two strains
were taken at same time point during their growth and diluted for plating. Colonies were counted after 7–10 days incubation at 75◦C.
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quantitative phosphoproteomic analysis on both UV-treated
and untreated wild type strain E233S and 1rio1. A schematic
of the experimental design is shown in Figure 2. E233S was
untreated or treated with UV to investigate the UV phospho-
signaling changes. The samples of untreated and UV-treated
1rio1 were compared to determine whether the UV-induced
differential phosphorylation events observed in wild type cells
were a result of Rio1 signaling. Comparison between E233S and
1rio1 was performed to reveal Rio1-mediated phosphorylation

FIGURE 2 | Schematic of sample preparation for phosphoproteomics
analysis. A volume of 250 mL of E233S and 1rio1 strain was cultivated to
OD600 ∼ 0.28. Aliquots of 50 mL were transferred to petri dishes (15 cm in
diameter), which were subsequently put in a CL-1000 Ultraviolet crosslinker.
Cells were irradiated with 200 J/m2 UV or mock-treated and transferred back
to a culture flask. The flasks were incubated at 75◦C for 30 min in the dark.
Cells were collected by centrifugation at 6,245 g for 10 min and washed with
PBS buffer three times. The cell pellets were ground in liquid nitrogen, and
total proteins were digested with trypsin. The peptides were labeled with TMT
and fractionated by SCX. The phosphopeptides were enriched by IMAC and
subjected to LC-MS/MS and bioinformatics analysis. Two repeats were used
for each treatment.

changes. In a previous transcriptomic analysis (Gotz et al., 2007),
S. solfataricus (a close relative of S. islandicus) cells were treated
with 200 J/m2 UV. Therefore, the same dosage of UV was applied
in the analysis in this study. The samples were then incubated
for 30 min in the dark after UV irradiation before collection
for quantitative phosphoproteomic analysis by TMT labeling.
Two biological replicates in the early exponential growth phase
(OD600 of 0.28) were analyzed for each sample, and relative
standard deviation (RSD) and hierarchical clustering analyses
of all differential phosphorylation evens (>1.3-fold, see bellow,
Cao et al., 2019) from five comparison data confirmed that these
measurements were reliable (Supplementary Figures S2A,B).

Overview of Phosphoproteome of S.
islandicus REY15A
Overall, 1357 peptides were identified, containing 672
phosphorylated sites from 352 proteins. Among these
phosphorylated sites, 562 phosphorylated sites from 333
proteins were identified with localization probabilities > 0.75,
and 448 unique phosphorylated sites from 284 proteins were
further quantified (Supplementary Table S1). A previous
phosphoproteomic analysis of S. solfataricus upon change of
carbon source identified 690 phosphorylated sites from 540
proteins (Esser et al., 2012), while another phosphoproteomic
analysis of two protein phosphatase deletion strains (1pp2a
and 1ptp) in S. acidocaldarius showed that numbers of
phosphorylated sites increased compared with those from a wild
type strain (from 54 to 477 and 715, respectively) (Reimann et al.,
2013). Our data are comparable to those from these reports.
Among the proteins identified in our study, more than 61% of
the phosphorylated proteins contained only one phosphorylated
site, while the proteins with two and three phosphorylated
sites were 19.0 and 10.2%, respectively. Fewer than 10%
of the phosphorylated proteins contained more than three
phosphorylated sites (Supplementary Figure S3). Specifically,
there were 13 proteins containing five or more phosphorylated
sites, indicating those proteins were intensively regulated
by phosphorylation. These proteins included nucleoside
diphosphate kinase, aspartokinase, phosphoglucosamine mutase,
phosphoenolpyruvate synthase, alcohol dehydrogenase GroES
domain protein, NADP-dependent isocitrate dehydrogenase,
DNA/RNA-binding protein Alba, 30S ribosomal protein S5,
translation elongation factor 1α, thermosomes (SiRe_1214
and SiRe_1716), and von Willebrand type A (vWA) domain
proteins (SiRe_1008 and SiRe_1011) (Supplementary Table S1).
All the identified phosphorylated proteins were classified
according to archaeal clusters of orthologous groups (arCOG)
functional categories (Makarova et al., 2015). Similar to the
previous phosphoproteomic analyses of Sulfolobus species
(Esser et al., 2012; Reimann et al., 2013), the phosphorylated
proteins belonged to most arCOG categories (19 out of 26
arCOG), confirming that protein phosphorylation plays a global
regulatory role in archaeal cells (Supplementary Figure S4).

We found that the ratios of phosphorylated Ser, Thr,
and Tyr were 65.3, 23.8, and 10.9%, respectively. The ratio
of phosphorylated Tyr in our data was lower than the
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two previous phosphoproteomic analyses (53.6% in wild type
S. solfataricus and 36.2−45.7% in the wild type, 1ptp, or 1pp2a
of S. acidocaldarius) (Esser et al., 2012; Reimann et al., 2013).
These differences may be due to the different phases of the cells
used for analysis. A culture in the early log phase (OD600 ∼ 0.28)
was used in this study, while in the two previous reports, cells of
late exponential growth phase (OD600 ∼ 0.7 − 0.8) were used. It
was reported that proteins carrying phosphorylated Tyr residues
were significantly more abundant in Hela cells (Sharma et al.,
2014). The lower OD600 of the samples in this study might have
an effect on protein profiles (probably low abundant proteins),
while cultures with a higher OD600 contained more abundant
proteins that might have had more phosphorylated Tyr sites.
Moreover, the relatively low level of Tyr phosphorylation could
have been caused by the Tyr kinase activity versus phosphor-
tyrosine phosphatase (PTP) activity (Hunter, 2009). It seems that
most Tyr kinases in eukaryotes are only activated in specific
circumstances for phosphorylation, whereas phosphorylated Tyr
residues usually have a short half-life due to the high activity
of PTPs unless they have been protected by binding to SH2
or PTP domain proteins (Sadowski et al., 1986). Thus far, it is
unclear whether archaeal Tyr kinases are activated under specific
conditions. However, the activity of S. acidocaldarius PTP was
much higher than that of PP2A (Reimann et al., 2013), indicating
that the half-life of Tyr phosphorylation may be too short to be
significantly detected in certain stages of Sulfolobus cells.

UV Treatment-Induced Pathways
For quantification of phosphorylation changes, those with more
than 1.3-fold differential phosphorylation in both biological
replicates were selected for detailed analysis. The use of>1.3-fold
cutoff was because phosphorylated sites with >1.3-fold change
comprised 5–10% of the total phosphorylated sites detected and
this threshold was used in several proteomics studies in archaea
(e.g., Cao et al., 2019). The phosphorylation changes might reflect
the increase or decrease of steady state protein in phosphorylated
state. However, the methodology used in this study could not
exclude that variation in synthesis rates and/or degradation rates
of proteins also lead to phosphorylation changes.

To identify UV-dependent protein/site phosphorylation, the
phosphorylated proteins and sites were compared between UV-
treated E233S and untreated E233S. The phosphorylation of 15
sites on 14 proteins increased after UV-treatment, while the
phosphorylation of 20 sites on 18 proteins decreased (Figure 3).
These proteins were mainly associated with cellular metabolism
(arCOG C, E, G, H); translation, ribosomal structure, and
biogenesis (arCOG J); and posttranslational modification, protein
turnover, and chaperones (arCOG O) (Figure 4A). This indicated
that the processes of both cellular metabolism and protein
synthesis changed (probably inhibited for preserving energy after
DNA damage) by phosphorylation and PTMs were induced on
specific proteins in response to UV irradiation.

Phosphorylation of Signal Transduction Proteins
Interestingly, two and three differentially phosphorylated sites
were identified in the Hanks-type protein kinase (SiRe_2056,
ePK1) and vWA domain-containing protein SiRe_1011 (vWA2),

FIGURE 3 | Statistics of differentially phosphorylated protein sites in various
comparison groups. The numbers of phosphorylated proteins (sites) with a
threshold of >1.3-fold are summarized here. The increased (up-) and
decreased (down-) amount of phosphorylated proteins and sites are shown in
filled and empty bars, respectively.

respectively. The phosphorylation level of ePK1 at T314
decreased by 0.59-fold, whereas that on T592 increased 2.0-fold.
The phosphorylation of three residues of vWA2, S304, T314, and
T327 decreased by 0.64, 0.68, and 0.74-fold, respectively (Table 1
and Supplementary Table S2). The phosphorylation of different
protein sites may correlate with various regulatory functions.
Protein kinases would transfer signals and vWA domain proteins
may mediate protein-protein interaction (Whittaker and Hynes,
2002). Strikingly, decreased phosphorylation of ePK1 at T314
and vWA2 at S304, T314, and T327 also occurred when rio1
was deleted (Table 1). Moreover, phosphorylation of another
vWA domain-containing protein SiRe_1008 (vWA1) at T353
decreased in both UV-treated E233S cells and UV-treated 1rio1,
indicative of UV-dependent but Rio1-independent manner
(Table 1 and Supplementary Tables S2, S3).

In the S. islandicus genome, an FHA domain-containing
protein SiRe_1010 is adjacent to the two vWA domain proteins
(SiRe_1008 and SiRe_1011) and its phosphorylation at T97
decreased in 1rio1 versus E233S (Table 1 and Supplementary
Table S4). In eukaryotes, the FHA domain is often a part of
large protein kinases and is involved in DDR, DNA repair, and
replication (Durocher and Jackson, 2002; Mohammad and Yaffe,
2009). In bacteria, FHA-containing proteins were able to bind
phosphorylated proteins (Alderwick et al., 2006; Niebisch et al.,
2006). In S. acidocaldarius, the interaction of FHA and vWA1 was
mediated by phosphorylation and the cell motility was regulated
by this interaction (Reimann et al., 2012; Albers and Jarrell, 2015;
Hoffmann et al., 2019; Ye et al., 2020). Our data suggested that
vWA2 might also be phosphorylated and interacted with FHA
in vivo. To test this hypothesis, co-expression of FHA and vWA1
(or vWA2) was performed in E. coli and S. islandicus. In vivo
pull down was carried out by anti-Flag beads to obtain Flag-FHA
and Western blot with His-tag specific antibody to determine the
co-exist of His-vWAs in E. coli, or by Ni-NTA purification of His-
tagged FHA and Western blot for detection of co-purified vWAs
by anti-Flag antibody in S. islandicus. We revealed that vWA2
interacted with FHA (Figures 5B,D). Similar to S. acidocaldarius
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FIGURE 4 | Analysis of differentially phosphorylated proteins in a comparison of UV-treated E233S versus E233S and UV-treated 1rio1 versus 1rio1. (A) COG
analysis of differentially phosphorylated proteins in UV-treated E233S versus E233S (left panel) and UV-treated 1rio1 versus 1rio1 (right panel). Both increased (up)
and decreased (down) phosphorylated proteins are shown. The categories of arCOG are indicated at the bottom. (B) Overlap analysis of the numbers of differentially
phosphorylated proteins (sites) between UV-treated E233S versus E233S (orange) and UV-treated 1rio1 versus 1rio1 (cyan). The numbers in brackets are those of
phosphorylated sites.

TABLE 1 | Differentially phosphorylated proteins involved in signal transduction, DNA replication/repair, and translation in the four comparisons of UV-E233S/E233S,
UV-1rio1/1rio1, 1rio1/E233S, and UV-1rio1/UV-E233S.

Gene ID Protein description Residues UV-E233S/E233S UV-1rio1/1rio1 1rio1/E233S UV-1rio1/UV-E233S

SiRe_2056 Eukaryotic-like
Serine/threonine Protein
kinase (ePK1)

T314 0.586 0.571

T592 1.983 0.714

SiRe_1008 Von Willebrand type A
(vWA1)

T353 0.658 0.685

SiRe_1011 Von Willebrand type A
(vWA2)

S304, T314, T327 0.641, 0.677, 0.736 0.494, 0.691, 0.661

Y303, T351 0.637, 0.645

SiRe_1010 FHA domain containing
protein (FHA)

T97 0.660

SiRe_1776 Elongation factor 1-α
(EF1-α)

T281 0.740 1.801 2.048

T284 1.742 1.947

S196, S244 1.333, 1.505

T327 1.385

SiRe_1281 Elongation factor 2 (EF2) S662 1.887

SiRe_0668 DNA-binding 7 kDa protein
(Sis7d)

T41 1.321

S47 2.451 2.872

SiRe_0508 SMC-like protein Y263 2.792 2.679

Y266 3.859 2.943 1.321

SiRe_0161 Single-stranded
DNA-binding protein (SSB)

S89 1.316 1.446

SiRe_1451 DNA polymerase (DNA pol) T22 0.523

counterparts, vWA1 was able to interact with FHA both in
E. coli and S. islandicus (Figures 5A,C). Interestingly, more
proteins were pulled down in S. islandicus cells than in E. coli.
We assume that PTM including phosphorylation enhances the
protein interaction. Consistently, a recent in vitro study showed
that phosphorylation of S. acidocaldarius vWA1 stimulated

formation of FHA-vWA complex, while dephosphoryation by
PP2A resulted in dissociation of the complex (Ye et al., 2020).
Our results indicate that phosphorylation of vWA2 may be
also involved in signal transduction together with FHA. Since
S. acidocaldarius 1rio1 are less motile (Hoffmann et al., 2017)
and our data showed that phosphorylation of FHA and vWA2
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FIGURE 5 | Interaction of FHA and vWAs by pull down. (A,B) Co-purification of His-vWA1(A)/vWA2(B) and Flag-FHA in E. coli. His-vWA1 (or vWA2) and Flag-FHA
were co-expressed in E. coli. Five hundred milliliters of the E. coli cells were resuspended in 40 ml buffer A and protein samples were prepared as described in the
section “Materials and Methods.” Total soluble protein and the enriched sample (20 µl) from approximately 40 ml supernatant (0.05%) and 9 ml elute (0.22%),
respectively, were analyzed by Western blot. C1, control of Flag-FHA purified from E. coli; C2, His-tagged vWA1 purified from E. coli; C3, His-tagged vWA2 purified
from E. coli. The asterisks represent samples concentrated by 12 times (2.6% of the total elute) before loading to the gels. (C,D) Co-purification of
Flag-vWA1(C)/vWA2(D) and His-FHA in S. islandicus. One hundreds milliliters of S. islandicus cells harboring the co-expression plasmid were cultivated to
OD600∼0.2 and protein samples were prepared as described in the section “Materials and Methods.” Total soluble protein and the enriched sample (40 µl) from
approximately 10 ml supernatant (0.4%) and 2 ml elute (2.0%), respectively, were analyzed by Western blot. C4, His-tagged FHA purified from E. coli; C5, Flag-vWA1
purified from S. islandicus; C6, Flag-vWA2 purified from S. islandicus. The star indicates that Flag-vWA2 bound to Ni-NTA beads weakly. I, input; E, elute.

was decreased when rio1 was deleted, it is also possible that
Rio1 might be involved in cell motility by regulating FHA/vWAs
phosphorylation. Further study is needed to investigate whether
and how the interactions between FHA and vWA1/vWA2
are regulated, and if these interactions play a broad role in
stress responses.

Phosphorylation of Chromosomal Proteins
We found that the phosphorylation levels of two chromosomal
proteins changed with UV irradiation. While previous report
showed that the transcription of the chromatin protein Sso7d
was repressed upon UV irradiation (Frols et al., 2007; Gotz
et al., 2007), the phosphorylation level at T41 and S47 of
the counterpart in S. islandicus, Sis7d, increased in our study
(Table 2). Sso7d is able to bind DNA so as to increase
the thermal stability of packed DNA (Robinson et al., 1998;
White and Bell, 2002). Decreased Sso7d/Sis7d level would
allow chromatin to be more flexible for DNA repair. T41
and S47 are located at a conserved core loop close to
the DNA backbone (41, 42). Therefore, phosphorylation of
Sis7d may reduce its DNA binding ability by introducing
negative charge. To test the effect of phosphorylation on
Sis7d, the wild type and phosphor-mimic mutant proteins
(T41E/S47E) were purified and their DNA binding activities
were assayed. As expected, DNA binding ability of mutant Sis7d
decreased compared with the wild type protein (Figure 6A).
In addition, we found that the phosphorylation of an SMC

(Structural Maintenance of Chromosome) domain-containing
protein (SiRe_0508) at Y263 and Y266 increased after UV
treatment (Table 2). Since the SMC family proteins are usually
involved in chromosome organization (Diebold-Durand et al.,
2017; Wang et al., 2017), SiRe_0508 phosphorylation may inhibit
its DNA affinity to impede chromosome remodeling and facilitate
DNA repair. As predicted, EMSA revealed that phosphor-
mimic mutant SiRe_0508-Y263E/Y266E exhibited lower dsDNA
affinity than the wild type enzyme (Figure 6B). Exactly how
the phosphorylation of SiRe_0508 regulates its function needs
further investigation.

Phosphorylation of DNA Repair/Replication Proteins
Nucleotide excision repair (NER), base excision repair (BER),
mismatch repair (MMR), and homologous recombination
repair are supposed to repair UV-induced DNA lesions
(Courcelle and Hanawalt, 2001; Goosen and Moolenaar, 2008).
In the current study, phosphorylation of multiple DNA
replication/repair proteins were identified, including DnaG,
DNA Ligase, replicative DNA polymerase B (PolB1, SiRe_1451),
DNA topoisomerase, RFC, RadA, SSB, Hjm, XPB1, and XPD
(Supplementary Table S1), although the phosphorylation levels
of DNA repair proteins altered not always significantly. However,
phosphorylation levels of some of the proteins changed 1.2–1.3
times or more in at least one of the biological replicates, such as
PolB1, DNA topoisomerase, RadA, and XPB1. Proteins involved
in the NER, BER, and MMR pathways have been shown to change
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TABLE 2 | Differentially phosphorylated proteins in UV-E233S/E233S and/or UV-1rio1/1rio1.

Gene ID* Amino acid (Position) Fold change Protein description

SiRe_0330 S119 1.900, 2.242 FAD-dependent pyridine nucleotide-disulphideoxido reductase

SiRe_0451 S144 1.375 ATPase-like protein

SiRe_0508 Y263, Y266 2.792, 3.859; 2.679, 2.943 SMC-like protein

SiRe_0668 S47 2.451, 2.872 DNA-binding 7 kDa protein

SiRe_0668 T41 1.321 DNA-binding 7 kDa protein

SiRe_1005 S738 0.738 Aconitate hydratase 1

SiRe_1005 S664 1.345 Aconitate hydratase 1

SiRe_1008 T353 0.658, 0.685 von Willebrand factor type A

SiRe_1011 S304, T314, T327 0.641, 0.677, 0.736 von Willebrand factor type A

SiRe_1024 T6 0.368 Amino acid permease-associated region

SiRe_1033 T257 0.651 Biotin/lipoate A/B protein ligase

SiRe_1169 S35 0.679 Uncharacterized protein

SiRe_1186 S385 1.310 Valyl-tRNA synthetase

SiRe_1199 S483 1.662, 1.537 Phosphoenolpyruvate synthase

SiRe_1202 S166 2.178, 2.149 UbiD family decarboxylase

SiRe_1214 S150 0.690 Thermosome

SiRe_1214 Y351 1.810 Thermosome

SiRe_1264 S207 0.736 30S ribosomal protein S3Ae

SiRe_1274 S94 0.605 Exosome complex component Rrp41

SiRe_1304 S73 0.720 50S ribosomal protein L6

SiRe_1441 T332 1.432 V-type ATP synthase alpha chain

SiRe_1582 T334 0.638 AAA family ATPase, CDC48 subfamily

SiRe_1612 S472 1.481 Glycosylated S-layer protein, SlaA

SiRe_1716 Y310 1.417, 1.526 Thermosome

SiRe_1716 S325 0.524 Thermosome

SiRe_1776 T281 0.740 Elongation factor 1-alpha

SiRe_1776 S196, S244 1.333, 1.505 Elongation factor 1-alpha

SiRe_1800 S97 0.632 Phosphoglucosamine mutase

SiRe_1800 S97 1.390 Phosphoglucosamine mutase

SiRe_1851 T204 0.703 Lysine biosynthesis enzyme LysX

SiRe_1898 T226 1.531, 2.253 UPF0173 metal-dependent hydrolase SiRe_1898

SiRe_1900 T286 2.727, 1.323 Uncharacterized protein

SiRe_1905 S2 0.711 50S ribosomal protein L7Ae

SiRe_1920 T88 1.376 30S ribosomal protein S11

SiRe_2056 T314 0.586 Serine/threonine protein kinase

SiRe_2056 T592 1.983 Serine/threonine protein kinase

SiRe_2627 T72 0.698 VapB-type antitoxin

*Proteins in red are identified from both UV-E233S/E233S and UV-∆rio1/∆rio1; proteins in blue are only from UV-∆rio1/∆rio1; other proteins are only from UV-
E233S/E233S.

significantly in their phosphorylation patterns at 6 h after UV
treatment in Hela cells (Edifizi et al., 2017; Xu et al., 2017). This
indicated that phosphorylation of DNA replication and repair
proteins also changes in response to UV treatment in archaeal
cells but to a lesser degree compared with eukaryotes. In addition,
we could not rule out that the phosphorylation change of DNA
repair proteins may become more apparent at the later stages of
response to UV irradiation.

Rio1 Mediated Protein Metabolism After
UV Irradiation
To investigate which pathways induced by UV irradiation
were dependent on Rio1, the phosphorylation changes between

UV-treated 1rio1 cells and untreated 1rio1 cells (UV-
1rio1/1rio1) were compared with those between UV-treated
E233S cells with untreated E233S cells (UV-E233S/E233S).
Our results revealed that phosphorylation of 15 sites on 12
proteins increased in UV-1rio1/1rio1 (9 sites overlapped with
UV-E233S/E233S), while that of only one site decreased in
UV-1rio1/1rio1, which was much fewer than the number
of decreased phosphorylated sites (20) from a comparison of
UV-E233S/E233S (Figures 3, 4B). This suggested that Rio1
was responsible for the reduction (>1.3-fold) of most protein
phosphorylation induced by UV irradiation (Figure 4A and
Supplementary Table S3). We identified 25 sites on 21 proteins
with >1.3-fold differential phosphorylation only in UV-treated
E233S cells versus E233S, among which 6 sites on 6 proteins

Frontiers in Microbiology | www.frontiersin.org 10 December 2020 | Volume 11 | Article 586025174

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


fmicb-11-586025 November 28, 2020 Time: 17:59 # 11

Huang et al. Archaeal Rio1-Mediated Phosphoproteomic Changes

FIGURE 6 | DNA binding ability of chromosome remodeling proteins and their phosphor-mimic mutants. (A) EMSA of Sis7d and its mutants Sis7d-T41E/S47E. The
reaction was performed at 37◦C for 30 min and analyzed in 8% native PAGE (see section “Materials and Methods”). Protein concentration of 0.025, 0.05, 0.1, 0.2,
0.4, and 0.8 µM was used. (B) EMSA of SiRe_0508 and SiRe_0508-Y263E/Y266E. Protein concentration of 0.38, 0.75, 1.5, 3, and 6 µM was used. Representative
gels are shown. The quantitative data was obtained from at least three independent experiments. Error bars indicate standard deviation.

exhibited increased phosphorylation, and 19 sites on 17 proteins
had lower phosphorylation levels (Figure 4B and Table 2). In
addition, there were 10 sites (9 increased and 1 decreased)
on 9 proteins that changed in both groups, representing those
phosphorylation events induced by UV but independent of
Rio1 (Table 2).

Among the proteins with decreased phosphorylation levels
identified only in UV-treated E233S, the majority were associated
with translation, ribosomal structure, and biogenesis (arCOG
J, including TEF1α, the exosome complex component Rrp41,
and three ribosomal proteins) and posttranslational modification,
protein turnover, and chaperones (arCOG O, including ePK1,
CDC48, and two thermosomes, Figure 3A and Table 2). These
indicated that Rio1 mediated protein metabolism after UV
irradiation in an indirect manner. In a study of Caenorhabditis
elegans, the genes involved in protein synthesis, refolding, and
degradation were transcriptionally reduced upon UV-induced
DNA damage, suggesting that protein recycling was impaired due
to general energy depletion (Edifizi et al., 2017). Our data revealed
that these processes were also regulated by phosphorylation
after UV treatment, probably by inhibition. It is unknown
whether the inhibition of the phosphorylation by Rio1 was due
to inactivation of a second protein kinase or enhancement of
protein phosphatase. However, we cannot exclude that Rio1
might directly interact with these proteins for inhibition, since
the interaction of yeast Rio1 with ribosomal proteins, exosome
complex components, and chaperones has been detected by yeast
two-hybrid (Iacovella et al., 2018). Moreover, in eukaryotes, Rio1

is a subunit of the pre-40S ribosome and is involved in pre-rRNA
processing and small ribosomal subunit maturation via a direct
interaction with other pre-40S subunits (Ferreira-Cerca et al.,
2014; Turowski et al., 2014; Ameismeier et al., 2018). Most likely,
one of the Rio1 roles in response to UV irradiation was inhibition
of protein synthesis and turnover to reduce energy consuming.

Several proteins exhibited increased phosphorylation levels in
UV-treated E233S but not in UV-treated 1rio1, among which
were ePK1 (SiRe_2056), the S-layer protein SlaA (SiRe_1612),
and a thermosome (SiRe_1214). Our in vitro kinase assay showed
that Rio1 was able to phosphorylate ePK1 (Supplementary
Figure S5), conversely, ePK1 could also phosphorylate Rio1 as
revealed previously (Huang et al., 2017). The detailed regulatory
mechanism between these kinases needs further investigation. It
will be very interesting to determine whether ePK1 and SlaA are
potential Rio1 substrates in vivo and what roles they play in DDR.

Remarkably, PolB1 phosphorylation decreased in UV-
treated 1rio1 cells as compared to UV-treated E233S cells
but not significantly different (<1.3-fold) in 1rio1 cells
compared to E233S cells, implying that the phosphorylation
change were induced by UV and amplified by Rio1,
affecting (probably inhibiting) DNA replication (Table 1
and Supplementary Table S1).

Previously, we found that Rio1 phosphorylated the Holliday
junction resolvase Hjc, which inhibited its catalytic activity
and increased the cell viability in the presence of multiple
DNA lesions. We proposed a regulatory role for Rio1 in
stalled DNA replication fork resolution (Huang et al., 2019).
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FIGURE 7 | Functional enrichment of the five comparison groups. (A) KEGG pathway. (B) Molecular function. Both increase (up) and decrease (down) of differentially
phosphorylated proteins involved in processes or pathways are shown. Red to blue represents the enrichment strength in log10 values.

Phosphorylation of Hjc was not identified in this study,
probably due to low protein level, which could become even
lower since hjc was transcriptionally down-regulated after UV
treatment in S. acidocaldarius (13). Similarly, we did not identify
phosphorylation of Orc1-2 or Tfb3 in a recently identified Orc1-2
dependent DDR network in Sulfolobus (Feng et al., 2018; Schult
et al., 2018; Sun et al., 2018). The reason could also be due to
low abundance of phosphorylated proteins at early stage of UV
treatment. In this network, the Orc1-2 is up-regulated in the
presence of DNA damage agents NQO or UV. The protein binds
to the promoter regions of the gene itself and DDR genes and

activates the expression of the Orc1-2, transcription factor TFB3,
proteins involved in DNA synthesis (Dpo2), the ups operon and
the ced gene transfer system (Ajon et al., 2011; van Wolferen
et al., 2016), and represses the expression of genes involved in
DNA replication initiation, genome segregation, and cell division
(Sun et al., 2018). Since we did not find a conserved DNA motif
for Orc1-2 binding to the DDR gene promoters (5′-ANTTTC-
3′) in the rio1 promoter region (data not shown), which was
bound by Orc1-2 for regulation (Le et al., 2017; Sun et al., 2018),
Rio1-mediated network might be independent of the Orc1-2-
centered network. In addition, Rio1 was induced earlier than that
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FIGURE 8 | Motif enrichment analysis of the identified phosphorylation Ser and Thr sites in this study. Ser and Thr at specific positions in modified-13-mers (6 amino
acids upstream and downstream of phosphorylation site) for all identified protein sequences were collected, and all the database protein sequences were used as
the background database parameter. The software package MoMo (motif-x algorithm) was used for motif enrichment analysis. The minimum number of occurrences
was set to 20.

of Orc1-2 after UV-treatment (peak at 30 min versus 90 min)
according to a previous transcriptomic study (Gotz et al., 2007),
suggesting that the expression of rio1 after UV irradiation may
not in fact be induced by Orc1-2 and the Rio1-mediated network
might be independent of the Orc1-2-centered network. Whether
and how Rio1 interplays with the Orc1-2- centered network need
further investigation.

rio1 Deletion Resulted in
Phosphorylation Changes in Multiple
Cellular Metabolic Pathways
The comparison of 1rio1 cells versus E233S cells revealed that
phosphorylation of 25 sites on 23 proteins increased, while that at
36 sites on 24 proteins decreased (Figure 3 and Supplementary
Table S4). The arCOG categories of these proteins revealed
that more proteins associated with various cellular metabolisms
(arCOG C, E, G, H) appeared in 1rio1 cells versus E233S
compared with UV-treated E233S versus untreated E233S cells
(Supplementary Figure S6), suggesting that Rio1 also regulates
metabolism without DNA damage treatment in addition to
protein synthesis/turnover.

To further investigate the impact of differentially
phosphorylated proteins (>1.3-fold) on cellular physiological
processes, the functional enrichment including KEGG pathway
and GO categories was analyzed for each comparison group.
For KEGG enrichment, multiple proteins with increased
phosphorylation were enriched in 1rio1. These proteins are
involved in various metabolic pathways, including galactose
metabolism, starch and sucrose metabolism, alanine, aspartate,
and glutamate metabolism, monobactam biosynthesis, cysteine
and methionine metabolism, glycine, serine, and threonine
metabolism, and lysine biosynthesis (Figure 7A). The latter five
metabolic pathways were also enriched in the UV-treated 1rio1
versus UV-treated E233S cells, confirming the important roles
of Rio1 in cellular metabolism independent of UV irradiation
(Figure 7A and Supplementary Table S5). As 1rio1 grew
faster than wild type, Rio1 may regulate growth rate via protein
synthetic capacity and/or cellular metabolism.

In addition, GO enrichment based on molecular
function showed that rio1 deletion mainly led to increased
phosphorylation of proteins with lyase or hydrolase activities,

whereas UV irradiation resulted in increased phosphorylation of
those with ion or small molecular binding activities, suggesting
that these two treatments (rio1 deletion and UV irradiation) led
to phosphorylation changes of proteins with different activities
for different downstream reactions (Figure 7B).

Remarkably, the phosphorylation of three Pur proteins
(SiRe_1379/PurL, SiRe_1382/PurC, and SiRe_1753/PurA)
decreased in both 1rio1 cells compared to E233S cells
and UV-treated 1rio1 cells compared to UV-treated E233S
(Supplementary Tables S4, S5), but not in UV-E233S/E233S,
indicating the phosphorylation change is Rio1-dependent but not
UV-induced. It has been shown that the gene cluster of nucleotide
(purine) biosynthesis (purC/Saci_1607, purS/Saci_1608, and
purL/Saci_1610) and a putative purine transporter gene
(Saci_0214) were transcriptionally down-regulated in response
to UV in S. acidocaldarius (Hoffmann et al., 2017; Schult et al.,
2018). These changes suggested that nucleotide synthesis and
uptake were both repressed after UV treatment, probably for
the purpose of slowing down DNA replication. Consistent with
this, the transcripts of the gene cluster (Saci_1607-Saci_1613)
and the uptake gene (Saci_0214) have been shown to be
higher in S-phase, where a large number of DNA replication
events occur (Lundgren and Bernander, 2007). Our results
suggest that purine biosynthesis is regulated probably by Rio1-
mediated phosphorylation. Strikingly also, phosphorylation of
SSB increased after rio1 deletion regardless of UV-treatment
(Table 1). Phosphorylation of these proteins could provide
another layer of regulation, although it was in a UV-independent
manner in certain circumstances.

Identification of Phosphorylation Motifs
To understand whether Sulfolobus phosphorylation has a bias
toward any amino acid motif, we analyzed the amino acid
composition of the identified phosphorylation sites using
software MoMo. The frequencies of 6 amino acids surrounding
all phosphorylation sites were summarized, and the result
showed that Arg appeared at the +3 position of 39 out of
367 phosphorylated Ser sites, which was enriched by 2.7-fold
compared with the background of Arg containing peptides
from all identified peptides (Figure 8). In addition, Arg was
enriched at the +2 position of phosphorylated Thr by 4.6-fold
(Figure 8). These results indicate that the positively charged
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amino acid Arg, which frequently appeared at the +2/3
position downstream of phosphorylated sites, might facilitate the
phosphorylation reaction of certain Sulfolobus protein kinases.

Our study revealed a complex network and a number of
putative target proteins of Rio1 in early response to DNA damage.
Many of the phenomena need further verification and some
are worthy further exploration. Nevertheless, Saccharomyces
cerevisiae Rio1 was shown to interact with a number of factors
involved in ribosome production, protein synthesis and turnover,
metabolism, energy production, and cell cycle progress by yeast
two-hybrid screen (Iacovella et al., 2018), suggesting that there
may be conserved function and mechanism of Rio1 proteins
from eukaryotes and archaea. Further study on which subset of
proteins is regulated by Rio1-dependent phosphorylation and
whether archaeal Rio1 binds certain gene promoters directly
for regulation, similar to yeast Rio1, will also be needed.
Furthermore, it will be interesting to study on how Rio1 is
regulated in response to DNA damage and other stresses.
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Cold seep ecosystems are developed from methane-rich fluids in organic rich

continental slopes, which are the source of various dense microbial and faunal

populations. Extensive studies have been conducted on microbial populations in

this unique environment; most of them were based on DNA, which could not

resolve the activity of extant organisms. In this study, RNA and DNA analyses were

performed to evaluate the active archaeal and bacterial communities and their network

correlations, particularly those participating in the methane cycle at three sites of

newly developed cold seeps in the northern South China Sea (nSCS). The results

showed that both archaeal and bacterial communities were significantly different at

the RNA and DNA levels, revealing a higher abundance of methane-metabolizing

archaea and sulfate-reducing bacteria in RNA sequencing libraries. Site ROV07-01,

which exhibited extensive accumulation of deceased Calyptogena clam shells, was

highly developed, and showed diverse and active anaerobic archaeal methanotrophs

(ANME)-2a/b and sulfate-reducing bacteria from RNA libraries. Site ROV07-02, located

near carbonate crusts with few clam shell debris, appeared to be poorly developed,

less anaerobic and less active. Site ROV05-02, colonized by living Calyptogena clams,

could likely be intermediary between ROV07-01 and ROV07-02, showing abundant

ANME-2dI and sulfate-reducing bacteria in RNA libraries. The high-proportions of

ANME-2dI, with respect to ANME-2dII in the site ROV07-01 was the first report

from nSCS, which could be associated with recently developed cold seeps. Both

ANME-2dI and ANME-2a/b showed close networked relationships with sulfate-reducing

bacteria; however, they were not associated with the same microbial operational

taxonomic units (OTUs). Based on the geochemical gradients and the megafaunal

settlements as well as the niche specificities and syntrophic relationships, ANMEs

appeared to change in community structure with the evolution of cold seeps,
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which may be associated with the heterogeneity of their geochemical processes. This

study enriched our understanding of more active sulfate-dependent anaerobic oxidation

of methane (AOM) in poorly developed and active cold seep sediments by contrasting

DNA- and RNA-derived community structure and activity indicators.

Keywords: anaerobic methanotrophs, methane, anaerobic oxidation of methane, cold seeps, calyptogena

INTRODUCTION

Methane is a potent greenhouse gas. It is 28 times more efficient
than CO2 and contributes more than 20% to global warming
(IPCC, 2014). From 2014 to the end of 2018 atmospheric
methane increased at twice the rate observed in 2007 (Fletcher
and Schaefer, 2019). The exact reason for the increasing methane
in the atmosphere remains unclear. Therefore, studying global
methane oxidation process is becoming increasingly important.

Continental margins account for only 11% of the ocean
area (Levin and Sibuet, 2012); however, their subsurface
seabed contains large reservoirs of methane in the dissolved
state, gaseous state, and in the form of solid natural gas
hydrates. Driven by a variety of unstable geological factors,
low-temperature and methane-rich fluids emit to the seabed
surface along the seabed channels, forming a unique deep-sea
ecosystem—cold seep (Boetius and Wenzhöfer, 2013). There
are thousands of active cold-seep systems distributed on the
continental margins around the world. Although they emit
0.01–0.05 Gt of carbon up to the atmosphere annually (Milkov
et al., 2003; Kvenvolden and Rogers, 2005; Reeburgh, 2007;
Judd and Hovland, 2009), large amounts of methane have been
consumed by microbial oxidation during upward migration in
sediments (Reeburgh, 2007; Regnier et al., 2011). Therefore,
methane oxidation by microorganisms in sediments plays an
important role in preventing cold seep methane from methane
from entering the atmosphere (Knittel and Boetius, 2009; Boetius
and Wenzhöfer, 2013).

Anaerobic archaeal methanotrophs (ANMEs) compose the
major microbial groups in cold seep sediments, with a relative
abundance up to 80–90% in total archaea (Vigneron et al.,
2013; Cui et al., 2019). They can be divided into three

distinct methanotrophic groups, namely ANME-1, ANME-2,
and ANME-3. The large phylogenetic distance between ANME
groups represents their internal sequence similarity of 75–92%

according to 16S rRNA genes (Knittel and Boetius, 2009).

ANME-1 is further divided into two subgroups, designated

ANME-1a and ANME-1b (Knittel et al., 2005). ANME-2 is
the most widely distributed and highly diverse group, which
is divided into four distinct subgroups, ANME-2a, ANME-2b,
ANME-2c, and ANME-2d (Orphan et al., 2001; Mills et al.,
2003). ANME-2a/b is highly abundant in cold seep sediments
(Knittel et al., 2005; Niu et al., 2017), and ANME-2c can be
found in both hydrothermal and cold seep sediments (Vigneron
et al., 2013; McKay et al., 2016). ANME-2d is also named “GOM
Arc I” (Lloyd et al., 2006) due to its late discovery and distant
relationship with other subgroups of ANME-2. “Candidatus
Methanoperedens nitroreducens” has also been used to refer to

ANME-2d due to its capability of performing AOM with nitrate
as the ultimate electron acceptor (Haroon et al., 2013).

ANMEs frequently form consortia with sulfate-reducing
bacteria to conduct anaerobic oxidation of methane (AOM).
ANME-1 and ANME-2 are connected with Desulfosarcina–
Desulfococcus (DSS) as sulfate-reducing bacteria (Orphan et al.,
2002), while ANME-3 are connected with Desulfobulbus (DBB)
(Niemann et al., 2006). ANME-1, as an anaerobic methanotroph
ecotype, often forms monospecific chains without attached
bacterial partner (Maignien et al., 2012). The ANME-2-
dominated community presents significantly higher AOM rates
in anoxic incubation than that of ANME-1 (Nauhaus et al., 2005).

It has been estimated that about 75% of migratory methane
emitted from subsurface reservoirs is microbially consumed
by ANMEs during AOM (Boetius and Wenzhöfer, 2013). In
addition, AOM associated with sulfate reduction is responsible
for increasing sulfide and dissolved inorganic carbon, promoting
the precipitation of authigenic carbonates (Liang et al., 2017), and
creating a favorable habitat for benthic megafaunal andmicrobial
communities. For instance, the biomass of benthic communities
at cold seep sites is up to tens of kilograms per square meter,
exceeding by orders of magnitude the biomass in nearby seabed
sediments without seeps (Zhang et al., 2002; Zhang C. L. et al.,
2003; Levin, 2005). The benthic communities at cold seep sites
include motile sulfide-oxidizing bacteria (Sahling et al., 2002;
Zhang et al., 2005; Niemann et al., 2006), bivalve Calyptogena
clams, and tubeworms (Cordes et al., 2005; Niemann et al.,
2006). Therefore, the AOM process not only reduces methane
leakage but also plays an important role in changing marine
ecological habitats.

Recently, ANME communities were investigated using high-
throughput sequencing technology in the sediments of the South
China Sea (SCS) (Niu et al., 2017; Cui et al., 2019; Zhuang
et al., 2019). However, these studies only focused on the overall
microbial communities at the DNA level, without distinguishing
among active, dormant, and dead microbes. DNA molecules
are much more resistant to degradation and can be detected
in dead cells (Lorenz and Wackernagel, 1987; Karl and Bailiff,
1989). Therefore, DNA-based abundance estimates could include
both the extant and necromass of microbial communities. In
contrast, high-throughput sequencing technologies focusing on
RNA can be used to evaluate relative metabolic activities due to
RNA relatedness to enzyme production and their sensitivity to
environmental changes (Charvet et al., 2014; Pawlowski et al.,
2014). Several studies have successfully determined the microbial
composition in the water column of the SCS using both DNA and
RNA investigations (Xu et al., 2017;Wu and Liu, 2018). However,
the survey of sedimentary microbial communities conducted
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by employing DNA and RNA molecules is currently lacking,
especially in SCS cold seep unities.

Various cold seeps have been identified on the northern
continental slope of the SCS (Han et al., 2008; Feng and Chen,
2015; Liang et al., 2017; Hu et al., 2019). Among them, Formosa
Ridge (site F) and Haima cold seeps are known as active seeps
(Feng and Chen, 2015; Liang et al., 2017). Observations using
a remotely operated vehicle (ROV) confirmed the existence
of massive authigenic carbonate crusts and various benthic
faunal assemblages, such as dead bivalves (Calyptogena sp.),
living tubeworms (Paraescarpia echinospica), and living mussels
(Bathymodiolus plantifrons) (Feng and Chen, 2015; Liang et al.,
2017). Large numbers of ANMEs have been found in sediments
from Haima cold seeps through DNA investigation, including
ANME-1a, ANME-1b, ANME-2a/b, and ANME-2c (Niu et al.,
2017; Guan et al., 2018; Cui et al., 2019; Zhuang et al., 2019).
In 2018, two weak seeps (ROV05 and ROV07, 5.22 km apart)
were newly discovered using the Haima ROV. They are located
about 110 km to the northeast of the Haima cold seeps below
1,721–1,753m of water depth (Feng et al., 2020). These two seeps
are obviously different from Haima cold seeps since they belong
to different stages of cold seep evolution and harbor simple
megafauna (mainly including Calyptogena) communities. Large
amounts of methane gas hydrates have been revealed in the area
where the two seeps occur, with hydrate depths of 15–160m and
8–174m below sediment surface at sites ROV05 and ROV07,
respectively (Liang et al., 2019; Wei et al., 2019; Ye et al., 2019).

This comparative study was conducted at the DNA and RNA
levels in combination with network analysis to evaluate the
changes in microbial (archaeal and bacterial) communities in
these two new seeps, aiming to (1) determine and contrast the
active microbial communities involved in AOM on the northern
slope of the SCS; (2) investigate the network correlations and
partnerships between ANMEs and other microbes at these
differing sites; and (3) explore the variation of ANMEs in
different stages of cold seep evolution.

MATERIALS AND METHODS

Site Description and Sampling
Sediment samples were collected with the Haima ROV from
the new weak seeps (ROV05 and ROV07) during the cruise
HYLH2018-01 (Figure 1). ROV05 was observed to show a small
mud mound (diameter: 10m) colonized by dense populations
of living clams (Calyptogena sp., Supplementary Figure 1). One
push core was carried out near the clam patch and was
named ROV05-02. Another surface sediment sample with living
clams was collected by an ROV gripper and was named LC
(living clams). ROV07 was observed to show that the shells of
dead clams (Calyptogena) and carbonate crusts were scattered
over a few 100m. Two push cores were obtained from the
sediments near the shells of dead clams and the sediments
near the carbonate crusts and were named ROV07-01 and
ROV07-02, respectively. In addition, another sediment sample
was collected in dead clam shells near the push core ROV07-
01 by an ROV gripper and was named CS (Clam shells). In
brief, the site of ROV05-02 was colonized by living Calyptogena

clams with 1,721m of water depth (Supplementary Figure 1),
the site of ROV07-01 accumulated deceased Calyptogena clam
shells with 1,753m of water depth, and the site of ROV07-02
was located near carbonate crusts with few clam shell debris
(1,751m of water depth). The site of ROV05-02 is far away from
ROV07-01 (5.22 km apart), while site ROV07-01 is 20m away
from ROV07-02.

Each of the sediment cores was cut into halves on board,
whereby one half was subsampled for molecular analysis and
the other half was collected for geochemical analysis of pore
water. All sediment samples were collected aseptically from
5cm-thick layers using sterile spoons, and were then frozen at
−20◦C until further processing. The dissolved inorganic carbon
(DIC), δ13CDIC values, total alkalinity (TA), and cation-anion
concentrations (SO2−

4 , NO−

3 , Cl
−, Mg2+, Ca2+, K+, and Na+)

were determined as previously described (Feng et al., 2020).
Particle size was measured using a Malvern Mastersizer2000
(Malvern Panalytical, UK).

DNA and RNA Extraction and PCR and
Quantitative PCR Amplification
The total DNA and RNA of the sediments were extracted
and purified using the E.Z.N.A. R© soil DNA Kit and the
E.Z.N.A. R© soil RNA Mini Kit (Omega Bio-tek, Norcross,
GA, U.S.), respectively. Aliquots of rRNA were reversely
transcribed using HiScript R© Q RT SuperMix (Vazyme
Biotech Co., Ltd.) according to the manufacturer’s protocols
after purification. DNA concentration and quality were
determined using a NanoDrop 2000 UV-vis spectrophotometer
(Thermo Scientific, Wilmington, USA) and 1% agarose gel
electrophoresis, respectively.

The DNA amplification were performed by a thermocycler
PCR system (GeneAmp 9700, ABI, USA) through the following
process: 5min of denaturation at 95◦C; 35 cycles of sub-
process constituting 30 s at 95◦C, 30 s for annealing at
appropriate temperature according to targeting genes (listed
in Supplementary Table 1), and 1min for elongation at 72◦C
successively; a final extension at 72◦C for 10min. PCR reactions
were performed in triplicate 20 µL mixture containing 10 µL
of 2X Taq Plus Master Mix, 0.8 µL of each primer (5µM), 7.4
µL of ddH2O, and 1 µL of template DNA. Primer-pairs were
used to amplify the different microbial communities as shown in
Supplementary Table 1.

Quantitative PCR (qPCR) was performed using an ABI7500
Real-Time system (Applied Biosystem, U.S.A.). The qPCR
reaction was performed according to the following process:
5min of denaturation at 95◦C, followed by 40 cycles of
sub-process consisting of 5 s at 95◦C, 30 s for annealing at
appropriate temperature according to targeting genes (listed in
Supplementary Table 1), and 40 s for elongation at 72◦C. The
qPCR reactions were performed in triplicate 20 µL mixture
containing 10 µL of ChamQ SYBR Color qPCR Master Mix,
0.8 µL of each primer (5µM), and 1 µL of template DNA.
Standard templates were generated using a dilution series of
purified plasmids with R2 values greater than 0.99.
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FIGURE 1 | Locations of the cold seeps ROV05 and ROV07 in the northern part of the SCS. ROV05-02 samples were collected from ROV05, and ROV07-01 and

ROV07-02 samples from ROV07.

Illumina MiSeq Sequencing
16S rDNA and rRNA sequencing of target microbial (archaeal
and bacterial, Supplementary Table 1) communities were
conducted with an Illumina MiSeq platform (Illumina, San
Diego, USA) according to the standard protocols of Majorbio
Bio-Pharm Technology Co. Ltd. (Shanghai, China). Low-quality
sequences were demultiplexed, filtered by Trimmomatic, and
merged by FLASH (Bolger et al., 2014). After removing chimeric
sequences using UCHIME (Edgar et al., 2011), high-quality
sequences were clustered into operational taxonomic units
(OTUs) at similarity levels of 97% using UPARSE (version
7.1, http://drive5.com/uparse/). The taxonomy was assigned to
representative sequences by RDP Classifier algorithm (http://rdp.
cme.msu.edu/) against the Silva (SSU132) 16S rRNA database
using a confidence threshold of 70% (Quast et al., 2013).

Statistical Analysis
The differences of archaeal and bacterial structure between
DNA and RNA sequences were analyzed in R language using
Bray Curtis method. Principal Component Analysis (PCA) was
performed to evaluate the variations at different sites based on
RNA level. Archaeal sequences were aligned with BLAST hits

from GenBank using the MEGA software (Hall, 2013), followed
by manual adjustments. Phylogenic tree was generated based
on maximum likelihood analysis. The robustness of inferred
topology was measured by bootstrap resampling (1,000). The tree
was then drawn in the web-based interactive tree of life (iTOL)
(Letunic and Bork, 2016).

The co-occurrence network was analyzed in R language
(V.3.2.4) and visualized by using Cytoscape (Shannon et al.,
2003). The archaeal OTUs (the top 50, representing 87.2–94.6%
of total archaeal reads) and bacterial OTUs with the highest
absolute abundance (the top 200, representing 61.8–74.2% of
total bacterial reads) were firstly selected to be analyzed based
on Pearson correlation matrix in R language. The absolute
abundance was based on their population and equal to their
relative abundance in DNA sequence libraries multiplied by
archaeal and bacterial DNA quantification, respectively. The
significant correlations (coefficient >0.9 or < −0.9, P ≤ 0.01)
between two OTUs were secondarily selected and visualized
using Cytoscape.

Redundancy analysis (RDA) was performed using PRIMER
V6.1.16 & PERMANOVA+ V1.0.6. The distance matrix of
archaeal communities serves as response variables and was
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calculated by the method of Bray Curtis similarity. Meanwhile,
predictor variables of environmental factors were selected by the
step-wise method through R2 criterion and further tested by
Monte-Carlo significance test through 999 permutations.

RESULTS

Geochemical Characterization
Comparing and contrasting data revealed similarities and
contrasts between the three sample locations (Figure 2). Seawater
impacts on shallow sediments were common across sites with
sulfate ∼25mM, DIC ∼5mM and δ13CDIC ∼ −20‰. Overall,
it appeared that seawater impacts dominated in 0–20 cm depths.
Methane concentration was likely undervalued due to outgassing
during sampling, however, the methane range of the push cores
clearly differed. Site ROV07-02 exhibited very low methane
concentrations (0.19–0.54µM) throughout the 60 cm profile as
well as DIC and SO2−

4 similar to overlying waters. Below∼30 cm
there was a slight increase in DIC with concomitant decrease
in δ13CDIC. Meanwhile, the sulfate concentrations remained
constant at 24–25mM in the sediments of ROV07-02 indicative
of insignificant sulfate reduction. Combined with the lack of
sulfide smell, these findings suggest low biological activity in
the 60 cm core ROV07-02. Core ROV05-02 appeared similar
to ROV07-02 except for higher methane concentrations (0.21–
3.71µM). These results suggested a significant methane energy
source available in the sediments of ROV05-02 and perhaps
some methane production or at least accumulation, suggestive of
biological activity.

In stark contrast were sediments from site ROV07-01.
The sulfate concentrations decreased rapidly from 23.52 to
17.95mM within 55 cm depth. Unlike sediments from ROV07-
02 and ROV05-02, the ROV07-01 sediments exhibited a strong
smell of sulfide, indicative of a highly reducing environment.
Concomitantly, methane was presented at a higher level in
the ROV07-01 sediments rising from 0.49µM to 7.03µM.
Further evidence of enhanced microbial activities in ROV07-
01 sediments was increased DIC at depth. The DIC content
was ∼5mM at a depth of 0–30 cm. Then it greatly increased
to 11.2mM at a depth of 35 cm, and finally remained constant
again at a depth of 35–55 cm. While DIC at the sediment water
interface was likely in equilibrium with the overlying waters,
the DIC at 60 cm depth was 2 times higher than that of the
overlying waters. In parallel, the δ13C value of the DIC in the
sediments of ROV07-01 presented an opposite trend. It was
slightly negative at a depth of 0–30 cm (−7.5∼-18.5‰), similar to
that of ROV05-02 and ROV07-02, then became largely depleted
at a depth of 35 cm, and finally remained constant (∼-32‰) at
a depth of 35–55 cm. The depletion of δ13CDIC is characteristic
of biological oxidation of reduced carbon. Presence of sulfide,
removal of sulfate in the upper 5+ cm depths, and increased DIC
with concomitant decreasing δ13CDIC provided multiple lines of
evidence for significant anaerobic activities and likely extending
below the 60 cm core in ROV07-01 sediments.

Profiles of particle size of the three sediment cores were
similar, with a high abundance of silt content ranging from
69.7 to 82.6%. As for the sand content (0.5–9.6%), it showed

a high abundance in middle layers in core ROV05-02 (up to
7.0%), with the highest abundance occurring at 35 cm depth in
core ROV07-01.

Quantification of Archaea, Bacteria and
ANME Subgroups
Bacteria were nearly three times more abundant than archaea in
the three sites, with abundance ranging from 1.71 × 107 to 5.24
× 106 copies/g (wet weight), respectively (Figure 3). Sediments
of ROV05-02 and ROV07-01 exhibited significant abundance of
the apsA functional gene ranging from 3.84 × 106 to 5.74 × 106

copies/g wet weight sediments on average, with the presumably
active ROV07-01 sediments evidencing 1.65 times more than
ROV05-02 sediments. The functional gene mcrA for methane
metabolism was retrieved from ROV05-02 and ROV07-01, with
abundance ranging from 1.64 × 105 to 3.71 × 105 copies/g (wet
weight), respectively. Again, the higher abundances were noted in
the more active and diverse ROV07-01 samples. Unsurprisingly,
mcrA gene was not detected in the presumably lower activity
sediments of ROV07-02.

The abundance of ANME-1, ANME-2c, and ANME-3 could
only be quantified in the sediments of ROV05-02 and ROV07-
01 by Q-PCR. All ANME groups were below detectable limits
in each depth in the lower activity ROV07-02 core. ANME-1
and ANME-2c genes were more abundant in the sediments of
ROV07-01, with an average of 2.44× 107 and 9.25× 106 copies/g
wet weight sediments, respectively. However, they were hardly
detected from most of the sediments of ROV05-02. ANME-
3 gene was detectable from the sediments of ROV05-02 and
ROV07-01, averaging 1.71 × 106 and 1.35 × 106 copies/g wet
weight sediments, respectively.

Phylogenetic Diversity of Metabolically
Active Archaea
The differences in archaeal and bacterial community structures
were shown between DNA and RNA sequence libraries.
Significant differences in archaeal structural patterns were shown
in sediment cores ROV07-01 (R = 0.68, Sig. = 0.003) and
ROV07-02 (R = 0.63, Sig. = 0.003) (Supplementary Table 2).
Significant differences in bacterial structural pattern were
observed in the sediment cores ROV05-02 (R = 0.50, Sig. =
0.003) and ROV07-01 (R = 0.72, Sig. =0.001; bacterial RNA
communities were not detected). In general, differences between
DNA and RNA sequence libraries of the sediment core ROV07-
01 were greater than that of the sediment core ROV05-02.

A total of 367,333 16S rRNA sequences of archaea were
obtained from 20 sediment samples, and were assigned to
919 archaeal OTUs (Supplementary Table 3). In general, both
DNA and RNA sequences retrieved were mostly affiliated
with methane-metabolizing archaea (ANMEs and methanogens,
Figure 4), with the exception of sediments of ROV07-02,
which consistently appeared low in both methane-metabolizing
biomass and likely activity. Site ROV05-02 exhibited considerable
abundance of ANMEs by DNA sequencing and likely activity
as exhibited by RNA sequencing. In addition, the live clam
area (ROV05-02) at the surface sediment exhibited significant
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FIGURE 2 | Geochemical profiles of sulfate, DIC, δ13CDIC, and particle sizes in the sediments of cold seeps. The sulfate, DIC, and δ13CDIC data are quoted from Feng

et al. (2020).
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FIGURE 3 | Quantification of the populations of archaeal, bacterial, apsA, mcrA, ANME-1, ANME-2c, and ANME-3 genes in cold seep sediments. LC and CS

represent the sediment samples with living clams and die-off clam shells at surface sediment, respectively. The function gene apsA was not measured in core

ROV07-02; the genes of mcrA, ANME-1, ANME-2c, and ANME-3 were below the detection limit.

ANME-3 and methanogenic DNA and RNA, at depth ANME-2d
were in higher preponderance than other archaea. Site ROV07-
01 revealed a diverse community of methanogens and ANMEs
with near corresponding proportions of RNA suggesting diverse
activity as well.

ANME-2d increased proportionally with depth and became
predominant in deep sediment layers in both DNA and RNA
sequence libraries at the ROV05-02 site. In contrast, ANME-2d
accounted for a small proportion of archaea at the ROV07-01
site and was not observed at ROV07-02. ANME-2d was further
divided into two clades, namely ANME-2dI and ANME-2dII,
with a similarity of 83.88–87.91% (Supplementary Figure 2).
The two clades were respectively derived from the sediments
of ROV05-02 and ROV07-01. The RNA sequences of ANME-
2a/b were significantly predominant in all sediment layers
(averaging 65.4% of archaea) at ROV07-01. The DNA and RNA
sequences of ANME-2a/b were detected in shallow sediment

layers but were present at low percentage in archaea at the
site of ROV05-02. Interestingly, ANME-2a/b was dominant
in sediments with living Calyptogena clam or dead clam
shells. ANME-3 was dominant in shallow sediment layers
at site ROV05-02. In contrast, it showed a low relative
abundance of archaea in both DNA and RNA sequence
libraries at site ROV07-01. The sequences affiliated to ANME-
1a, ANME-1b, and ANME-2c were only obtained from the
sediments of ROV07-01. Methanogen sequences belonging to
Methanimicrococcus were only predominant in the surface
sediment layer at site ROV05-02, andMethanococcoides occurred
predominantly in the sediments with dead clam shells. In
addition, Methanococcoides were dominant in all sediment
layers at site ROV07-02 in RNA libraries, although few ANME
communities were detected at this site. The amplification of
Lokiarchaeia, Bathyarchaeia, and Thermoplasmata also occurred
as major groups at site ROV07-02.
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FIGURE 4 | Archaeal community composition based on 16S rDNA and 16S rRNA-derived sequences in cold seep sediments. LC and CS represent the sediment

samples with living clams and die-off clam shells at surface sediment, respectively.

PCA analysis was performed to examine variations of
the active archaeal communities at the RNA levels across
the three different cores, and two optimal PCA dimensions
(37.1% by first axis and 22.1% by second axis) were presented
in Supplementary Figure 3. The results confirmed that
archaeal communities in most samples collected from
each push core were clustered together, substantiating the
different communities and activities in each site. In detail,

ANME-2dI and Methanimicrococcus showed a preference
for the sediments of ROV05-02; ANME-2a/b, ANME-2dII,
ANME-1a, and ANME-1b were mainly detected in the
sediments of ROV07-01; Methanococcoides, Lokiarchaeia,
Bathyarchaeia, and Thermoplasmata were mostly located in
the sediments of ROV07-02. The lack of ANMEs in ROV07-02
was in contrast to the diverse and apparently active ANMEs
in ROV07-01.
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Phylogenetic Diversity of Metabolically
Active Bacteria
A total of 674,266 16S rRNA sequences of bacteria were
obtained from 16 sediment samples (Site ROV05-02 and
ROV07-01), and were assigned to 7,083 bacterial OTUs
(Supplementary Table 3). The bacterial phyla mainly consisted
of Proteobacteria, Chloroflexi, Acidobacteria, Bacteroidetes,
Atribacteria, Actinobacteria, and Epsilonbacteraeota (Figure 5).
Among them, Proteobacteria were predominant in both
DNA and RNA sequence libraries (especially in RNA
sequence libraries) at the site of ROV07-01 (averaging
69.8%). According to RNA sequence libraries of the
sediments of ROV05-02 and ROV07-01, Deltaproteobacteria
was the most important group of Proteobacteria. Most
of the sequences belonging to Deltaproteobacteria were
affiliated with sulfate-reducing bacteria from families of
Desulfobacteraceae, Desulfobulbaceae, Desulfarculaceae, and
Desulfuromonadaceae. More abundant sulfate-reducing
bacteria in ROV07-01 even further substantiated the likely
highly anaerobic conditions in ROV07-01 sediments and
likely low redox condition in ROV05-02 sediments. Aerobic
methanotrophs of Gammaproteobacteria that are related
to type I methanotrophs occurred in RNA sequences and
showed more abundance in shallow sediment layers. However,
aerobic methanotrophs of Alphaproteobacteria related to
Type II methanotrophs occurred in most sediment samples
in DNA sequence libraries and were barely detected in
RNA sequence libraries. Giant sulfide-oxidizing bacteria
of Gammaproteobacteria represented by Beggiatoa showed
relatively higher abundance at the site of ROV05-02,
especially in the surface layer. However, sulfide-oxidizing
bacteria of Ectothiorhodospiraceae and Chromatiaceae within
Gammaproteobacteria showed a high abundance in the
sediments of ROV07-01. Geobacteraceae consisting almost
entirely of Geothermobacter were abundant in the sediments of
ROV05-02; however, they were rarely detected at the sites of
other push cores. Thermodesulfovibrionia affiliated to Nitrospirae
was also found from the sediments of ROV05-02. Sequences that
belong to Chloroflexi were dominant throughout all sediment
cores in DNA sequence libraries; other sequences affiliated to
Acidobacteria, Bacteroidetes, Atribacteria, and Actinobacteria
were found in a low proportion in all sediments. Active
bacteria were not ascertained at site ROV07-02 due to their
low abundance.

Network Co-occurrence Analysis
Regarding Archaeal Anaerobic
Methanotrophs
To gain insights into potential biotic interplays, where
ANMEs exhibited their distinct metabolic capabilities within
communities and strong correlations with their syntrophic
partnerships, network co-occurrence patterns of archaeal
and bacterial populations were determined based on Pearson
correlation analysis (Supplementary Figure 4). In order to focus
on methane-metabolizing archaea, the sub-networks regarding

relationships between the methane-metabolizing archaea with
other microbial taxa were selected (Figure 6).

At the site of ROV05-02, ANME-2a/b (2 nodes), ANME-
2dI (28 nodes), ANME-3 (3 nodes), and Methanimicrococcus
(1 node) were represented in the co-occurrence network,
with ANME-2a/b and ANME-2d being present in the
centers of different modules. In general, ANME-2dI tended
to be connected with sulfate-reducing bacteria, such as
Desulfatiglans (Desulfarculaceae), Sva0081 sediment group
(Desulfobacteraceae), unclassified groups (Desulfobulbaceae), and
Thermodesulfovibrionia (Nitrospirae) (Supplementary Table 5).
In addition, ANME-2dI most likely had indirect trophic
relationships with other microorganisms, including
Dehalococcoidia (Chloroflexi), JG30-KF-CM66 (Chloroflexi),
Gemmatimonadetes, Bathyarchaeia, and Lokiarchaeia.
ANME-2a/b tended to be connected with multiple sulfate-
reducing bacteria and sulfide-oxidizing bacteria, with the
former including SEEP-SRB1 (Desulfobulbaceae), SEEP-SRB4
(Desulfobulbaceae), Desulfocapsa (Desulfobulbaceae), and the
latter including Gammaproteobacteria and Epsilonbacteraeota
(such as Woeseiaceae, Thiomicrospiraceae, Thiotrichaceae,
Sulfurovum, and Sulfurimonas) (Figure 6). In addition,
ANME-3 was present on the margin of ANME-2a/b and
ANME-2d modules or isolated alone. The network analyses
were insightful in delineating distinct relationships between
consortia such as ANME-2dI/Deltaproteobacteria. These
were distinct from the ANME-2a/b/Deltaproteobacteria
and ANME-2a/b/Gammaproteobacteria networks. At site
ROV07-01, ANME-1a (1 node), ANME-1b (2 nodes),
ANME-2a/b (6 nodes), ANME-2c (2 nodes), ANME-2dII
(2 nodes), ANME-3 (1 node), and Methanococcoides (1 node)
were represented in the co-occurrence network. ANME-
2a/b was still in the center of the subnetwork module
(Figure 6), where the connected taxa were similar to those
at site ROV05-02. In addition, two nodes belonging to
ANME-2dII and Methanococcoides were also present in
the module center. For site ROV07-02, the sub-network
was not presented since nodes belonging to methanogens
and ANMEs were lacking (Supplementary Figure 4).
Chloroflexi were connected with other microbial nodes.
In Archaea, Bathyarchaeia preferred connections with
other groups; however, Lokiarchaeia preferred connections
with themselves.

The Control of Environmental Geochemical
Factors on Archaeal Community
Distribution
The environmental geochemical factors shaping the distribution
of archaeal communities at the RNA level were analyzed by
redundancy analysis (RDA) to gain a better understanding
of the ecological niche of methane-metabolizing archaea. The
predictor variables of methane, sulfate, DIC and δ13CDIC,
TA, particle size, and Ca2+, Mg2+, Na+, K+, and Cl−

were selected for RDA (Figure 7, Supplementary Table 4). The
results indicated that methane, sulfate, DIC and δ13CDIC, TA,
particle size, Ca2+ were significant factors, which explained

Frontiers in Microbiology | www.frontiersin.org 9 December 2020 | Volume 11 | Article 612135188

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


Zhang et al. Anaerobic Methanotrophs in Cold Seeps

FIGURE 5 | Bacterial community composition determined based on 16S rDNA and 16S rRNA-derived sequences in the sediments of cold seeps. LC and CS indicate

the sediment samples with living clams and die-off clam shells at surface sediment, respectively.

73.7% (43.4% by first axis and 30.4% by second axis)
of the variation in archaeal community distribution. Site
ROV07-01 was associated with ANME-1 and−2, while site
ROV05-02 was with ANME-2I and−3. For site ROV07-01

the loss of sulfate and diminishing 13CDIC were obvious
explanations of the variables in concert with the ANMEs.
Methane and TA were predominantly associated with the
site ROV05-02 and ROV07-01 in agreement with previous
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FIGURE 6 | Sub-network co-occurrence patterns regarding the relationship of the methane-metabolizing archaea with other microbial taxa in the sediments of

ROV05-02 and ROV07-01 in the cold seeps. The sub-network of the sediments of ROV07-02 is not presented, as only one node belongs to methane-metabolizing

archaea. The red-sided triangles, blue-sided triangles, squares, and circles in the network represent ANMEs, archaeal methanotrophs, other archaea, and bacteria,

respectively. Node size indicates the relative abundance of OTUs. Edges represent co-occurrence relationships between nodes (coefficient >0.9 or < −0.9, P≤ 0.01).

Gray edges and blue edges represent positive and negative relationships, respectively. The specific OTUs correlated with ANME-2dI and ANME-2a/b are shown in

Supplementary Table 5.
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FIGURE 7 | The relationships between the archaeal community structure and the environmental parameters in cold seep sediments determined using the redundancy

analysis (RDA). Only significant factors are shown by red vectors. The number next to each node represents sample depth. The proportional contributions of different

environmental factors are shown in Supplementary Table 4.

data presented that the site ROV07-02 showed little and
sparse evidence of reducing conditions, methanogenesis, or
methane oxidation.

DISCUSSION

Multiple studies have shown that ANMEs are dominant
in cold seeps in the SCS (Niu et al., 2017; Cui et al.,
2019; Zhuang et al., 2019). However, previous results were
based on the DNA level, and thus inactive microorganisms
may have been included (Luna et al., 2002; Ostle et al.,
2003). The application of the experimental method at the
RNA level can more accurately and authentically reflect the
changes in the microbial community structure (Ostle et al.,
2003; Allison et al., 2010). In this study, the structural
patterns of both archaeal and bacterial communities differed
substantially between DNA and RNA libraries. In RNA
libraries, a high abundance of methane-metabolizing archaea

and sulfate-reducing bacteria were present in archaeal and
bacterial communities.

Active Archaeal Anaerobic Methanotrophs
in Cold Seeps
Active ANMEs appeared to have different ecological preferences
in different sediment cores (Supplementary Figure 3). ANME-
2a/b is widely distributed in global sediments, and especially
dominates in cold seep environments (Knittel et al., 2005; Biddle
et al., 2012). A large amount of ANME-2a/b has been detected
in cold seeps in the SCS (Niu et al., 2017; Cui et al., 2019;
Zhuang et al., 2019). ANME-2a/b was found throughout the
entire sediment core ROV07-01 in this study. A large number
of dead Calyptogena clam shells and carbonate precipitates
accumulated in the ROV07 region (Supplementary Figure 1),
suggesting that the cold seep system has developed for quite a
long time. The chemical parameters exhibited sulfate removal,
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DIC increase and δ13CDIC distinction with depth in site ROV07-
01 (Figure 2), suggesting this site was highly developed, active
and strictly anaerobic.

A large reduction or cessation of seepage activities may have
occurred at one time in Haima cold seeps as reported (Liang
et al., 2017), causing the covering of Calyptogena clam deaths.
Therefore, benthic organisms did not include Bathymodiolin
mussels and tubeworms, which are representative of later stage
cold seeps evolution (Bowden et al., 2013). Presently, methane
continues to seep, supporting archaeal anaerobic methanotrophs
in ROV07-01 sediments. Compared to DNA sequences, ANME-
2a/b wasmore predominant and the abundance of ANME-1a and
ANME-1b was relatively lower at the RNA level (Figure 4).

The obvious changes in archaea community structure detected
by these two methods may be related to the change in methane
leakage flux in the ROV07 region. Since ANME-2 had a
preference for sediments with high methane flux and showed
significantly higher AOM rates while ANME-1 exhibited an
opposite trend, it is speculated that an increase in methane flux
may have occurred in recent times. Moreover, the abundance
of sulfate-reducing bacteria significantly increased at the RNA
level, suggesting that sulfate-dependent methane oxidation
occurred in the sediments of ROV07-01. The abundant sulfide-
oxidizing bacteria of Ectothiorhodospiraceae and Chromatiaceae
(Meyer et al., 2007) within Gammaproteobacteria suggested
the sufficient source of sulfide at this site. In addition, dense
populations of ANME-2a/b discovered in the sediments with
living Calyptogena clams (LC) or die-off clam shells (CS)
might be linked to seawater sulfate and substrate availability to
Calyptogena clams.

All ANME-2d in the samples were of mud volcano and
hydrothermal origin (Pachiadaki et al., 2011; Schauer et al.,
2011; Chang et al., 2012; Li et al., 2013), and were not derived
from terrestrial origins (Supplementary Figure 2). The ANME-
2d in the samples was further divided into sub-clades according
to phylogenetic analysis, namely ANME-2dI and ANME-2dII,
with an internal similarity of approximately 83.88–87.91%.
The majority of ANME-2d sequences fell into ANME-2dI,
which was dominant in ROV05-02 sediments (up to 73.5%
in total archaea at the RNA level). ANME-2d was previously
found in marine sediments such as a deep-sea gas chimney
(Schrenk et al., 2003), hydrothermal vents (Schauer et al.,
2011; Li et al., 2013), mud volcanos (Pachiadaki et al., 2011),
and cold seep sediments (Reed et al., 2009; Vigneron et al.,
2013). However, its abundance remained in extremely low
proportion. Although a high abundance of ANME-2d was
detected from deep submarine permafrost, the majority of
sequences were derived from terrestrial areas (Winkel et al.,
2018).

In this study, a high abundance of ANME-2dI was
found in the sediments of ROV05-02, which might be
related to the special habitat of the cold seep ROV05. It
covered a single benthic fauna—living Calyptogena clams,
which are early colonizers of short-lived (years to decades)
and sulfide-rich surficial sediment patches (Bowden et al.,
2013). The existence of Calyptogena suggested that ROV05-
02 site possibly contained a small amount of sulfide, even

though we did not smell it. The occurrence of giant sulfide-
oxidizing bacteria of Gammaproteobacteria represented by
Beggiatoa (Grünke et al., 2011) further substantiate the presence
of sulfide. The chemical parameters evidencing a lack of
sulfate removal, DIC increase and δ13CDIC distinction in site
ROV05-02 indicated this site was less developed and less
anaerobic than ROV07-01 (Figure 2). The sediments with living
Calyptogena (LC) contained higher proportions of Type I
methanotrophs, which were often identified as symbionts in
marine invertebrates, and they had higher energy efficiency
over type II methanotrophs (Petersen and Dubilier, 2009).
Meanwhile, the existence of living Calyptogena suggested that the
sediments of ROV05-02 originated from the early evolutionary
stage of cold seeps, which has been rarely discovered so far
in nSCS.

Most of the cold seeps are hundreds or thousands of years
old and are rich in diversified fauna and carbonate rocks
(Vigneron et al., 2013; Feng and Chen, 2015; Liang et al.,
2017). Organic matter accumulating in megafaunal tissues
can be released into underlying sediments to be utilized by
microbial communities (Sørensen and Glob, 1987). The high
abundance of ANME-2dI in deep layers might be linked to
upper Calyptogena clams, which could release organic matter to
support ANME-2d.

ANME-3 was detected in cold seeps on the northern slope
of the SCS, while previously found in the Sonora Margin cold
seeps (Vigneron et al., 2013) and submarine mud volcano in
the Barents Sea (Losekann et al., 2007). ANME-3 was found
to be distributed in both ROV05-02 and ROV07-01 push
cores and had a high abundance in shallow layers at 5 cm
depth of ROV05-02 (Figure 4). It was previously reported
that the ANME-3 habitat was restricted to a rather narrow
horizon below surface layers affected by surface communities
(Losekann et al., 2007; Vigneron et al., 2013).

Methanococcoides were detected in ROV07-02 sediments
as unique methane-metabolizing archaea (Figure 4), or they
could be involved in methane generation through reverse
methanogenesis as previously suggested (Vigneron et al., 2013;
Timmers et al., 2017). The relative abundance of ANMEs
in the sediments of ROV07-02 significantly decreased, which
was similar to that in the non-cold seep sediments on the
northern slope of the SCS (Niu et al., 2017). The most
abundant taxa in DNA libraries belonged to Chloroflexi
(Figure 5). Some groups in Chloroflexi (such as Anaerolineae)
are able to utilize polysaccharides and cellulose in strictly
anaerobic environments (Podosokorskaya et al., 2013; Xia et al.,
2016). Other sequences affiliated to Acidobacteria, Bacteroidetes,
Atribacteria, and Actinobacteria that are capable of degrading
organic matter (Steger et al., 2007; Hanreich et al., 2013; Nobu
et al., 2016; Wegner and Liesack, 2017) were found in a low
proportion in all sediments. Due to the lack of methane, the
microbial communities and geochemical factors were like the
background in nSCS. Considering the lack of sulfide smell or
sulfate removal, little DIC or δ13CDIC distinction, site ROV07-
02 was likely poorly developed, less anaerobic, possessed less
methane metabolic communities and exhibited less activity with
respect to methane oxidation.
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Network Relationship Among ANMEs
Network co-occurrence analysis can be used to elucidate
relationships such as syntrophic partnerships and explore the
potential ecological roles of ANMEs. According to the analysis,
large numbers of OTUs belonging to ANME-2d and ANME-
2a/b were in the center of the sub-networks of ROV05-02
and ROV07-01 sediments, respectively (Figure 6). This suggests
that ANME-2d and ANME-2a/b may interact strongly with
surrounding microorganisms, directly or indirectly affecting
their activity. ANME-2dII was connected with ANME-2a/b,
while ANME-2dI in different modules existed separately from
ANME-2a/b. Both ANME-2dI and ANME-2a/b were connected
with sulfate-reducing bacteria in Deltaproteobacteria, suggesting
that they could conduct sulfate-dependent AOM. However,
ANME-2dI and ANME-2a/b were not sharing the OTUs of
microbes, including the sulfate-reducing bacteria. ANME-2a/b
can form syntrophic aggregates with bacterial partners, such as
Desulfosarcina (Knittel and Boetius, 2009).

As shown by the network analysis in this study, ANME-
2a/b was associated with multiple sulfate-reducing bacteria,
including SEEP-SRB1 (Desulfobulbaceae), SEEP-SRB4
(Desulfobulbaceae), and Desulfocapsa (Desulfobulbaceae)
(Figure 6). AOM associated with sulfate reduction performed
by ANME-2a/b was also observed in incubations at high
sulfate levels (Timmers et al., 2015). ANME-2a/b could be
distinguished from ANME-2dI by their relationship with OTUs
affiliated with Gammaproteobateira and Epsilonbacteraeota
in networks. Meanwhile, most of the related OTUs belong
to sulfur-oxidizing bacteria, such as Woeseiaceae (Marques
et al., 2019), Thiomicrospiraceae (Eberhard et al., 1995),
Thiotrichaceae (Fossing et al., 1995), Sulfurovum (Mori et al.,
2018), and Sulfurimonas (Takai et al., 2006). This suggests
that ANME-2a/b was indirectly associated with strong sulfur
oxidation while coupling with sulfate reduction. In addition,
ANME-2a/b was associated with a variety of other groups
of microorganisms, but their specific metabolic processes
require further scrutiny. Interactions between ANME-2a/b and
their symbiotic bacteria might play an important role in the
anaerobic environment and promote the high development of
site ROV07-01.

The OTUs connected with ANME-2dI belonged to

Desulfatiglans (Desulfarculaceae), Sva0081 sediment group

(Desulfobacteraceae), and unclassified groups (Desulfobulbaceae)

(Supplementary Table 5). ANME-2dI was also connected to

the OTUs of Thermodesulfovibrionia (Nitrospirae). Some of

the Thermodesulfovibrio were isolated from hydrothermal-
related freshwater environments (Henry et al., 1994) and can
perform sulfate reduction with a limited range of electron
donors (Sekiguchi et al., 2008). In addition, ANME-2dI
most likely had an indirect trophic relationship with other
microorganisms, including Dehalococcoidia (Chloroflexi), JG30-
KF-CM66 (Chloroflexi), Gemmatimonadetes, Bathyarchaeia,
and Lokiarchaeia. Both Dehalococcoidia and JG30-KF-CM66
are affiliated to Chloroflexi. Meanwhile, the former contains the
genes associated with degradation of various organic matter such
as fatty acids and aromatic compounds (Wasmund et al., 2014)

and the latter contains genes related to nitrite oxidoreduction
(Mori et al., 2019). Gemmatimonadetes can be involved in
polyphosphate accumulation and carotenoid production in
soil (Zhang H. et al., 2003; Takaichi et al., 2010). However,
their ecological function in marine sediments remains unclear.
Bathyarchaeia is capable of utilizing recalcitrant organic matter,
and it is involved in methane cycling in sediments (Biddle
et al., 2006; He et al., 2016; Lazar et al., 2016). Lokiarchaeia are
strictly anaerobic and hydrogen-dependent archaea (Sousa et al.,
2016) and can degrade substances and syntrophically transfer
hydrogen and electrons to bacterial partners (Spang et al., 2019;
Imachi et al., 2020).

The metabolic flexibility of ANME-2d is seen in terrestrial
environments, facilitating AOM coupled to multiple terminal
electron acceptors (Leu et al., 2020) such as nitrate (Haroon et al.,
2013), iron, or manganese oxides (Ettwig et al., 2016; Weber
et al., 2017). “Ca. Methylomirabilis oxyfera” (NC10 bacteria) and
Geobacteraceae have been observed to be the syntrophic bacteria
of ANME-2d (Holmes et al., 2002; Arshad et al., 2015). NC10
bacteria perform denitrification coupled to methane oxidation by
ANME-2d (Vaksmaa et al., 2017). In detail, the nitrite produced
through AOM by ANME-2d will be continually reduced to N2 or
ammonia by NC10 (Raghoebarsing et al., 2006; Hu et al., 2011).
Geobacteraceae can perform iron reduction coupled to AOM (He
et al., 2018). Geothermobacter, one genus of Geobacteraceae, is a
representative of iron-reducing microbes that transfer electrons
extracellularly to iron oxides (Kashefi et al., 2003; Li et al., 2020).

In this study, the secondary pore water sampling analysis (in
May 2020) found that the sediments of ROV05-02 contained
extremely low nitrate concentration but high bivalent iron
concentration (up to 33.68 µmol/L, unpublished data). The
higher relative abundance of Geothermobacter in RNA sequence
libraries probably indicates that Geothermobacter was involved
in iron reduction in the sediments of ROV05-02. The lack of
correlation between ANME-2dI and Geothermobacter suggests
that Geothermobacter may not be a syntrophic partner of
ANME-2dI. However, the correlation analysis might have been
influenced by some unknown factors. In general, the network of
ANME-2dI with their relative microbes in site ROV05-02 was
significantly different from that of ANME-2a/b, possibly caused
by unique metabolic characteristics of ANME-2dI or the lower
redox condition than site ROV07-01.

Molecular data at the DNA level highlighted the high-
proportion presence of ANME-1, ANME-2c, and ANME-3
relatives in the sediments of ROV05-02 and ROV07-01. However,
they were associated with bacteria at a low level. At site ROV07-
02, the lack of methanogens and ANMEs associated with other
OTUs indicated that the effect of methane-metabolizing archaea
on the whole community structure is extremely small, further
substantiating that site ROV07-02 was poorly developed and low
activity with respect to methane metabolism.

Control of Geochemical Factors Over
ANME Distribution
The distribution and metabolism of ANMEs can also be linked
to geochemical composition, such as methane, sulfate, and DIC
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(Timmers et al., 2015; Bowles et al., 2016). As shown by the
RDA analysis in this study, methane, sulfate, DIC, and δ13CDIC,
TA, and calcium could be the significant factors relating to
the archaeal distribution at the RNA level (Figure 7). These
environmental factors were dominantly associated with ANMEs
in ROV07-01 sediments. Due to predominance of ANME-2a/b
in RNA libraries of site ROV07-01 and its high correlation with
sulfate-reducing and sulfide-oxidizing bacteria, the majority of
AOM could be mediated by ANME-2a/b, utilizing sulfate and
producing DIC and TA as revealed by the depleted δ13CDIC

(Whiticar, 1999). This could have led to the precipitation of
authigenic carbonates and induced the decrease in calcium
(Hu et al., 2019). ANME-2a/b have been observed growing in
incubation experiments with high sulfate and AOM activity
(Timmers et al., 2015). The decrease in sulfate with depth in
our study indicated that the effective AOM was likely performed
by ANME-2a/b. The DIC and δ13CDIC profile changed sharply
at a depth of 30–35 cm in ROV07-01 sediments, while the
archaeal community and quantification of mcrA genes did not
show any corresponding change. The increasing sand content at
this depth could explain the fact that porosity might improve
AOM efficiency (Figure 2) (Treude et al., 2005). Thus, the site of
ROV07-01 was highly developed, diverse, anaerobic, and active
in methane oxidation, providing an environment for ANME-
2a/b occurrence.

Dense archaeal populations (such as Lokiarchaeia,
Bathyarchaeia, Thermoplasmata) at site ROV07-02 did not
show similar correlations with these significant geochemical
factors. This result could also be deduced from the lack of
methane, sulfate removal, DIC or δ13CDIC distinction with
depth. Site ROV07-02 could be less anaerobic and less active
with respect to methanogenesis, methane oxidation and related
network relationships. Dominant and active ANMEs (such
as ANME-2dI and ANME-3) occurred at the ROV05-02 site,
suggesting the activity of methane oxidation was present.
However, the data of sulfate, DIC, and δ13CDIC with depth was
not as convincing as for the site of ROV07-01. This was probably
due to the weak AOM performed by ANME-2dI and ANME-3.
Meanwhile, the advective import of seawater and impacts
by Calyptogena clams (Wallmann et al., 1997; Bertics et al.,
2007; Fischer et al., 2012) could also explain the unchanging
environmental factors. Findings suggest the ROV05-02 site
could be anaerobic in spots and in micro-niches and likely
intermediary between the highly diverse and active ROV07-01
site and the poorly developed low activity ROV07-02 site.
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Diversity and Genomic
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Parvarchaeota Family in Acid Mine
Drainage Sediments
Zhen-Hao Luo†, Qi Li†, Yan Lai, Hao Chen, Bin Liao and Li-nan Huang*

School of Life Sciences, Sun Yat-sen University, Guangzhou, China

Recent genome-resolved metagenomic analyses of microbial communities from diverse
environments have led to the discovery of many novel lineages that significantly expand
the phylogenetic breadth of Archaea. Here, we report the genomic characterization
of a new archaeal family based on five metagenome-assembled genomes retrieved
from acid mine drainage sediments. Phylogenomic analyses placed these uncultivated
archaea at the root of the candidate phylum Parvarchaeota, which expand this lesser-
known phylum into two family levels. Genes involved in environmental adaptation and
carbohydrate and protein utilization were identified in the ultra-small genomes (estimated
size 0.53–0.76 Mb), indicating a survival strategy in this harsh environment (low pH
and high heavy metal content). The detection of genes with homology to sulfocyanin
suggested a potential involvement in iron cycling. Nevertheless, the absence of the ability
to synthesize amino acids and nucleotides implies that these archaea may acquire these
biomolecules from the environment or other community members. Applying evolutionary
history analysis to Parvarchaeota suggested that members of the two families could
broaden their niches by acquiring the potentials of utilizing different substrates. This
study expands our knowledge of the diversity, metabolic capacity, and evolutionary
history of the Parvarchaeota.

Keywords: novel family, Parvarchaeota, small genome, metabolic potentials, environmental adaptations

INTRODUCTION

Advances in sequencing technology and computational approaches have enabled the
reconstruction of microbial genomes directly from the environment. Such efforts have led to
the discovery of major new lineages previously missing from the tree of life (Rinke et al., 2013;
Baker et al., 2016; Baker et al., 2020). Extreme environments are pervasive landscapes on the
planet. Previous molecular surveys have documented the predominance of uncultivated archaea
under the most extreme environmental conditions (Huang et al., 2011; Podell et al., 2013). Recent
genome-resolved metagenomics analyses of these low-diversity environments have retrieved
near-complete or even closed genomes for these elusive taxa, resolving their metabolic functions
and evolutionary histories and significantly expanding the archaeal phylogenetic tree (Dombrowski
et al., 2018; Hug et al., 2016; Rinke et al., 2013; Baker et al., 2020).
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Acid mine drainage (AMD) is a worldwide environmental
problem, arising from the microbially-mediated oxidative
dissolution of sulfide minerals (primarily pyrite, FeS2) during
mining activities (Bond et al., 2000; Sánchez-Andrea et al.,
2011). These extremely acidic, heavy metal-rich solutions pose
a significant threat to the indigenous microorganisms. As an
essential representative of extreme environments, AMD systems
typically harbor low complexity microbial communities and
have been subject to extensive metagenomic analyses (Denef
et al., 2010; Huang et al., 2016). The Archaeal Richmond
Mine Acidophilic Nanoorganisms (ARMAN), consisting of the
candidate phyla Micrarchaeota and Parvarchaeota, were first
discovered in the acidophilic biofilms in the Richmond Mine,
Iron Mountain, United States (Baker et al., 2006, 2010). Several
previous studies have applied genome-enabled metagenomics,
comparative genomics, and cryogenic transmission electron
microscope technology to provide initial insights into the
metabolic capacities and potential ecological roles of these ultra-
small archaea and demonstrate their physical interactions with
Thermoplasmatales members in the community (Baker et al.,
2010; Chen et al., 2018). However, the ARMAN metagenomic-
assembled genomes (MAGs) analyzed in those studies are
limited to a narrow phylogenetic breadth. For example, all
currently available Parvarchaeota genome bins are affiliated
with a single family-level group (Chen et al., 2018). Thus, to
gain further insights into the physiology and ecology of these
elusive archaea, reconstructing new MAGs from more diverse
environmental samples and increasing genomic representation of
these uncultivated phyla are necessary. Here, we report retrieval
and comparative analysis of five new MAGs that may represent a
novel Parvarchaeota family in AMD sediments.

In this study, five draft metagenome-assembled genomes
(MAGs) representing a novel archaeal lineage were obtained
from AMD sediment samples, whose relative abundance is
relatively low (relative abundances less than 1%). Phylogenomic
analysis showed that they were placed at the root of Ca.
Parvarchaeota, an important clade in DPANN, which is
characterized by small genome size and restricted metabolic
repertoires. Newly recovered MAGs in this study have minuscule
genome size (less than 0.57 Mb). Then, genome-resolved
analysis revealed that they could utilize carbohydrates and
proteins but might obtain certain metabolites from environments
and/or community members because they lack many important
metabolic pathways, including biosynthesis of amino acids
and nucleotides. This study expands our understanding of the
ecological roles of rare taxa and sheds light on the adaptation
mechanisms of small-genome lineages in AMD environments.

MATERIALS AND METHODS

Study Sites and Sampling
Acid mine drainage sediments were collected from three mine
sites. (1) Fankou (FK) Pb/Zn mine (25◦ 2′ 56.5′′ N, 113◦ 39′
48.5′′ E) located in Guangdong province of China. Two cores
were sampled in the tailings impoundment in October 2017
as described previously (Gao et al., 2020). Only Core A was

included in the current study due to the presence of the newly
discovered Parvarchaeota lineage. The core was divided into six
layers (A1–A6) based on their differences in colors and physical
features. (2) Tongling (TL) pyrite mine (30◦ 94′5.41′′ N, 117◦
98′ 99.72′′ E) located in Anhui Province of China. One AMD
sediment sample was collected from a depth of 0–0.5 cm in
August 2017. (3) Maanshan (MAS) iron mine (31◦ 67′72.16′′ N,
118◦ 62′ 74.33′′ E) located in Anhui province of China. Three
AMD sediment samples (MAS1–MAS3) were collected in August
2017. All samples were collected into 50 ml sterile tubes and
held in an icebox and transported within 24 h to the laboratory
where they were stored at 4◦C. DNA extraction was conducted
typically within 48 h.

Determination of Physicochemical
Properties
The subsamples were air-dried and prepared for the
determination of physicochemical properties as previously
reported (Gao et al., 2020). In brief, pH and EC were measured
using specific electrodes. The concentration of ferrous iron and
ferric iron were determined by the 1,10-phenanthroline method
at 530 nm. The concentration of sulfate (SO4

2−) was measured
with a BaSO4-based turbidimetric method. Heavy metals and
total sulfur (TS) were measured by inductively coupled plasma
optical emission spectrometry (ICP-OES, optima 2100DV;
Perkin-Elmer, MA, United States). The contents of total organic
carbon (TOC) and total phosphorus were determined with
TOC-VCPH (Shimadzu, Columbia, MD, United States) and
Smart Chem (Westco Scientific Instruments Inc., Brookfield, CT,
United States) according to standard methods, respectively.

DNA Extraction and Metagenomic
Sequencing
DNA was extracted using FastDNA Spin kit (MP Biomedicals,
Irvine, CA, United States) and purified with QIA quick
Gel Extraction Kit (Qiagen, Chatsworth, CA, United States)
according to manufacturer’s instructions. The quality and
quantity of total community DNA were estimated using
agarose gel electrophoresis and Qubit (Thermo Fisher Scientific,
Australia). Finally, library preparation of DNA was conducted
with NEBNext Ultra II DNA Prep Kit (New England Biolabs,
Ipswich, MA, United States) and sequenced using an Illumina
Hiseq2500 platform using a 150bp paired-end approach.

Metagenomic Assembly, and Genome
Binning, Annotation and Comparative
Analysis
All raw data were filtered to remove duplicates using in-house
Perl scripts, and low quality based/reads using Sickle v.1.33 (Joshi
and Fass, 2011) with the following parameters: “-q 15 –l 50”. After
that, high-quality reads were assembled (or co-assembled for the
six FK sediments) using SPAdes v.3.9.0 (Bankevich et al., 2012)
with the parameters: “-k21,33,55,77,9,127 –meta”. Reads from
metagenomics datasets were mapped to the assembled scaffolds
(length≥ 2500 bp) to calculate scaffold coverage. For co-assembly
quality datasets, reads from different datasets were mapped to
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the assembled scaffolds separately using BBMap v.36.77 with the
same parameter set. To obtain more accurate binning results,
scaffolds were binned using MetaBAT v2.12.1 (Kang et al., 2015),
MaxBin v2.2.2 (Wu et al., 2015), Abawaca v1.00, and Concoct
v0.4.0 (Alneberg et al., 2014) with default parameters to get
the initial genome binning result, considering tetranucleotide
frequencies, GC content, taxonomic affiliation, and abundance
profiles of scaffolds. The binning result was then refined using
DASTools v1.0 (Sieber et al., 2018) and manually curated using
RefineM v0.0.24 (Parks et al., 2017). The MAGs sequences have
been deposited to the NCBI with the project accession number:
PRJNA666095. Due to the small size of Parvarchaeota MAGs,
completeness of all MAGs was assessed using the occurrence of
54 archaeal marker proteins (Supplementary Table 1). Protein-
coding sequences of all MAGs were predicted using Prodigal
(Hyatt et al., 2010) v.2.6.3 with the “-p single” option. Then, they
were assigned to functional orthologs of the KEGG Orthology
(KO) database using DIAMOND (Buchfink et al., 2015) with
E-value < 1e−5 to get a KO count table (Supplementary
Table 2). The metabolic profiles of MAGs were manually verified
based on the KEGG count table and online KEGG mapping
tools.1 Carbohydrate-active enzymes (CAZy) and peptidases were
identified using the CAZy database on the dbCAN webserver
(Cantarel et al., 2009) and MEROPS (Rawlings et al., 2016)
respectively. To predict signal peptides and localization of these
enzymes (CAZy and peptidases), we applied two algorithms,
SignalP-5.0 (Almagro Armenteros et al., 2019) and PSORTb
v3.0 (-a option for archaea sequences, Yu et al., 2010). All
available MAGs belonging to Parvarchaeota were obtained
from NCBI and IMG-M database. Among them, three MAGs
(Ca. Parvarchaeota archaeon Guaymas_33, Ca. Parvarchaeota
archaeon CSSed11_243R1 and Ca. Parvarchaeota archaeon
CSSed10_416R3) downloaded from NCBI were removed because
they were located in “Ca. Pacearchaeota” phylum in phylogenetic
analysis. Finally, 32 MAGs were taken into comparison,
which information of published MAGs was summarized in
Supplementary Table 3. Average amino acid identity (AAI)
values of these MAGs were determined by CompareM v.0.0.24.
For further comparative analysis, only MAGs with completeness
>70% were selected. Orthologous groups (OGs) were identified
by Orthofinder v.2.3.12 (Emms and Kelly, 2019), and gene gain
and gene loss events were reconstructed using COUNT v.10.04
(Csûös, 2010) with Dollo parsimony.

Phylogenetic Analyses
Sixteen ribosomal protein sequences (i.e., L2, L3, L4, L5, L6, L14,
L15, L16, L18, L22, L24, S3, S8, S10, S17, and S19) were selected to
generate phylogenetic trees of selected MAGs. Multiple sequence
alignments (MSA) of the individual proteins were obtained using
MUSCLE (Edgar, 2004) v3.8.31 with default parameters. Poorly
aligned regions were filtered using trimAL (Capella-Gutiérrez
et al., 2009) v1.4 with the parameters “-gt 0.95 –cons 50”.
Maximum-likelihood phylogeny for these ribosomal proteins was
inferred using the IQtree (Nguyen et al., 2014) v.1.6.10 with 1,000
ultra-rapid bootstraps (Hoang et al., 2018).

1https://www.genome.jp/kegg/kegg1b.html

The 16S rRNA gene sequences were identified using SSU-
ALIGN v.0.1.1.2 The alignment of 16S rRNA gene sequences
was performed on SINA web interface3 (Pruesse et al., 2012).
The protein sequences of sulfocyanin were retrieved by querying
the RefSeq non-redundant proteins database (NR) using protein
sequences from our MAGs and aligned with MUSCLE with
default parameters. A concatenated set of 122 archaeal marker
proteins were selected with GTDB-Tk (Parks et al., 2017). Then,
trimAL was used to eliminate those columns with ≥95% gaps in
16S rRNA and sulfocyanin alignments. The trees were inferred
using the IQtree as described above. All trees were uploaded to
iTOL v.4 (Letunic and Bork, 2019) for visualization.

RESULTS AND DISCUSSION

Novel Archaeal MAGs Recovered From
AMD Sediments
Metagenomic sequencing was performed on ten sediment
samples collected from three AMD environments
(Figures 1A,B). The FK sediment core samples showed
vertical gradients of physicochemical properties (Supplementary
Table 4), with pH values shifting from extremely acidic at
the surface layers to near neutral at the deeper layers. The
other sediment samples were characterized by low pH values
(2.5–2.8) (Supplementary Table 4) typical of AMD and
associated environments (Rothschild and Mancinelli, 2001).
After quality control, de novo assembly and genome binning,
five novel archaeal MAGs were obtained, namely FK_bins.410,
MAS1_bins.189, MAS2_bins.147 and MAS3_bins.60, and
TL1-5_bins.178, respectively. These MAGs represent a rare
group in the AMD environments with relative abundances
of all MAGs <1% (Figure 1C and Supplementary Table 5).
Estimated genome size ranges from 0.53 to 0.76 Mb (averagely,
0.65 Mb) and GC content ranges from 41 to 42%. On average, the
MAGs encode 515 genes with an average gene length of 816 bp
(Supplementary Table 5).

Based on the occurrence of 54 archaeal single-copy genes,
genome completeness ranges from 63 to 80% (71% on average)
(Supplementary Table 1).

Phylogeny and Environmental
Distribution of Novel Archaeal MAGs
To resolve the phylogenetic affiliation of the new MAGs, a
concatenated alignment of 16 ribosomal proteins was used to
construct a maximum likelihood (ML) phylogenomic tree. The
result showed that they formed a monophyletic group at the
root of the candidate phylum Parvarchaeota (a clade within
DPANN superphylum) with high bootstrap values (bootstrap
support values = 100%, Figure 2). Additional analyses based on
122 concatenated archaea-specific protein markers and 16S rRNA
gene further supported this result (Supplementary Figures 1, 2).
It is assumed that Parvarchaeota are restricted in AMD and
hot spring environments (Chen et al., 2018). Consistently, the

2http://eddvlab.org/software/ssu-align/
3http://www.arb-silva.de
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FIGURE 1 | (A) Geographic locations of sampling sites. (B) Details of sampling sites and the number of samples. (C) Relative abundance of newly recovered MAGs,
calculated by the abundance of the all scaffolds of each MAGs over the abundance of all scaffolds in corresponding samples.

phylogenetic tree based on 42 Parvarchaeota 16S rRNA gene
sequences (three from the MAGs retrieved in the present
study) confirmed that this phylum is likely limited to these
two types of environment (Supplementary Figure 2). The
AAI values of our MAGs to other Parvarchaeota MAGs (53–
56%, Supplementary Figure 3 and Table 6) fell within the
range of the threshold of the same family (Konstantinidis
et al., 2017). However, 16S rRNA gene sequence identity
(83–90%) between newly recovered MAGs and published
Parvarchaeota MAGs (Supplementary Table 7), fits in the

thresholds of family level (Yarza et al., 2014). Therefore,
based on 16S rRNA gene sequence identity, phylogenetic and
phylogenomic results, we suggested that these MAGs represent
a novel family within Parvarchaeota. We proposed that our
MAGs represent a novel family within Parvarchaeota and
the name “Candidatus Acidifodinimicrobiaceae” fam. nov., and
“Candidatus Acidifodinimicrobium mancum” gen. nov., sp. nov.
with the genome serving as the type material deposited in
GenBank under accession number GCA_015121965.1.

“Candidatus Acidifodinimicrobium” gen. nov.
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FIGURE 2 | Phylogenetic tree of Parvarchaeota based on concatenation of 16 ribosomal proteins. Different clades are showed by boxes with diverse colors and
MAGs newly obtained in this study are labeled with purple. Isolation sources of available Parvarchaeota MAGs are indicated by stars with different colors. Nodes with
ultrafast bootstrap value ≥95% (50%) are indicated as solid (hollow) circles, and the scale bar at the bottom indicates 10% sequence divergence.

A.ci.di.fo.di.ni.mi.cro’bi.um. L. masc. adj. acidus sour; L.
fem. n. fodina a mine; N.L. neut. n. microbium a microbe;
N.L. neut. n. Acidifodinimicrobium a microbe from an acidic
mine environment.

Type species: Ca. Acidifodinimicrobium mancum.
“Candidatus Acidifodinimicrobium mancum” sp. nov.
Candidatus Acidifodinimicrobium mancum (man’cum. L.

neut. adj. mancum maimed, defective, as the organism lacks the
genes for amino acids and nucleotides synthesis.

The representative genome is 0.47 Mbp with a GC content
of 42%. The estimated genome completeness is 80%, with
approximately 0.97% contamination.

Type material: FK_bins.410T (GCA_015121965.1),
obtained from the metagenome assembly of AMD sediments
from Fankou Mine.

“Candidatus Acidifodinimicrobiaceae” fam. nov.
A.ci.di.fo.di.ni.mi.cro.bi.a.ce’ae. N.L. neut. n.

Acidifodinimicrobium a (Candidatus) genus; -aceae ending
to denote a family; N.L. fem. pl. n. Acidifodinimicrobiaceae the
(Candidatus) Acidifodinimicrobium family).

As all currently available Parvarchaeota MAGs were classified
as one family (Chen et al., 2018), the AMD sediment MAGs
reported here further expanded the phylogenetic and genomic
diversity of this lesser-known phylum. The environmental
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distribution of this new family was evaluated using the
Integrated Microbial Next Generation Sequencing database and
our database. The result showed that the new family occurs
predominately in our samples and two acidic river samples from
Spain (Figure 3 and Supplementary Table 8). Consistently, it
represents a rare group as this family’s relative abundances were
very low in these samples (average 0.11%, n = 13, Figure 3B and
Supplementary Table 8). Besides, it was detected in a hot spring
sample located in Tengchong county of Yunnan Province, China
(Figure 3A), confirming that the distribution of Parvarchaeota
is restricted in hot springs and AMD-related environments
(Chen et al., 2018).

Metabolic Potentials
The metabolic repertoires of Parvarchaeota MAGs were
investigated by comparisons of KEGG database. Principal
coordinates analysis (PCoA) based on KOs was conducted to
evaluate the relationship between newly recovered MAGs and
published Parvarchaeota MAGs. It revealed that the functional
profiles of these newly recovered MAGs were significantly
different from others (PERMANOVA, p < 0.05, Supplementary
Figure 4), which further confirmed that these recovered MAGs
represented a novel lineage. Unlike other Parvarchaeota members
(Chen et al., 2018), only a few transporters were detected in
these recovered MAGs (Figure 4 and Supplementary Table 9),
indicating a more limited functional versatility. However, genes
encoding ABC-type peptide/nickel transporter systems were
detected in these newly recovered MAGs but not reported in
other Parvarchaeota members. Consistent with this, the presence
of proteasome and a variety of peptidases in these MAGs
(Supplementary Table 9), like serine (e.g., family S16 and S53),
metallopeptidases (e.g., M48, M103), aspartic (e.g., A24), and
other peptidases (e.g., archaeal-type methionyl aminopeptidase)
suggested that they could scavenge peptides and proteins.
Notably, the presence of N-terminal secretion signal peptides in
some genes encoding serine peptidases indicated that they might
be secreted to degrade peptides in the environments. Then, the
occurrences of several enzymes (e.g., S-adenosylmethionine
synthetase, asparagine synthase, and spermidine synthase)
involved in amino acid metabolism could provide substrates and
energy for these MAGs from the generated amino acids. Genes
related to selenoamino acid metabolism were detected in this
lineage. For example, sufS gene encoding for selenocysteine lyase,
recycling selenium during the breakdown of selenoproteins and
providing it for selenocysteine biosynthesis (Labunskyy et al.,
2014) were detected in 4 MAGs. Selenocysteine is a component of
glutathione peroxidase, thioredoxin reductase, glycine reductase
and hydrogenases (Böck et al., 1991). Moreover, the occurrence
of yaaU gene in four MAGs encoding MFS transporter (putative
metabolite transporter protein) indicated that they could take up
monosaccharides and polysaccharides, amino acids and peptides,
vitamins, and coenzyme factors for survival.

To study the potential of this archaeal lineage to breakdown
carbohydrates, we screened them for the occurrence of CAZymes
(Supplementary Table 9). The presence of genes in the
glycosyltransferase (GT) family indicated that they may be
capable of biosynthesis of sugars (e.g., GT3, glycogen synthase)

for storage. Besides, enzymes that belong to glycoside hydrolases
(GH) were detected in all MAGs. Therefore, they might be able to
degrade starch (GH57, alpha-amylase), chitin (GH18 and GH 19,
chitinase), trehalose (GH37, α-α-trehalase), glucan (GH55, β-1,3-
glucanase) and disaccharides (GH1, beta-glucosidase). Although
none of them harbored a potential signal peptide at N-terminus,
four genes (encoding alpha-amylase, GH57) distributed in four
MAGs (MAS1_bin.189, MAS2_bin.147, MAS3_bin.60, and
TL1-5_bin.178) were predicted to be extracellular, implying
that some proteins may be involved in extracellular hydrolysis
of starch. During the degradation of carbohydrates, glycolysis
usually supports cells with the energy needed for life (Bräsen
et al., 2014). In the present study, the new Parvarchaeota could
potentially generate ATP via Embden-Meyerhof-Parnas (EMP)
glycolysis pathway as most genes involved in this pathway
were detected, including archaeal type glucose-6-phosphate
isomerase, fructose-bisphosphate aldolase, triosephosphate
isomerase, glyceraldehyde-3-phosphate dehydrogenase,
phosphoglycerate mutase (or 2,3-bisphosphoglycerate-
independent phosphoglycerate mutase), enolase and pyruvate
kinase. However, the absence of pfk gene that is commonly
found in other Parvarchaeota MAGs (Chen et al., 2018),
which phosphorylates fructose 6-phosphate, suggests that
they may employ an alternative pathway (e.g., degrading
glycerone phosphate via the core module involving three-carbon
compounds in glycolytic pathway) or alternative genes for
pfk. Although genes involved in glycogen synthesis were not
all presented in MAGs, the common detection of glycogen
synthase implies that carbohydrate might be stored in some
cases, which enables organisms to be advantageous when carbon
sources are scarce (Santiago-Martínez et al., 2016). Due to the
common detection of korAB genes, these MAGs might convert
pyruvate to acetyl-CoA, which serves as a pivotal intermediate
in core metabolism pathways. For instance, acetate could be
generated by acetyl-CoA via acetate-CoA ligase, which the gene
acdA encoding this enzyme was detected in genomes of this
new family. Besides glycolysis, they could potentially generate
pyruvate from D-lactate and malate because of the occurrence
of ldhA (D-lactate dehydrogenase) genes and maeA genes
(malate dehydrogenase), stressing the importance of pyruvate
in metabolisms of this novel archaeal family. Considering that
many genes in central carbon metabolism were present, we
proposed that members of this family could obtain energy
from these pathways to survive. However, further cultivation-
based studies are needed to resolve the physiology of these
archaea.

Although petB gene encoding for the cytochrome b subunit of
ubiquinol-cytochrome c reductase was detected in 4 MAGs, the
absence of iron-sulfur and cytochrome c1 subunit indicated that
the complex III might not be present. Combined with the lack
of complex IV where oxygen is ultimately oxidized, we proposed
that this lineage adopts an anaerobic lifestyle. Notably, no MAG
contains a complete V-type H+-transporting ATP synthase that
includes nine subunits, and two MAGs (FK_bins.410 and TL1-
5_bins.178) even do not contain any subunit of such ATP
synthase. Such difference may be attributed to that these newly
constructed MAGs showed a relative low completeness and
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FIGURE 3 | (A) Global distribution of the 16S rRNA genes of newly recovered Parvarchaeota MAGs based on IMNGS database with 97% sequence-identity
threshold. The retrieved 16S rRNA sequences were plotted with different colors on the global map. (B) The relative abundance of newly recovered MAGs calculated
by the number of 16S rRNA gene sequences over the whole size of corresponding samples.

these genes tend to be present or absent simultaneously as all
genes associated with ATP synthase were in a small region (6–9
genes) in the MAGs.

Besides, only genes involved in nucleotides salvage pathways
were encoded, like genes encoding for IMP dehydrogenase,

nucleoside-diphosphate kinase, 5’nucleotidase, CTP synthase,
dCTP deaminase, and so on. They might acquire nucleotides
by nucleotides salvage pathways instead of de novo biosynthesis
of nucleotides, albeit free nucleotides may be unstable in
acidic environments. Notably, they may depend on an
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FIGURE 4 | Reconstructed metabolic pathways of newly recovered Parvarchaeota MAGs. α-D-G, α-D-glucose; β-D-G, β-D-glucose; β-D-F, β-D-fructose; GCP,
glycerone-P; GAP, glyceraldehyde-3P; 3PG, glycerate-3P; 2PG, glycerate-2P; PEP, phosphoenolpyruvate; Fdox , oxidized ferredoxin; Fdred , reduced ferredoxin; pmf,
proton motive force. For detailed on pathways, see Supplementary Table 9.

external source of lipids and vitamins because lipids and
vitamin biosynthesis pathways were absent in all five MAGs.
Combined with a limited set of metabolic repertoires, we
proposed that they depended on partner organisms for growth.
However, proteins involved in cell-cell interactions were
limited in these MAGs, which only included two proteins
in pili formation (virB11 and TadC). It remained to be
determined whether this was a sign of genome streamlining
or attributed to genome incompleteness. Further studies
are needed to know how these MAGs interacted with other
organisms for growth.

Several genes related to the SUF system were reported
in these MAGs, including sufB, sufC, and sufD, encoded for
Fe-S cluster assembly protein SufB, Fe-S cluster assembly
ATP-binding protein, and Fe-S cluster assembly protein
SufD, respectively. SUF system plays a pivotal role in Fe-
S cluster assembly and sulfur assimilation (Zheng et al.,
1993), suggesting that they may rely on sulfur compounds
in the environments. Notably, the gene coding for the
sulfocyanin, one of the blue copper-containing protein
which plays a crucial role in iron oxidation in some
archaea and bacteria lineages (Dopson et al., 2005; Castelle
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FIGURE 5 | Ancestral gene family reconstruction inferred from the global gene family of all available Parvarchaeota MAGs (completeness ≥70%). The Bayesian tree
is inferred from MrBayes (Ronquist et al., 2012). The number of gene gain (“+”) and loss (“−”) events were showed at the specific nodes of the tree. A list of essential
genes gain or loss events mentioned were shown.

et al., 2015), has been found in four MAGs (FK_bins.410,
MAS1_bins.189, MAS2_bins.147, and MAS3_bins.60),
suggesting the involvement in iron oxidation. Phylogenetic
analysis with high bootstrap values showed that these

protein sequences are located in archaeal clades, and the
closest relatives are Ca. Mancarchaeum acidiphilum and
Metallosphaera yellowstonensis (Supplementary Figure 5).
However, because they were quite different from other
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sulfocyanin proteins (Supplementary Figure 5), whether
they could functions as other sulfocyanin sequences require
further experimental confirmation.

Environmental Adaptations
Characterized by low pH value and high concentration of
dissolved metals, AMD represents an extreme environment
for organisms, where microbes must cope with environmental
stresses, including heavy metal, oxidative, and acid stress.
For metal stress, two kinds of metal transporters were
detected, including copA (3 MAGs) gene encoded for P-type
Cu + transporter and kch gene (5 MAGs) that encode for
voltage-gated potassium channel, revealing that they could resist
against metal stress by efflux of metal ions. The detection of
arsC gene (1 MAG) encoding for arsenate reductase, merA
gene (1 MAG) encoding for mercuric reductase, and chrR
gene (2 MAGs) encoding for chromate reductase enabled
these MAGs to reduce metal ions or metalloids to less
toxic reduced forms and then export them. In response
to oxidative stress, all MAGs carry a thioredoxin reductase
and a peroxiredoxin, which could help them defend against
oxidative damage by reducing thioredoxin and regulating
hydrogen peroxide levels. The occurrences of ahpC gene
encoding for peroxiredoxin (alkyl hydroperoxide reductase
subunit C), the sodA gene encoding for superoxide dismutase,
and the trxA gene encoding for thioredoxin in some MAGs
indicated that they could cope well with oxidative stress in
many ways.

Also, many genes related to other environmental stress
were detected in these MAGs. For instance, the htpX gene
encoded heat shock protein HtpX, which is known for its
role in heat stress. However, heat shock protein may also be
involved in cold and UV stress (Matz et al., 1995; Cao et al.,
1999). Besides the role in sulfur assimilation, the detection
of the sufB gene in all MAGS might help them resist iron
limitation and oxidative stress (Huet et al., 2005). The occurrence
of the fnr gene encoding for ferredoxin/flavodoxin-NADP+
reductase suggested that all MAGs could protect cell against
ROS-dependent cellular damage (Girardini et al., 2002). Gene
lhr encoding for ATP-dependent helicase Lhr and Lhr-like
helicase were found in all MAGs and could aid them in DNA
repair when organisms are under UV irradiation or mitomycin
C (Rand et al., 2003; Boshoff et al., 2003). Three MAGs
(FK_bins.410, MAS3_bins.60, and TL1-5_bins.178) carry DNA
repair protein SbcC/Rad50 and DNA repair protein SbcD/Mre11,
which could prevent them from DNA damage caused by
gamma radiation (Quaiser et al., 2008). In short, all the above
findings have revealed the survival strategies of this lineage in
AMD environments.

Evolutionary History of Parvarchaeota
To reveal the evolutionary history of Parvarchaeota, gene
gain and gene loss events were evaluated by mapping
the OGs profiles to the Bayesian tree that was based on
concatenated alignments of 122 archaeal-specific marker
genes with high posterior probability (>97%, Figure 5).
In total, 570 OGs were detected in node 1, which several

of them could be classified as resistance-related genes,
including sbcCD, trxA, lhr, trxB, sodA, bcp, chrR, merA,
arsC, aphC, grpE, dnaK, dnaJ, and sufB, suggesting that
the last common ancestor (LACA) of Parvarchaeota could
cope well with environmental stresses. In the following, we
will focus on the nodes of separation of two families and
the formation of the novel family. At node 2, many gene
gain events occurred, and some of them were metabolism-
related. For instance, some genes involved in the tricarboxylic
acid (TCA) cycle were acquired, including citrate synthase,
aconitate hydratase, isocitrate dehydrogenase, succinyl-
CoA synthetase, malate dehydrogenase, and succinate
dehydrogenase/fumarate reductase, which could support
microorganisms with key metabolic intermediates connecting
carbohydrate, fat and protein metabolism. Besides, genes cydAB
(cytochrome bd ubiquinol oxidase) and sdhAB (succinate
dehydrogenase/fumarate reductase) might enable some of the
Parvarchaeota members to respire oxygen in some way. At
node 3, 33 gene gain events occurred, which lead to separations
of the two families. Among them, the gene coding for PmbA
protein was acquired and only presented in this novel family,
which is involved in the toxin–antitoxin system (Pandey and
Gerdes, 2005), suggesting that this system might play a role
in the survival of members of this novel family. Besides,
genes related to archaeal-type H+-ATPase were lost at node
4, indicating that some novel family members might generate
ATP via alternative ways. Genes involved in an ABC-type
dipeptide/oligopeptide/nickel transport system were gained
at the same node, suggesting that they acquired the ability
for peptides utilization by transporting them into cells and
then degrade them.

In sum, different events occurred during the formations of
two families, which enable them to possess the ability to utilize
different substrates for survival.

CONCLUSION

The new Parvarchaeota MAGs recovered from the AMD
sediments have expanded the phylogenetic diversity of this little
known archaeal phylum. Due to the inability to biosynthesize
common amino acids and nucleotides, these uncultivated,
ultra-small archaea may adopt a lifestyle depending on
other community members. The predicted capacities for
carbohydrates and protein utilization and environmental
adaptation, including resistance to metal and oxidative
stress, may enable these microbes to survive in the harsh
environmental conditions. The detection of sulfocyanin
suggests iron oxidation as a crucial energy-yielding pathway.
Evolutionary history analysis showed that separation of the
two Parvarchaeota families, represented respectively by the
MAGs retrieved in the current study and those reported
previously, led to the diversified acquired ability to utilize
different substrates, allowing them to occupy different niches.
This study contributes to a better understanding of the metabolic
potentials and environmental adaptation of small-genome
archaea in extreme environments.
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“Candidatus Nitrosocaldaceae” are globally distributed in neutral or slightly alkaline
hot springs and geothermally heated soils. Despite their essential role in the nitrogen
cycle in high-temperature ecosystems, they remain poorly understood because they
have never been isolated in pure culture, and very few genomes are available.
In the present study, a metagenomics approach was employed to obtain “Ca.
Nitrosocaldaceae” metagenomic-assembled genomes (MAGs) from hot spring samples
collected from India and China. Phylogenomic analysis placed these MAGs within “Ca.
Nitrosocaldaceae.” Average nucleotide identity and average amino acid identity analysis
suggested the new MAGs represent two novel species of “Candidatus Nitrosocaldus”
and a novel genus, herein proposed as “Candidatus Nitrosothermus.” Key genes
responsible for chemolithotrophic ammonia oxidation and a thaumarchaeal 3HP/4HB
cycle were detected in all MAGs. Furthermore, genes coding for urea degradation
were only present in “Ca. Nitrosocaldus,” while biosynthesis of the vitamins, biotin,
cobalamin, and riboflavin were detected in almost all MAGs. Comparison of “Ca.
Nitrosocaldales/Nitrosocaldaceae” with other AOA revealed 526 specific orthogroups.
This included genes related to thermal adaptation (cyclic 2,3-diphosphoglycerate,
and S-adenosylmethionine decarboxylase), indicating their importance for life at high
temperature. In addition, these MAGs acquired genes from members from archaea
(Crenarchaeota) and bacteria (Firmicutes), mainly involved in metabolism and stress
responses, which might play a role to allow this group to adapt to thermal habitats.

Keywords: “Candidatus Nitrosocaldaceae”, hot spring, ammonia-oxidizing archaea, genome comparison,
horizontal gene transfer
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INTRODUCTION

Geothermal springs represent a model system to study microbial
ecology because of their simple community structure and
simplified biogeochemical processes (Amend and Shock,
2001). This habitat serves as an important niche for diverse
archaea with heterogeneous metabolic capabilities (Alves
et al., 2018). Among the various modes of chemolithotrophy,
ammonia oxidation can be a major energy source in some
geothermal systems, due to relatively high concentrations of
ammonia (Dodsworth et al., 2012). The global distribution
of archaeal ammonia monooxygenase subunit A (amoA)
in terrestrial geothermal springs (Zhang et al., 2008), and
high rates of nitrification in some hot springs (Reigstad
et al., 2008; Dodsworth et al., 2011), suggests a vital role
for thermophilic ammonia-oxidizing archaea (AOA) in the
nitrogen and carbon cycles in these habitats. “Candidatus
Nitrosocaldus” members are the only archaea capable of
oxidizing ammonia to nitrite at temperatures >65◦C (de
la Torre et al., 2008; Abby et al., 2018; Daebeler et al.,
2018). Members of this family are globally distributed
in neutral or slightly alkaline hot spring sediments or
geothermally heated soils (Marteinsson et al., 2001; Nunoura
et al., 2005; de la Torre et al., 2008; Zhang et al., 2008;
Dodsworth et al., 2011; Hou et al., 2013; Hamilton et al., 2014;
Abby et al., 2018).

“Candidatus Nitrosocaldaceae,” which includes “Ca.
Nitrosocaldus,” was first proposed in 2008 (de la Torre
et al., 2008) to include the first known member of the genus,
“Ca. N. yellowstonensis.” So far, only three enrichment
cultures of “Ca. Nitrosocaldus” have been reported: “Ca. N.
yellowstonensis” from a Yellowstone National Park hot spring,
“Ca. N. islandicus” from an Icelandic hot spring, and “Ca.
N. cavascurensis” SCU2 from a hot spring in southern Italy
(de la Torre et al., 2008; Abby et al., 2018; Daebeler et al.,
2018). Like other AOA, all of them are chemolithoautotrophic
and couple ammonia oxidation to carbon fixation using
the 3-hydroxypropionate/4-hydroxybutyrate pathway (de
la Torre et al., 2008; Abby et al., 2018; Daebeler et al.,
2018). Besides ammonia oxidation, additional metabolic
activities have been suggested from these three genomes,
including aromatic amino acid fermentation, utilization of
urea, nitrile, and hydrogen cyanide as alternative ammonia
donors, and synthesis of vitamins (de la Torre et al., 2008;
Abby et al., 2018; Daebeler et al., 2018). Despite these critical
features, the family remains poorly understood because of
the lack of pure cultures, limited availability of genomes,
and small number of studies measuring their activities
in situ.

In the present study, a metagenomics approach was employed
to obtain “Ca. Nitrosocaldaceae” metagenomic-assembled
genomes (MAGs) from hot spring samples collected from India
and China. With the newly recovered MAGs and available AOA
genomes, we have performed comparative genomic analyses to
provide insight into the phylogeny, functional diversity, and
adaptation mechanisms of this family and propose one novel
genus and two novel species.

MATERIALS AND METHODS

Sampling, DNA Extraction, Sequencing,
and Phylogenetic Analysis
Hot spring sediment samples were collected from India
(Gujarat, Tumba: 22◦47′58′′N 73◦27′37′′E, Temp: 55◦C) and
China (Yunnan, Jinze, JZ: 25◦26′28′′N 98◦27’36′′E, Temp:
75◦C; Qiaoquan, QQ: 24◦57′0′′N 98◦26′11′′E, Temp: 69◦C;
Shuirebaozha, SRBZ: 24◦57′0′′N 98◦26’14′′E, Temp: 72◦C).
General descriptions for the Chinese hot springs have been
described elsewhere (Hedlund et al., 2012; Hou et al., 2013).

Genomic DNA was extracted using the PowerSoil DNA
isolation kit (MoBio). Metagenomic sequencing data were
generated using the Illumina HiSeq 4000 instrument. The raw
data were processed as described by Hua et al. (2015) and
assembled using SPAdes v.3.14.0 (Bankevich et al., 2012). The
sequence coverage was determined by BBMap v.36.771 and
genome binning based on tetra-nucleotide frequencies, and
sequencing depth was conducted with MetaBAT v.2.12.1 (Kang
et al., 2015). The quality of the MAGs was evaluated using
CheckM v.1.0.7 (Parks et al., 2015). Full-length 16S rRNA
gene sequences were extracted from the MAGs using rnammer
v.1.2 (Lagesen et al., 2007). “Ca. Nitrosocaldaceae” MAGs were
preliminarily screened using PhyloPhlAn v.0.99 (Segata et al.,
2013). Phylogenetic tree was constructed using a concatenated set
of 122 universal marker proteins by GTDB-Tk (Parks et al., 2017).
MUSCLE v.3.8.31 (Edgar, 2004) with default parameters used to
align these sequences. Poorly aligned regions were removed using
TrimalAL v.1.4 (Capella-Gutiérrez et al., 2009). The phylogeny
was inferred with IQtree v.1.6.0 (Nguyen et al., 2014) by ultra-
rapid bootstraps (1,000) with the parameters –alrt 1000 –bb
1000 –nt AUTO.” Besides, nucleotide sequences of amoA gene
were retrieved (Alves et al., 2018) and aligned with MAFFT
v.7.407 (Katoh and Standley, 2013). Protein sequences coding
for nitrite reductase (NirK), multicopper oxidases (Decleyre
et al., 2016; Kerou et al., 2016) and indolepyruvate ferredoxin
oxidoreductase (Daebeler et al., 2018) were retrieved and aligned
with MAFFT. The alignments were filtered using TrimalAL v.1.4
(Capella-Gutiérrez et al., 2009) to eliminate columns with≥ 95%
gaps, and all gene trees were inferred with IQtree v.1.6.0 (Nguyen
et al., 2014). All trees were uploaded to iTOL v.4 (Letunic and
Bork, 2019) for visualization.

Genome Annotation, Horizontal Gene
Transfer Predictions, and Comparative
Genomics
In order to gain a comprehensive insight into “Ca.
Nitrosocaldaceae,” published “Ca. Nitrosocaldaceae” MAGs
were obtained from NCBI2 and JGI3. Protein-coding regions
were identified using Prodigal v.2.6.3 (Hyatt et al., 2010) with the
“-p single” option and annotated against the Kyoto Encyclopedia
of Genes and Genomes (KEGG) (Kanehisa et al., 2016) and

1http://sourceforge.net/projects/bbmap/
2https://www.ncbi.nlm.nih.gov/
3https://img.jgi.doe.gov/cgi-bin/m/main.cgi
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Archaeal Clusters of Orthologous Genes (arCOG) (Makarova
et al., 2015) database (e-value threshold = 10−5) with DIAMOND
(Buchfink et al., 2015). Assignments of key metabolic pathways
and specific functions were manually verified based on the KEGG
result and the online KEGG mapping tools4. Horizontal gene
transfers (HGTs) were inferred using HGTector2 (Zhu et al.,
2014) and visualized using SankeyMATIC5. For confirmation,
we use candidate HGT protein sequences selected in our
MAGs as queries against the protein sequences of NCBI
genomes database available (downloaded in May 2020).
Retrieved protein sequences together with protein sequences
in “Ca. Nitrosocaldaceae” were then aligned using MAFFT,
the alignments were filtered with TrimalAL and trees were
constructed with IQtree and visualized in iTOL. All parameter
sets were the same as mentioned above. For simplicity, the
initial phylogenetic trees were used to choose a small set of
sequences in the final trees. The rRNAs and tRNAs were
predicted using RNAmmer v.1.2 (Lagesen et al., 2007) and
tRNAscan-SE v.2.0.2, respectively (Lowe and Eddy, 1997).
The average nucleotide identity (ANIm) values of MAGs
were determined using pyani (Pritchard et al., 2016), and the
average amino acid identity (AAI) values were determined
using CompareM6. For further comparative analysis, MAGs
with completeness ≥80% were selected. OrthoFinder v.2.4.0
(parameters “-s blast_gz –t 20 –f protein_files”) with BLASTP
(-e 0.001) was used to assess orthology among the coding
sequences (CDS) of all selected genomes (Emms and Kelly,
2015, 2019). The term “shared set” was defined for orthogroups
that were present in a given branch and other branches,
whereas the “specific set” refers to orthogroups that were
only present in a given branch. Then, further sub-defining
the “specific set,” the term “lineage-core set” was used for
orthogroups identified in ≥90% of the analyzed genomes, and
the term “lineage-accessory set” was used for orthogroups
that were present in <90% of the analyzed genomes. Detailed
information on published AOA used in this study is provided in
Supplementary Table S1.

RESULTS AND DISCUSSION

General Features of “Ca.
Nitrosocaldaceae” MAGs
In total, nine “Ca. Nitrosocaldaceae” MAGs were obtained
from Chinese and Indian hot spring sediments. Among
them, four MAGs were obtained from Jinze (JZ-1.bins.77,
JZ-2.bins.172, JZ-2.bins.249, and JZ-3.bins.102), three from
Qiaoquan (QQ.bins.88, QQ.bins.97, and QQ.bins.115137), one
from Shuirebaozha (SRBZ.bins.174), and one from Tumba
(Tumba.bins.72).

In addition to the two cultivated members of the
genus “Ca. Nitrosocaldus” (with genomic data), “Ca.
N. cavascurensis SCU2” (Abby et al., 2018) and “Ca. N.

4https://www.genome.jp/kegg/kegg1b.html
5http://sankeymatic.com/
6https://github.com/dparks1134/CompareM

islandicus” (Daebeler et al., 2018), a MAG (Thaumarchaeota
archaeon J079) obtained from a Japanese hot spring (Ward
et al., 2019) was also assigned to this family based on
phylogenetic analysis. In phylogenetic trees based on
alignments of 122 archaeal marker genes (Figure 1A), a
monophyletic group containing the two cultivated members
of “Ca. Nitrosocaldus” and the nine additional MAGs
were recovered.

Phylogenetic analysis (Figure 1A) showed that the twelve
MAGs formed four well-supported clades within the family
“Ca. Nitrosocaldaceae.” Clade A consisted of JZ-2.bins.172,
QQ.bins.88, and Thaumarchaeota archaeon J079. Clade B
corresponded to QQ.bins.115137 and SRBZ.bins.174. Clade
C included Tumba.bins.72 and two recently proposed “Ca.
Nitrosocaldus” species, “Ca. N. islandicus” and “Ca. N.
cavascurensis SCU2.” Clade D comprised of JZ-2.bins.249, JZ-
3.bins.102, JZ-1.bins.77, and QQ.bins.97.

AAI values suggested that clades B, C, and D can be
ascribed to the genus “Ca. Nitrosocaldus,” as their AAI values
(Supplementary Table S2 and Supplementary Figure S1A) were
within the proposed limits (65–95%) (Konstantinidis et al., 2017).
In contrast, AAI values comparing Clade A genomes to “Ca.
Nitrosocaldus” genomes were well below those values (56.6–
57.8%). In addition, other genomic characteristics consistently
separated Clade A from “Ca. Nitrosocaldus,” reflected by GC
contents (Clade A, 31.9–33.1%, average 32.4%, n = 3; “Ca.
Nitrosocaldus,” 41.5–42.8%, average 42.0%, n = 9, Figure 1B) and
overall KO profiles (Figure 1C, ADONIS R2 = 0.48, P < 0.01).

Therefore, we propose the name “Candidatus Nitrosothermus
koennekii” gen. nov., sp. nov. to circumscribe the organisms
represented by clade A.

Etymology: Ni.tro.so.ther’mus. L. masc. adj. nitrosus, full of
natron, here intended to mean nitrous; Gr. masc. adj. thermos,
hot; N.L. masc. n. Nitrosothermus, a nitrite-forming organism
from a hot environment; koen.ne’ke.i. N.L. gen. n. koennekei,
named in honor of Martin Könneke. The type genome is JZ-
2.bins.172T.

The ANI values (Supplementary Table S3 and
Supplementary Figure S1B) separating clades B, C, and D
were below the cut-off (95–96%) for species identification
(Jain et al., 2018), and we propose the names “Candidatus
Nitrosocaldus tengchongensis” sp. nov. and “Candidatus
Nitrosocaldus schleperae” sp. nov. for clade B and clade D,
respectively. The type genomes are QQ.bins.115137T for
“Candidatus Nitrosocaldus tengchongensis” and JZ-1.bins.77T

for “Candidatus Nitrosocaldus schleperae.”
Etymology: teng.chong.en’sis. N.L. masc. adj. tengchongensis

pertaining to Tengchong, Yunnan Province, south-west China,
where the type strain was isolated; schle’pe.rae. N.L. gen. n.
schleperae, named in honor of Christa Schleper.

Despite the wide geographic range of clade C (Italy,
Iceland, and India) and the previous descriptions of two “Ca.
Nitrosocaldus” species, “Ca. N. cavascurensis” (Abby et al.,
2018) and “Ca. N. islandicus” (Daebeler et al., 2018), the
high ANI values between members of clade C (98.41–99.80%)
(Supplementary Table S3) suggests clade C as a single species
group.
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FIGURE 1 | (A) Phylogenetic tree of Thaumarchaeota based on concatenation of 122 archaeal marker genes with Metallosphaera sedula ARS50-1 as outgroup
(only a few genomes of other Thaumarchaeota are shown). MAGs newly obtained in this study are marked with green circles. Sources of Group HWCG-III MAGs are
indicated by stars with different colors. The temperature values refer to temperature measured in the source materials. Nodes with ultrafast bootstrap value ≥95%
(50%) are indicated as solid (hollow) circles, and the scale bar at the top indicates 10% sequence divergence. (B) Genome G+C content of Clade A (“Ca.
Nitrosothermus”) vs. Clades B, C, and D (“Ca. Nitrosocaldus”). (C) Principal coordinates analysis (PCoA) plot based on Bray-Curtis dissimilatory of KEGG functional
profiles of “Ca. Nitrosocaldaceae” MAGs, showing significantly different KEGG profiles in Clade A (“Ca. Nitrosothermus”) vs. Clades B, C, and D (“Ca. Nitrosocaldus”).

The estimated genome sizes were small (1.26–1.56 Mb),
with estimated completeness of 58.8–100% and estimated
contamination of 0–3.4%. Most MAGs have detectable 16S rRNA
genes (except Thaumarchaeota archaeon J079) and more than
18 tRNAs (except JZ-2.bin.249), indicating that they were well
curated and appropriate for further analysis. The number of
coding sequences ranged from 857 to 1,767, with about half of
them being assignable by KO profiles. The detailed features of
these MAGs are given in Table 1.

Metabolic Potential of “Ca.
Nitrosocaldaceae”
Nitrogen Metabolism
Similar to other AOA (Walker et al., 2010; Spang et al., 2012),
the key genes responsible for ammonia oxidation encoded by
amoABC were present in all “Ca. Nitrosocaldaceae” MAGs
(Figure 2, Supplementary Figure S2, and Supplementary
Table S4).
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TABLE 1 | Genomic features of “Candidatus Nitrosocaldaceae”.

Genome feature 1 2 3 4 5 6 7 8 9 10 11 12

No. of scaffolds 434 38 34 1 1 12 56 196 111 88 16 26

Genome size (Mbp) 1.06 1.51 1.39 1.50 1.54 1.50 1.18 1.04 0.63 1.39 1.39 1.39

Estimated Genome
Size (Mbp)

1.26 1.51 1.43 1.52 1.56 1.52 1.29 1.40 1.08 1.41 1.40 1.41

Genomic G+C
content (%)

33.1 32.2 31.9 41.6 41.5 41.5 42.8 42.7 42.3 41.9 42 41.9

N50 value (bp) 3,037 1,56,292 1,85,164 15,77,284 16,17,394 2,23,702 29,463 6,454 6,672 29,350 1,23,923 1,02,733

No. of protein
coding genes

1,569 1,767 1,648 1,718 1,753 1,729 1,431 1,457 857 1,700 1,665 1,646

No. of rRNAs 1 2 2 2 2 2 2 2 1 2 2 2

Presence of 16S
rRNA gene

No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

No. of tRNAs 32 40 37 36 36 41 31 30 14 36 38 39

No. of genes
annotated by KO

811
(51.7%)

877
(49.6%)

819
(49.7%)

832
(48.4%)

836
(47.6%)

840
(48.5%)

746
(52.1%)

751
(51.5%)

488
(56.9%)

849
(49.9%)

818
(49.1%)

812 (49.3%)

Completenessa (%) 84.43 100 97.5 99 99 99 91.9 74.7 58.8 98 99 98

Contaminationa (%) 2.5 0.9 0 0 0 0.9 0 0 3.4 0 0 0

Accession number GCA_
003695185.1b

GCA_
013538795.1b

GCA_
013538715.1b

GCA_
900248165.1b

2788500263c GCA_
011058825.1b

GCA_
013538675.1b

GCA_
013538755.1b

GCA_
013538775.1b

GCA_
013538695.1b

GCA_
013538805.1b

GCA_
013538705.1b

1, Thaumarchaeota archaeon J079; 2, JZ-2.bins.172; 3, QQ.bins.88; 4, “Ca. Nitrosocaldus cavascurensis”; 5, “Ca. Nitrosocaldus islandicus”; 6, Tumba.bins.72; 7, QQ.bins.115137; 8, SRBZ.bins.174; 9, JZ-2.bins.249,
10, JZ-3.bins.102; 11, JZ-1.bins.77; 12, QQ.bins.97. aThe evaluations of genome completeness and contamination were conducted with CheckM. Although the genomes of “Ca. Nitrosocaldus islandicus” and “Ca.
Nitrosocaldus cavascurensis” are only 99% complete in the table, these are, in fact, closed genomes that are missing PF000395. bThe GenBank accession number. cThe JGI accession number.
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Ammonia oxidation not only yields free energy but also
reducing force for anabolic reactions. Previously, an additional
copy of amoC that may participate in an ammonia starvation and
stress response was observed in some AOA MAGs (Berube et al.,
2007; Berube and Stahl, 2012; Spang et al., 2012). In our study,
an extra amoC could be found in two “Ca. Nitrosothermus”

MAGs (Supplementary Table S4), indicating that they may
grow at a lower concentration of ammonia than other “Ca.
Nitrosocaldaceae” members. Interestingly, a full-length extra
amoA gene (NODE_52239_length_4113_cov_3.91646_6)
was detected in MAG JZ-2.bins.249. The sequence
assembly of the extra amoA-containing scaffold

FIGURE 2 | The overall distributions of the genes of interest in “Ca. Nitrosocaldaceae.” The phylogenetic tree in the left was pruned according to Figure 1. For
visualization, the branch length is ignored. The two genera were colored according to Figure 1. MAGs of “Ca. Nitrosothermus” are marked with blue while MAGs of
“Ca. Nitrosocaldus” with red. The solid and hollow circles represent the presence and absence of the genes. J079 Thaumarchaeota archaeon J079, HP/HB cycle
hydroxypropionate/hydroxybutyrate cycle, amoABC ammonia monooxygenase subunit A, B, and C, nirK nitrite reductase, ureABC urease subunit gamma, beta and
alpha, mut cobalamin-dependent methylmalonyl-CoA mutase, abfD 4-hydroxybutyryl-CoA dehydratase, accABC biotin-dependent acetyl-CoA/propionyl-CoA
carboxylase, iorAB indolepyruvate ferredoxin oxidoreductase subunit alpha and beta, pckA phosphoenolpyruvate carboxykinase, fbp fructose 1,6-bisphosphate
aldolase/phosphatase, tpiA triosephosphate isomerase, gap, glyceraldehyde-3-phosphate dehydrogenase, pgk phosphoglycerate kinase, gpm phosphoglycerate
mutase, eno enolase, sat sulfate adenylyltransferase, cysC adenylylsulfate kinase, cysH phosphoadenosine phosphosulfate reductase, sir sulfite reductase
(ferredoxin), flaGHIJ archaeal flagellar protein FlaG, FlaH, FlaI, and FlaH, arcC carbamate kinase, hyd 3b group 3b hydrogenase, polB archaea type DNA polymerase,
polD D-family polymerase. The full name of genes involved in B2 (riboflavin), B7 (biotin), and B12 (cobalamin) syntheses are listed in Supplementary Table S4.
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(NODE_52239_length_4113_cov_3.91646) seems to be reliable,
as the GC content and read depth of this scaffold was similar to
other scaffolds in this bin (Supplementary Figure S3). All the
closest protein sequences of this scaffold showed high similarities
to “Ca. Nitrosocaldus cavascurensis” (Supplementary Table S5).
However, the additional amoA gene was near the end of the
scaffold and the gene content and orientation between the two
scaffolds were highly identical. Besides, the extra amoA genes
was found in the most contaminated MAG (contamination:
3.4%) but these two copies of amoA genes were very closely
related (100% in query coverage and 99% in amino acid identity,
Figure 3). We conclude that the placement of the second amoA

gene copy into the MAG might be due to strain diversity, which
lead to incorrect assignment of two very similar contigs into the
same MAG. Therefore, we assume that the species represented by
the MAG were likely to harbor only one amoA gene. In addition,
all amoA genes in “Ca. Nitrosocaldaceae” were placed in the
NC-clade (Figure 3), which only occupies a small fraction of all
known amoA sequences (Alves et al., 2018), stressing the limited
research on this family.

It is well-known that ammonia can be imported into the cell
via passive diffusion (Winkler, 2006). The detection of an AMT
family ammonia transporter in most MAGs makes it possible to
actively transport ammonia into cells when the permeability of

FIGURE 3 | Phylogenetic analysis of amoA gene sequences. Sequences with blue stars were newly obtained in this study. Classifications of clades were based on
Alves et al. (2018). Only nodes with ultrafast bootstrap values ≥95% (50%) were marked with solid (hollow) circles, and the scale bar at the bottom indicates 10%
sequence divergence.
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the cytoplasmic membrane becomes low, or the concentrations
of ammonia were relatively low, as passive diffusion would
be limited in these conditions (Winkler, 2006). It has been
reported that multiple copper oxidases may play some roles in
hydroxylamine oxidation, the second step of ammonia oxidation
(Walker et al., 2010). In our study, genes encoding multicopper
oxidases (MCO) were identified in some MAGs (Supplementary
Table S4), which indicates that alternative mechanisms may exist
for hydroxylamine oxidation. It has been suggested that NirK
may provide NO during the NO-dependent dehydrogenation of
hydroxylamine to nitrite (Kozlowski et al., 2016).

Homologs for NirK were found in two MAGs (JZ-
2.bins.172 and QQ.bins.88). Interestingly, these MAGs
harbor two copies of this protein (Supplementary Table S4).
The phylogenetic analysis revealed that only one NirK
(NODE_3_length_185164_cov_12.5162_189 in QQ.bins.88
and NODE_3_length_165040_cov_5.28639 in JZ-2.bins.172) in
each MAG was placed adjacent to the previously defined archaeal
NirK branch (Figure 4; Kerou et al., 2016). An alignment with
these archaeal NirK proteins showed that type-1 and type-2
copper centers were conserved in these two newly recovered
proteins (Supplementary Figure S4). Consistent with the
previous study, they encode a potential transmembrane domain
with a signal peptide at N-terminus (Bartossek et al., 2010). After
careful phylogenetic analysis, we claim that these two proteins
were genuine copper-dependent nitrite reductases with functions
similar to characterized NirK instead of homologous MCO. The
other homologous proteins clustered with multicopper oxidase
sequences (Figure 4A), indicating they likely encode multicopper
oxidases instead of NirK. Six MCOs belong to lineage 1 (MCO1,
Figure 4A and Supplementary Table S6), which were from
four “Ca. Nitrosocaldus” MAGs and two “Ca. Nitrosothermus”
MAGs, while twenty-six MCOs belong to lineage 4 (MCO4,
Figure 4A and Supplementary Table S6) were sourced from
all MAGs. Notably, in one MAG (QQ.bins.115137), one ZIP
family permease was detected next to MCO1. This pair of genes
plays a role in copper sequestration (Kerou et al., 2016). It was
assumed that MCO1 and MCO4 were involved in Cu uptake
as they could carry out the oxidation of Cu+ to Cu2+, which
could be transported into the cells via the ZIP family permease
or a divalent transporter (Reyes et al., 2020). MCO could aid
“Ca. Nitrosocaldaceae” not only in ammonia oxidation but also
copper homeostasis.

Urea degradation provides AOA with ammonia to fuel
ammonia oxidation and carbon dioxide for carbon fixation
(Walker et al., 2010; Spang et al., 2012). In our study, only
four MAGs belonging to “Ca. Nitrosocaldus” possess genes
coding for urease and urea transporters, which suggests that
among “Ca. Nitrosocaldaceae” urea utilization was unique in
this genus. Consistent with a previous report (Daebeler et al.,
2018), all members in “Ca. Nitrosocaldaceae” can potentially
utilize hydrogen cyanide and nitrile, which were available
in geothermal systems (Miller and Urey, 1959; Schulte and
Shock, 1995). Nitrilases catalyze the degradation of nitrile,
and cyanide hydratases convert HCN to formamide, and
both can produce ammonia (Lenza and Vasconcelos, 2001;
Pace and Brenner, 2001) to support ammonia oxidation. The

capability to utilize additional nitrogen-containing substrates
could provide an advantage when ammonia was limited.
The presence of glnA and gdnA genes coding for glutamine
synthetase and glutamate dehydrogenase suggests that “Ca.
Nitrosocaldaceae” could generate glutamate via ammonia
assimilation.

Carbon Metabolism
The key enzymes of the thaumarchaeal 3HP/4HB cycle were
detected in all MAGs, indicating the potential for carbon fixation
and the most energy-efficient pathway that could generate acetyl-
CoA for biosynthesis (Könneke et al., 2014). The detection of
an incomplete Embden-Meyerhof-Parnas pathway (EMP), genes
coding for phosphoenolpyruvate carboxykinase, and fructose 1,6-
bisphosphate aldolase in most MAGs support gluconeogenesis
and sugar production (Figure 2, Supplementary Figure S2, and
Supplementary Table S4). Except for some low-completeness
MAGs, members of this family harbor an oxidative TCA cycle,
which could support free-energy yielding reactions with organic
substrates and/or provide some important intermediates for
biosynthesis (e.g., oxaloacetic acid and α-ketoglutaric acid).
Additionally, genes coding for 4-oxalocrotonate tautomerase,
essential for the metabolism of aromatic compounds, was
detected in all MAGs, indicating that they could generate
intermediates for the TCA cycle via conversion of aromatic
compounds. The detection of the pentose phosphate pathway and
5-phospho-alpha-D-ribose 1-diphosphate PRPP biosynthesis in
this group suggests they can generate some nucleotide and amino
acid precursors.

Furthermore, “Ca. Nitrosocaldus” might have the potential for
aromatic amino acid fermentation due to the presence of iorAB,
encoding for indolepyruvate ferredoxin oxidoreductase, which
was not common among AOA (Daebeler et al., 2018).

Inferred from the phylogenetic tree (IorB protein sequences),
they form a monophyletic clade, which was placed between
bacterial IorB proteins, and a Crenarchaeota-Euryarchaeota
cluster (Supplementary Figure S5). Besides, the presence of
hydrogenases could regenerate oxidized ferredoxin that reduced
during this process using hydrogen as an energy source, as
proposed before (Daebeler et al., 2018). Furthermore, several
enzymes, including aspartate aminotransferase argininosuccinate
synthase and argininosuccinate lyase, were detected in “Ca.
Nitrosocaldaceae” MAGs, suggesting a potential anaplerotic
contribution of amino acids to the carbon and energy flow.
Moreover, genes pepP and pepN, coding for aminopeptidases,
were found in most of the MAGs together with the ABC-type
peptidase/nickel transporter system and iorAB, suggesting that
members of “Ca. Nitrosocaldaceae” could assimilate amino acids
for energy or intermediates for biosynthesis.

Another enzyme detected in Thaumarchaeota archaeon J079
was carbonic anhydrase, catalyzing the conversion between
CO2 and bicarbonate, indicating that it could provide this
MAG with bicarbonate, the substrate for the HP/HB cycle
(Kerou et al., 2016). The capability of carbon fixation combined
with the detection of various pathways involved in organic
carbon metabolism suggests metabolic versatility of “Ca.
Nitrosocaldaceae” as reported for other Thaumarchaeota
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FIGURE 4 | (A) The full unrooted tree for NirK and multicopper oxidases (MCOs) included sequences retrieved from our study (with purple circles), references from
Decleyre et al. (2016) and Kerou et al. (2016). The full tree was constructed from an alignment of 406 sequences. Sequences encoded by nirK gene are indicated in
orange, and multicopper oxidase genes in blue. Dashed boxes in gray contained nirK gene identified in our study (“Ca. Nitrosocladaceae”) and from other
Thaumarchaeota genomes. Clades of MCOs were based on phylogenetic trees in Kerou et al. (2016). (B) The expanded version of the subsection in the dashed
box. Nodes with ultrafast boot strap ≥95% (50%) are indicated as solid (hollow) circles and the scale bar indicates 10% sequence divergence.
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(Tourna et al., 2011; Lehtovirta-Morley et al., 2014), providing a
hint for mixotrophy in “Ca. Nitrosocaldaceae.” However, these
metabolisms require verification.

Oxidative Phosphorylation
The aerobic lifestyle of “Ca. Nitrosocaldus” has previously
been reported in enrichment cultures (de la Torre et al.,
2008; Abby et al., 2018; Daebeler et al., 2018). Except for one
“Ca. Nitrosothermus” MAG (Thaumarchaeota archaeon J079),
the universal presence of cytochrome c-type terminal oxidase
(Complex III) in “Ca. Nitrosocaldaceae” MAGs confirmed
that they could use oxygen as a terminal electron acceptor.
Additionally, Complex I (NADH: ubiquinone oxidoreductase), II
(succinate: quinone oxidoreductase), IV (cytochrome c oxidase),
and V (ATPase) of the respiratory chain were detected in all
MAGs.

Other Metabolisms
Several vitamins, such as biotin, cobalamin, and riboflavin
were essential cofactors that were required for different
enzymes (Berg et al., 2007; Mansoorabadi et al., 2007; Kim and
Winge, 2013; Chow et al., 2018), including biotin-dependent
acetyl-CoA/propionyl-CoA carboxylase and cobalamin-
dependent muthylmalony-CoA mutase, which were part of
the HP/HB cycle (Ishii et al., 1996). Key enzymes involved in
the biosynthesis of these cofactors were identified in most of
the “Ca. Nitrosocaldaceae” MAGs (Figure 2, Supplementary
Figure S2, and Supplementary Table S4). Homologs of these
genes were also reported in some other Thaumarchaeota lineages
(Doxey et al., 2015; Santoro et al., 2015; Heal et al., 2018). The
only exception was JZ-2_bins.249, whose completeness was
only 58.8%, so we attributed the lack of these genes in this
MAG due to genome incompleteness. The genetic capacity
for de novo synthesis of these cofactors was conserved in “Ca.
Nitrosocaldaceae,” indicating that cofactor synthesis could be
an important service for terrestrial microbial communities,
as these cofactors could be synthesized by some but not all
prokaryotes (Zhang et al., 2009; Swithers et al., 2012). Other
genes (sat, cysH, and sir) involved in assimilatory sulfate
reduction were found in these MAGs, indicating they can
conduct this pathway. The products could be used for amino
acid synthesis. In contrast, other “Ca. Nitrosocaldaceae”
MAGs cannot reduce sulfate in this way as they lack CysC,
which was responsible for converting adenylyl sulfate to
3’-phosphoadenylyl sulfate. Motility has been reported in
some AOA (Lehtovirta-Morley et al., 2016). In our study,
most MAGs encode genes responsible for archaeal flagellar
proteins (flaG, flaH, flaI, and flaJ). The only exceptions were
Thaumarchaeota archaeon J079 and JZ-2.bins.249, which has
low completeness (84.4 and 58.8%). Therefore, motility may
be a common feature of “Ca. Nitrosocaldaceae,” which could
be advantageous for responding to environmental conditions
(Blainey et al., 2011). Although phosphate transporter-related
genes were commonly found, alkaline phosphatase was only
found in “Ca. Nitrosothermus” MAGs, which might confer
an advantage in phosphorus-limiting environments (Shen
et al., 2016). Moreover, arcC, coding for carbamate kinase

and carB, coding for carbamoyl-phosphate synthase were only
detected in “Ca. Nitrosothermus” (Supplementary Table S4).
These two enzymes could potentially provide ammonia under
aerobic conditions (Abdelal et al., 1982), which could be
valuable given the low concentration of ammonia in these
springs (Hedlund et al., 2012; Hou et al., 2013; Ward et al.,
2019) and many other alkaline geothermal springs (Holloway
et al., 2011). However, the potential function of these genes
in ammonia production in “Ca. Nitrosothermus” deserves
more attention.

Comparison Between “Ca.
Nitrosocaldales/Nitrosocaldaceae” and
Other AOA
To gain insight into potential mechanisms enabling thermophily
in “Ca. Nitrosocaldales/Nitrosocaldaceae,” comparative
genomics of all selected AOA was conducted.

The term “shared set” was defined for orthogroups that
were present in a given branch and other branches, whereas
the “specific set” refers to orthogroups that were only present
in a given branch. Then, further sub-defining the “specific
set,” the term “lineage-core set” was used for orthogroups
identified in ≥90% of the analyzed genomes, and the term
“lineage-accessory set” was used for orthogroups that were
present in <90% of the analyzed genomes. A total of 179,946
coding sequences (CDS) of all selected AOA MAGs were
clustered into 15,802 OGs, with 8,247 classified as singletons.
Comparisons of OGs between “Ca. Nitrosocaldaceae” and other
AOA enabled us to identify a shared set of 1,619 protein
families, and a large number of these OGs could be assigned
to information-processing genes (replication, transcription,
translation) (Figure 5 and Supplementary Table S7). Among
them, all genes of the highly conserved central information-
processing machinery in Thaumarchaeota were detected (Spang
et al., 2010), including ribosomal proteins (S25, S26, S30, L13e,
L29), other proteins involved in translation (RNA polymerase
subunit B, transcription factor MBF1), topoisomerases IB,
proteins involved in cell division (Cell division ATPase of the
AAA+ class ESCRT system component C, cell division GTPase
FtsZ, chromatin segregation and condensation protein ScpA
and ScpB), histones H3 and H4, and proteins involved in
the repair of macromolecules (ERCC4-like helicase, ERCC4-
type nuclease, chaperone DnaK, molecular chaperon GrpE). As
discussed above, we have detected genes participating in the
thaumarchaeal 3HP/4HB pathway, TCA cycle, gluconeogenesis,
non-oxidative PPP, ammonia oxidation, and biosynthesis of
several cofactors (riboflavin, biotin, and cobalamin) in the shared
OGs (Supplementary Table S7). The presence of these genes
in “Ca. Nitrosocaldales/Nitrosocaldaceae”-core and other AOA-
core sets confirms the conserved metabolic feature of AOA,
which has been noted in previous study (Kerou et al., 2016). It was
reported that the genomes of “Ca. Nitrosocaldus islandicus” and
“Ca. Nitrosocaldus cavascurensis” encode a family B polymerase,
and not family D polymerases (Abby et al., 2018; Daebeler
et al., 2018). In our study, we found genes coding for PolB
(OG0000200) in the shared set, together with a family Y DNA
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FIGURE 5 | (A) Venn diagram illustrating the number of OGs shared between “Ca. Nitrosocaldales/Nitrosocaldaceae” and other AOA, and the number of OGs only
present in either set. Numbers in parentheses indicate the number of OGs that could be assigned to arCOG database. (B) Distribution of the arCOG functional
categories assigned to the defined sets. Detailed information is provided in Supplementary Table S7.

polymerase (OG0000329). Consistently, both subunits of PolD
(OG0000966 and OG0001021) were detected in the “other AOA-
accessory” set, but not in “Ca. Nitrosocaldales/Nitrosocaldaceae”
(Supplementary Table S7 and Figure 2). PolB was therefore
assumed to be the main replicative polymerase in “Ca.
Nitrosocaldales/Nitrosocaldaceae,” as in most thermophilic
Thermoproteales, also lack PolD (Barry and Bell, 2006). The
absence of PolD in “Ca. Nitrosocaldales/Nitrosocaldaceae”

indicates distinct mechanisms of DNA replication exist in “Ca.
Nitrosocaldales/Nitrosocaldaceae” and other AOA. It might
also be possible that DNA primases play a vital role, for
example in lagging-strand synthesis, as several genes coding
for DNA primases (OG0000234, OG0000417, and OG0000456)
were detected in the shared set (Supplementary Table S7), and
some archaeal primases were known to have polymerase activity
(Lao-Sirieix and Bell, 2004).
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The differences between the functional profiles of “Ca.
Nitrosocaldales/Nitrosocaldaceae” and those of other AOA
were relatively small but significant (Supplementary Figure S6,
ADONIS R2 = 0.11, P = 0.001). In total, 526 OGs were only
present in “Ca. Nitrosocaldales/Nitrosocaldaceae,” which we
therefore defined as “Ca. Nitrosocaldales/Nitrosocaldaceae”-
specific OGs, and 5,410 OGs were only present in other
AOA (other AOA-specific OGs). Among the 526 OGs,
43 of them could be classified as the core set of “Ca.
Nitrosocaldales/Nitrosocaldaceae” (Supplementary Table S7).
Notably, the gene coding for cyclic 2,3-diphosphoglycerate
(cDPG) synthetase was found in this set, indicating that
cDPG utilization might be a unique strategy used by “Ca.
Nitrosocaldales/Nitrosocaldaceae” in hot springs (Abby
et al., 2018) as it was reported that cDPG might be
involved in the thermo-stabilization of proteins (Hensel
and König, 1988; Shima et al., 1998). Additionally, cDPG
could act as a storage reservoir for energy, phosphorus,
or carbon. For example, cDPG could potentially help “Ca.
Nitrosocaldales/Nitrosocaldaceae” survive during phosphate
limitation, as reported in other archaea (Roberts, 2005).
The detection of S-adenosylmethionine decarboxylase in
this set suggests polyamine production, which was vital in
cellular tolerance to high temperature (Tabor and Tabor,
1984; Morgan et al., 1987). Additionally, we predict that “Ca.
Nitrosocaldales/Nitrosocaldaceae” can specifically export
L-alanine to avoid the accumulation of amino acids to
toxic levels (Kim et al., 2015), indicated by the presence
of gene coding for L-alanine export (AlaE) in all “Ca.
Nitrosocaldales/Nitrosocaldaceae” MAGs (Supplementary
Tables S4, S7). The L-alanine could be generated in “Ca.
Nitrosocaldales/Nitrosocaldaceae” MAGs (Supplementary
Table S4) via cysteine desulfurase/selenocysteine lyase from
selenocysteine or coupling alanine aminotransferase with
glutamate dehydrogenase from pyruvate, as proposed in
Pyrococcus furiosus (Kengen and Stams, 1994). However,
alternative mechanisms of L-alanine accumulation might exist
as the distribution of alanine aminotransferase was limited in
“Ca. Nitrosocaldales/Nitrosocaldaceae” (totally absent in “Ca.
Nitrosothermus”), which requires further study.

In terms of the “Ca. Nitrosocaldales/Nitrosocaldaceae”-
accessory set, the largest proportion of them (34.9%) was
related to defense mechanisms (Figure 5). Among them,
genes of the CRISPR-Cas system, participating in resistance
to viruses (Barrangou et al., 2007), were detected. Some of
these genes have been associated with hyperthermophiles
like Cas10, Cmr4g7, Cmr6g7, and Cmr1g7 (Makarova
et al., 2003), indicating that these components of the
CRISPR-Cas system might be necessary for managing viral
infections in high-temperature ecosystems, where many
archaeal viruses exist (Prangishvili, 2013; Gudbergsdóttir
et al., 2016). Furthermore, a gene coding for indolepyruvate
ferredoxin oxidoreductase was also included in the “Ca.
Nitrosocaldales/Nitrosocaldaceae” accessory set, indicating
the ability to ferment aromatic amino acids might be
unique to “Ca. Nitrosocaldales/Nitrosocaldaceae.” Notably,
the gene coding for cobalamin-dependent methionine

synthase (MetH), a key enzyme of one-carbon metabolism,
clustered with accessory set of other AOA whereas the
cobalamin-independent methionine synthase (MetE) was
present in “Ca. Nitrosocaldales/Nitrosocaldaceae.” It has
been reported that MetH was more efficient than MetE
(Helliwell et al., 2016), stressing the differences between “Ca.
Nitrosocaldales/Nitrosocaldaceae” and other AOA.

In summary, the comparisons of function profiles between
“Ca. Nitrosocaldales/Nitrosocaldaceae” and other AOA could
identify potential mechanisms of thermophilic adaptation in “Ca.
Nitrosocaldales/Nitrosocaldaceae.”

The Role of HGT in “Ca.
Nitrosocaldaceae”
Previous studies have stressed the role of HGT in the adaptation
of Thaumarchaeota (López-García et al., 2015; Herbold et al.,
2017; Ren et al., 2019). However, little is known how HGT
events have affected “Ca. Nitrosocaldales/Nitrosocaldaceae.”
To probe the effect of HGT in adaptations of “Ca.
Nitrosocaldales/Nitrosocaldaceae,” initial analysis was conducted
assisted by an automated pipeline HGTector2 (Zhu et al., 2014)
to identify candidate HGT genes and some were subsequently
confirmed by phylogenetic analyses. In our study, more
than 8% of “Ca. Nitrosocaldales/Nitrosocaldaceae” genes
might have been horizontally transferred, and as typical, few
candidate HGTs were involved in information processing
(Supplementary Figure S7A). Among all candidate HGTs,
genes related to carbohydrate metabolism (∼10.55% of the total
candidate HGTs), amino acid metabolism (∼10.47%), energy
metabolism (∼8.53%), membrane transport (∼6.51%), and
metabolism of cofactors and vitamins (6.33%), were the top five
most abundant functional classifications (Supplementary
Figure S7B). Among the potential donors, more genes
were acquired from archaea (505), with Crenarchaeota
transferring the largest number (146). Nevertheless, the
contribution of bacteria (422) was significant, including
many genes (47) that were acquired from Firmicutes
(Supplementary Figure S8).

In the present study, it was noticed that all copies of the
SOD genes, encoding for superoxide dismutase required
for detoxification of reactive oxygen species (ROS), were
potentially horizontally transferred. ROS would be produced
during ammonia oxidation (Kim et al., 2016) and aerobic
respiration. Most of these SOD might have been transferred from
Crenarchaeota or Euryarchaeota (Supplementary Figure S9).
Other essential HGT genes necessary for protection from
ROS include speE, and trxB. Among them, trxB, encoding
for thioredoxin reductase, could help repair oxidatively
damaged cytoplasmic proteins and protect cells from oxidative
stress (Cheng et al., 2017). Spermidine synthase, encoded
by gene speE, could provide DNA protection and stability
in thermal habitats (Cheng et al., 2009). These genes would
enable “Ca. Nitrosocaldales/Nitrosocaldaceae” to broaden
their niche into low-oxygen or anoxic conditions. Gene
pspA was included among the HGT candidate, which
encodes phage shock protein A involved in response
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to several stresses (heat, ethanol, and osmotic shock)
(Brissette et al., 1990; Kleerebezem et al., 1996). Phylogenetic
analysis showed that they might have been transferred from
Euryarchaeota (Supplementary Figure S10). Genes encoding
for ATP-dependent helicase Lhr and Lhr-like helicase might have
transferred from other archaea. These genes have been reported
to play an important role in DNA repair (Rand et al., 2003). Other
HGTs from archaea that might be important in coping with stress
included genes coding for multiple antibiotic resistance protein
imported from Bathyarchaeota and genes coding for Type I
restriction enzyme proteins that protect cells from viral infection
(Ahlgren et al., 2017) imported from Euryarchaeota. All the above
results revealed that archaeal HGT genes contributed largely to
stress responses in “Ca. Nitrosocaldales/Nitrosocaldaceae.” Gene
arsC encoding for arsenate reductase, involved in detoxification
of arsenate (Rosen and Liu, 2009), was imported from bacteria
(Supplementary Figure S11).

Some genes involved in the CRISPR-Cas system
might belong to HGT genes, which assist “Ca.
Nitrosocaldales/Nitrosocaldaceae” to defend against virus
infection. In addition, “Ca. Nitrosocaldales/Nitrosocaldaceae”
acquired several genes coding for proteins involved in
phosphate transport from bacteria, including permease
protein, ATP-binding protein, and substrate-binding protein,
which likely enable “Ca. Nitrosocaldales/Nitrosocaldaceae”
to take up phosphate in low and/or fluctuating phosphate
concentrations. Detailed information on HGT genes is shown
in Supplementary Table S8.

Frequent HGTs have previously been identified in
thermophiles, facilitating their adaptation in high-temperature
habitats (Aravind et al., 1998; Rhodes et al., 2011). Our study
showed that “Ca. Nitrosocaldaceae” might have acquired genes
from both domains, which may be an essential driver to allow
this family to adapt to phosphate-limited and thermal habitats
but the confirmation necessitates further studies.

CONCLUSION

In the present study, a total of nine MAGs belonging to
“Ca. Nitrosocaldales/Nitrosocaldaceae” from India and China
were recovered from hot spring sediments, which enabled
us to obtain a better picture of phylogenetic diversity and
metabolic potential of this family. In all, we showed that the
“Ca. Nitrosocaldales/Nitrosocaldaceae” belong to four clades
and propose two new species of “Ca. Nitrosocaldus” and one
new genus, “Ca. Nitrosothermus,” to accommodate the new
genomes. Similar to other AOA, the potential for ammonia
oxidation and carbon fixation via thaumarchaeal 3HP/4HB
pathway was conserved in all “Ca. Nitrosocaldaceae” MAGs but
urea utilization and biosynthesis of vitamins, biotin, cobalamin,
and riboflavin were detected in some MAGs. The potential
adaptive features of “Ca. Nitrosocaldales/Nitrosocaldaceae” were
explored in this study. AOA shared many conserved genes,

and their central metabolism was highly conserved (ammonia
oxidation and carbon fixation). However, specific features
exist in “Ca, Nitrosocaldales/Nitrosocaldaceae” (e.g., cDPG
synthesis), stressing their adaptation mechanisms. It was found
that >8% (from bacteria and archaea) of the genes in “Ca.
Nitrosocaldaceae” might be horizontally transferred, and the
majority of them were acquired from the same domain,
suggesting that HGT played an important role in adapting
to thermal habitats. In summary, our study gives an insight
into the metabolic potentials and possible adaptations of “Ca.
Nitrosocaldaceae” in thermal habitats, which shed light on the
elucidation of the adaptation mechanisms enabling the ecological
success of AOA in different environments.
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In 1977, Woese and Fox leveraged molecular phylogenetic analyses of ribosomal RNAs 
and identified a new microbial domain of life on Earth, the Archaebacteria (now known 
as Archaea). At the time of their discovery, only one archaebacterial group, the strictly 
anaerobic methanogens, was known. But soon, other phenotypically unrelated microbial 
isolates were shown to belong to the Archaea, many originating from extreme habitats, 
including extreme halophiles, extreme thermophiles, and thermoacidophiles. Since most 
Archaea seemed to inhabit extreme or strictly anoxic habitats, it came as a surprise in 
1992 when two new lineages of archaea were reported to be abundant in oxygen rich, 
temperate marine coastal waters and the deep ocean. Since that time, studies of marine 
planktonic archaea have revealed many more surprises, including their unexpected 
ubiquity, unusual symbiotic associations, unpredicted physiologies and biogeochemistry, 
and global abundance. In this Perspective, early work conducted on marine planktonic 
Archaea by my lab group and others is discussed in terms of the relevant historical context, 
some of the original research motivations, and surprises and discoveries encountered 
along the way.

Keywords: planktonic Archaea, Marine Group I  Archaea, Marine Group II Archaea, Thaumarchaeota, 
Thermoproteota, Thermoplasmatota, Poseidoniales, Nitrosopumilaceae

INTRODUCTION

Members of the domain Archaea are now known to have diversified and radiated into a 
variety of disparate habitats in both aquatic freshwater, marine, and terrestrial environments. 
When the Archaea were first recognized via phylogenetic analyses of ribosomal RNA sequences 
of pure cultures (Woese and Fox, 1977; Woese, 1987), they appeared at first to be  a narrowly 
distributed group found in only a few specific, often extreme habitats, including hydrothermal 
springs and vents, hypersaline ponds, and anoxic niches. Their considerable phylogenetic and 
habitat diversity, global abundance, and widespread distribution in marine plankton and elsewhere 
have recently been recognized over the past several decades (DeLong, 1998, 2003; Santoro 
et  al., 2019; Baker et  al., 2020). Ongoing discoveries of archaeal ubiquity that first occurred 
the 1990s were originally propelled by logical extensions of rRNA-based, cultivation-independent 
survey approach pioneered by Pace et  al. in the mid-1980s (Pace et  al., 1985, 1986; Pace, 1997).

The ubiquity of planktonic Archaea was first realized in the early 1990s, when two new 
groups of planktonic Archaea were initially reported. One new clade was peripherally related 
to the Crenarchaeota (DeLong, 1992; Fuhrman et  al., 1992), and was dubbed Marine 
Group I  Archaea (DeLong, 1992). Marine Group I  Archaea have recently been proposed to 
be  assigned to the new phylum Thermoproteota (Parks et  al., 2020; Rinke et  al., 2020). The 
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other new archaeal clade (Marine Group II Archaea) was found 
to be  affiliated with the euryarchaeotal Thermoplasma lineage 
(DeLong, 1992). Marine Group II have recently been assigned 
to the phylum Thermoplasmatota in the order Poseidoniales. 
Two phylotypes called Marine Group IIa and IIb Archaea 
(Massana et al., 2000) have been placed within the new families 
Ca. Poseidoniaceae and Ca. Thalassarchaeaceae, respectively 
(Rinke et  al., 2019, 2020). Soon after the discovery of Group 
I and Group II planktonic Archaea, two other new lineages 
of planktonic Archaea were also discovered during cultivation 
independent surveys in marine environments (Fuhrman and 
Davis, 1997; López-García et  al., 2001b).

Several excellent reviews and articles focussed on marine 
planktonic Archaea have recently been published (Stahl and 
de la Torre, 2012; Zhang et  al., 2015; Haro-Moreno et  al., 
2017; Pereira et  al., 2019; Santoro et  al., 2019; Baker et  al., 
2020), so readers are referred to those for more comprehensive 
overviews. This short Perspective deliberately focuses on a brief 
historical account of own my lab’s adventures in studying 
marine planktonic Archaea over the past 30  years. The intent 
of this brief account is to provide some context and historical 
perspective on past, current, and ongoing work on marine 
planktonic Archaea (reported in this collection and elsewhere), 
as new discoveries about archaeal denizens of the oceans 
continue to emerge. Apologies in advance to the many excellent 
contributors to the marine archaeal field, whose work may 
not be  cited herein due to the brevity of this Perspective.

PLANKTONIC ARCHAEAL DISCOVERY: 
A FALSIFIED HYPOTHESIS PRODUCES 
A SURPRISING FINDING

My lab’s first encounter with the marine planktonic Archaea 
originated in a research project funded by an Office of Naval 
Research Young Investigator Award while an Assistant Scientist 
at the Woods Hole Oceanographic Institution in 1989, and 
just as I began an Assistant Professorship at UC Santa Barbara 
in 1991. The goal of the hypothesis-driven research was to 
try to answer a longstanding question in marine science, namely: 
Does the ocean’s subsurface methane maximum originate from 
archaeal methanogens, that may live in anoxic microhabitats 
in the interior of particulate organic matter and marine snow? 
It was known at the time that oxygen rich near-surface ocean 
waters were supersaturated with considerable amounts of methane 
(Scranton and Brewer, 1977; Reeburgh, 2007). Yet the suspected 
producers of this methane were expected to be strictly anaerobic 
archaeal methanogens, which cannot thrive in oxygenated 
habitats (Liu and Whitman, 2000). So, what could be the source 
of all this methane in oxygen rich habitats? This conundrum 
was dubbed the Ocean Methane Paradox, since it was unclear 
then how strictly anaerobic processes like archaeal 
methanogenesis could produce large amounts of methane in 
oxygen rich ocean waters (Reeburgh, 2007; Karl et  al., 2008; 
Repeta et al., 2016). The main proposed solutions to the paradox 
centered on the idea of a “false benthos,” e.g., anoxic niches 
in the water column, within marine snow particles or fish 

guts, for example, that could enable archaeal methanogenesis 
in otherwise well oxygenated habitats (Oremland, 1979; 
Sieburth, 1987; Kiene, 1991; Reeburgh, 2007).

So, the central goal of my ONR Young Investigator work 
was to test the hypothesis that archaeal methanogens were 
enriched in particle-associated, anoxic microhabitats in the 
ocean’s water column. These postulated anoxic micro-niches 
were proposed to enable methanogens to thrive, and generate 
the methane necessary for sustaining the subsurface methane 
maximum in the water column. As a corollary, I had postulated 
that Archaea should not be  found as free-living planktonic 
cells in the water column (based on the archaeal phenotypes 
known at the time). To test these hypotheses, I applied archaeal-
specific PCR primers to screen for archaeal DNA in coastal 
seawater and marine snow particle samples. PCR amplified 
archaeal rRNA sequences were then characterized by cloning 
and sequencing, and additionally group-specific, quantitative 
hybridization probe experiments of extracted ribosomal RNAs 
from the same samples (DeLong, 1992).

My results turned out to disprove the original hypothesis 
of predicted archaeal distribution patterns within plankton 
and marine snow particles: First, the data did not support 
the primary hypothesis, that archaeal methanogens were 
enriched in presumed anoxic microhabitats found in marine 
snow particles. Second, my results also refuted the secondary 
corollary, that Archaea should be  absent in picoplankton 
assemblages of well-oxygenated, cold ocean waters. The data 
implied the opposite. Specifically, the results revealed that 
two new groups of planktonic Archaea (GI and GII Marine 
Archaea), were abundant free-living microbes in coastal 
seawaters (DeLong, 1992). More specifically, my analyses 
showed that: 1. The new Archaea were associated with small 
plankton size fractions, and not with marine snow particles; 
2. Planktonic archaeal rRNAs represented appreciable amounts 
of total rRNAs (up to 2%) off the west and east coast of the 
United  States; 3. Two archaeal clades were present in coastal 
samples, one loosely affiliated with the Crenarchaeota, and 
one specifically associated with the euryarchaeotal 
Thermoplasma lineage. 4. rRNA secondary structures and 
domain signatures diagnostic for Archaea were conserved 
within both new marine planktonic archaeal groups; and 5. 
The low GC content and greater phylogenetic distance of 
Group I  Archaea from cultivated Archaea, complicated its 
precise phylogenetic placement solely on the basis of rRNA 
gene phylogeny (DeLong, 1992). At about the same time the 
above work was accepted for publication, a Nature paper 
describing the Marine Group I  Archaea recovered from two 
subsurface seawater samples from 100  m and 500  m depth, 
collected 350  miles offshore San Diego, CA, United  States 
was published (Fuhrman et  al., 1992). As an aside, while 
Archaea did not appear abundant on marine snow particles 
(DeLong, 1992), there was a pronounced niche partitioning 
between particle-attached Bacteria on marine snow vs. those 
found free-living in surrounding waters (DeLong et al., 1993).

Surprisingly, it later turned out that there is a link  
between Marine Group I  Archaea and the subsurface methane 
maximum – just not in the ways we had suspected! Specifically, 
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my colleague David Karl had proposed that the subsurface 
methane maximum was not due to archaeal methanogenesis, 
but was rather the result of aerobic, bacterial utilization of 
methylphosphonates (as a source of phosphorus), which produces 
methane as a byproduct (Karl et  al., 2008). In support of this 
postulate, Chon Martinez and Oscar Sosa in my lab showed 
that many marine bacteria encoded new as well as well-known 
phosphonate catabolic pathways, and that some were capable 
of aerobic methane production from methylphosphonates 
(Martinez et  al., 2010, 2013; McSorley et  al., 2012; Repeta 
et  al., 2016; Sosa et  al., 2017). Some had argued, however, 
that Karl’s postulated methane pathway was unlikely, since at 
the time there were no known sources of methylphosphonates 
in marine habitats. Somewhat ironically, those very same critics 
later published a paper showing that a marine Group I Archaea 
isolate (e.g., Nitrosopumilus maritimus), as well other planktonic 
bacteria, can produce methylphosphonates, and so potentially 
can provide the substrates necessary for bacterial aerobic methane 
production (Metcalf et al., 2012)! Recently, Repeta et al. (2016) 
definitively showed that naturally occurring marine dissolved 
organic matter contains abundant polysaccharide 
methylphosphonate esters that can fully account for the methane 
flux observed in the ocean’s subsurface methane maximum. 
While strictly anaerobic archaeal methanogenesis may not 
be  the explanation for the marine methane maximum, marine 
planktonic Archaea had a role to play!

Higher order taxonomic designations tend to be  fluid, as 
knowledge accumulates, and systematic nomenclatural rules 
change and evolve. In the past, the naming of bacterial and 
archaeal higher order taxa has been particularly problematic. 
Now, the recent availability of tens of thousands of new genome 
sequences, concatenated protein sequence phylogenies from 
conserved single copy genes, and new quantitative approaches 
to guide the assignment of higher order taxa, is leading to 
new phylum, class, order, and family designations in Bacteria 
and Archaea (Parks et  al., 2018, 2020; Rinke et  al., 2020). 
These genome-based approaches for assigning higher order 
taxon designations represent an improved and standardized 
approach that maintains internal consistency, as well as 
compliance with the Prokaryote Code rules (Garrity et  al., 
2019; Murray et  al., 2020; Parks et  al., 2020). As an example, 
in NCBI nomenclature, different Marine Group I  Archaea are 
still labeled as belonging to either the Crenarchaeota or 
Thaumarchaeota. In the newly proposed genome-based 
nomenclatural system, Marine Group I Archaea are designated 
as members of the domain Archaea, phylum Thermoproteota, 
class Nitrososphaeria, order Nitrososphaerales, and family 
Nitrosopumilaceae (Parks et  al., 2020; Rinke et  al., 2020). 
Similarly, Marine Group IIa and IIb Archaea (Massana et  al., 
2000) have been subdivided into the families Poseidoniaceae 
and Thalassarchaeaceae, in the phylum Thermoplasmatota, class 
Poseidoniia, and order Poseidoniales (Rinke et  al., 2019; Tully, 
2019; Parks et al., 2020). In keeping with the times and improved 
systems of nomenclature, throughout the rest of this article 
I  will refer to Marine Group I  Archaea as planktonic 
Nitrosopumilaceae (also formerly called planktonic 
Crenarchaeota, then Thaumarchaeota), and to Marine Group 

II Archaea as planktonic Poseidoniales (also formerly called 
planktonic Euryarchaeota).

DISTRIBUTION AND ABUNDANCE OF 
MARINE ARCHAEA IN THE WORLD 
OCEANS

Following their initial recognition in 1992, my lab set out to 
map the distributions of planktonic Nitrosopumilaceae and 
Poseidoniales in a variety of marine habitats. One serendipitous 
surprise arose from Antarctic marine seawater samples that Rafaeal 
Jovine (then a graduate student at UC Santa Barbara in Barbara 
Prezlin’s lab) had shared with us to analyze. I  did not expect 
to see much, but actually we  found very high abundances of 
planktonic marine Archaea rRNAs in seawater from the frigid 
coastal waters off the Antarctic Peninsula (DeLong et  al., 1994). 
Surprisingly, the Antarctic marine Archaea comprised a large 
proportion of this polar picoplankton community, up to 26% of 
the total community rRNA. Both the planktonic Nitrosopumilaceae 
and Poseidoniales clades were represented, whose rRNA sequences 
were highly similar to those found earlier in Santa Barbara and 
Woods Hole coastal waters (DeLong, 1992; DeLong et al., 1994).

Expeditions to the Southern hemisphere soon followed to 
confirm these initial observations. Then graduate students Alison 
Murray, Christina Preston, and I  set out in August 1995  in the 
late austral winter, to travel to Palmer Station Antarctica (Figure 1). 
Although we  were beset in sea ice for 10  days after our first 
Drake Passage transit south, on another try, we eventually reached 
the Antarctic Peninsula in mid-September. The sea ice was so 
thick in late winter 1995, most of our seawater samples were 
pumped through holes drilled in the sea ice, collected into 
50-liter carboys, and then hauled back to Palmer Station on 
sleds, cross-country skiing across the sea ice! Our studies at 
Palmer Station Antarctica during 1995 and 1996 showed high 
levels of marine Archaea throughout the Antarctic water column, 
with maxima in the upper 100 m (Murray et al., 1998). Additionally, 
much higher relative abundances of planktonic Nitrosopumilaceae 
were observed in the austral winter vs. summer (Murray et  al., 
1998). Although planktonic Nitrosopumilaceae had higher relative 
abundances in the austral winter, it was later shown that this 
is mostly attributable to large seasonal fluctuations in absolute 
numbers of planktonic bacteria in Antarctic waters, where 
bacterial cell densities can be  6-fold less during the austral 
winter compared to summertime (Church et al., 2003). In further 
work, Ramon Massana (then a postdoc in my lab) confirmed 
and extended similar Antarctic observations in the Gerlache 
Straight region. There, planktonic Nitrosopumilaceae were the 
most abundant group throughout the water column, while the 
less abundant planktonic Poseidoniales exhibited highest densities 
in surface waters (Massana et  al., 1998). In her thesis work, 
Murray further showed evidence supporting a circumpolar 
distribution of Archaea via the Antarctic Circumpolar Current 
(Murray et  al., 1999a). The planktonic Poseidoniales are now 
also known to occur in Arctic Ocean as well (Bano et  al., 
2004; Galand et  al., 2009), in addition to Antarctic, temperate 
and tropical seas (Zhang et  al., 2015; Santoro et  al., 2019).
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In parallel with Antarctic studies in the late 1990s and early 
2000s, we  also surveyed planktonic Nitrosopumilaceae and 
Poseidoniales in temperate and subtropical waters of the North 
Pacific. In the Santa Barbara Channel, we showed that total archaeal 
rRNA abundances were lower in surface waters and reached highest 
values (as much as 30% of the total prokaryotic rRNA) at depths 
below 100 m (Massana et al., 1997). Quantitative rRNA hybridization 
experiments indicated that while planktonic Nitrosopumilaceae 
were most abundant at depth, the planktonic Poseidoniales exhibited 
maximum relative abundances in surface waters (Massana et  al., 
1997). These same trends were also reflected in the relative recoveries 
of planktonic Nitrosopumilaceae and Poseidoniales in rRNA gene 
clones at in surface vs. deep waters. Extending these results, 
we  observed spring and summertime “blooms” of planktonic 
Poseidoniales in surface waters over a 3-year time series in the 
Santa Barbara Channel (Murray et  al., 1999b). In the same study, 
deeper waters exhibited temporally even distributions and higher 
abundances of planktonic Nitrosopumilaceae (Murray et al., 1999b). 
Positive correlations between water column nitrite concentrations 
and planktonic Nitrosopumilaceae were also observed in early 
studies (Murray et al., 1999b), a result now more readily interpreted 
since the first cultivation an affiliate of Marine Group I  Archaea, 
the ammonia-oxidizing archaeon N. maritimus, by Dave Stahl 

and his group (Konneke et  al., 2005). A bit later, we  used single-
cell enumeration by in situ hybridization employing high-sensitivity, 
fluorescently labeled polynucleotide probes (DeLong et  al., 1999), 
which provided cellular abundance profiles and time series 
measurements of planktonic Nitrosopumilaceae and Poseidoniales 
in the Monterey Bay, the North Pacific Subtropical Gyre, and 
Antarctica (Figure  2; DeLong et  al., 1999; Karner et  al., 2001; 
Church et  al., 2003; Mincer et  al., 2007). Over the years, these 
results have been extended considerably, and it is now known 
that different lineages of planktonic Poseidoniales are found at 
different depths and times in the water column in temperate, 
subtropical, and polar seas alike (Massana et  al., 2000; López-
García et  al., 2001a,b; DeLong et  al., 2006; Frigaard et  al., 2006; 
Galand et  al., 2009; Martin-Cuadrado et  al., 2015; Zhang et  al., 
2015; Santoro et  al., 2019).

In coastal surface waters in spring and summer, planktonic 
Poseidoniales are sometimes observed to bloom, reaching 
high densities (Murray et al. 1999b; Pernthaler et al. 2002; 
Mincer et al., 2007).

Early results indicated that planktonic Archaea were ubiquitous 
and abundant in the oceans, and were biogeochemically significant – 
but in unknown ways at the time. Conclusions from early field 
work of 20  years ago do appear to have held up to the test of 

A C

D

B

FIGURE 1 | Exploring habitats where marine planktonic Nitrosopumilaceae and Poseidoniales are found. (A) Alison Murray (left) and Christina Preston (right) in 
transit to Palmer Station on our first trip to the Antarctic Peninsula. Pancake ice is visible in the background, as we near the Antarctic Peninsula in late austral winter, 
1995. (B) The author staring at cold-water Archaea, and taking a temperature measurement at one of our sampling sites in a hole drilled through the sea ice, near 
Palmer Station Antarctica. (C) A specimen of the sponge Axinella mexicana found offshore the Santa Barbara coast, which harbors dense populations of the 
archaeon Cenarchaeum symbiosum. (D) Epiflourescent micrograph of sponge-derived C. symbiosum cells visualized with fluorescein-labeled rRNA-targeted 
oligonucleotide probes (DeLong et al., 1989). Many of the green-fluorescing C. symbiosum cells can be seen to be actively dividing. The inset shows a colorized 
version of one of the dividing C. symbiosum cells. The outer portion of the cell in the inset that is blue, shows where the cell was stained by fluorescein-labeled 
archaeal rRNA-targeted oligonucleotide probes. The red areas in the inset depict the area where the dye DAPI stained the chromosomal DNA. Note that there 
appears a nucleoid region (the DAPI-staining area in red in the inset) that occludes the fluorescein-labeled rRNA-targeted oligonucleotide probe binding. This 
corresponds to the central dark regions in the middle of individual C. symbiosum cells in the larger micrograph.
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time, for example: “The distribution of the 2 archaeal groups 
[e.g., planktonic Nitrosopumilaceae and Poseidoniales] suggested 
that they responded independently to environmental conditions, 
are physiologically different, and likely participate in different 
environmental processes” (Murray et al., 1999b); and “An alternative 
hypothesis is that the archaea [e.g., planktonic Nitrosopumilaceae] 
are chemoautotrophs that grow slowly but are not affected by 
the low-carbon conditions prevalent in the austral winter” (Murray 
et al., 1998). Years later, the fortuitous cultivation of the ammonia-
oxidizing isolate N. maritimus (Konneke et al., 2005), along with 
comparative genome sequence analyses of Cenarchaeum symbiosum 
(Hallam et  al., 2006b) added to our current knowledge and 
perspective of planktonic marine archaeal physiology ecology 
and evolution – especially for the planktonic Nitrosopumilaceae.

CENARCHAEUM SYMBIOSUM: SOME 
COASTAL NITROSOPUMILACEAE ARE 
SYMBIONTS OF SPONGES

During her thesis work in my lab at UC Santa Barbara, Christina 
Preston was studying the diversity of bacterial assemblages in 

marine sponges. Chris told me she was going to try out the 
archaeal PCR primers to find archaea in sponge microbial 
assemblages. At the time, I  told Chris “Sure, go for it (but 
you  probably will not find anything).” Once again, DeLong 
was incorrect, and this time in a big way! (Note to students: 
Question authority, but make sure to back it up with data 
eventually – as Chris did!).

In her thesis work, Chris Preston showed that one of the 
sponge species we were examining (Figure 1; Axinella mexicana), 
harbored an extraordinarily abundant population of marine 
Archaea, often equaling or exceeding co-occurring bacterial 
abundances in A. mexicana individuals (Preston et  al., 1996). 
She further showed that these unanticipated sponge Archaea 
were affiliated with marine Nitrosopumilaceae, and were 
specifically related to, but distinct from, other known planktonic 
Nitrosopumilaceae. All A. mexicana specimens collected at 
different times and at different sites yielded just one main 
archaeal rRNA phylotype, that of C. symbiosum (Preston et  al., 
1996). Since no other sponges sampled in the same habitat 
harbored C. symbiosum species, and all A. mexicana indivduals 
did, it became clear that C. symbiosum was a true A. mexicana 
symbiont. Fluorescently labeled rRNA probe experiments showed 

A
B C

ED

FIGURE 2 | Single cell phylogenetic identification and enumeration of planktonic marine Archaea. (A) Marine Group I Archaea (planktonic Nitrosopumilaceae) from 80 m 
depth offshore Moss Landing, CA, United States. The red fluorescing cells are the Marine Group I Archaea (planktonic Nitrosopumilaceae) visualized with Texas Red-
labeled rRNA-targeted polynucleotide probes. The green fluorescing cells are bacteria visualized with fluorescein-labeled bacterial probes (DeLong, 1999). (B) Marine 
Group II Archaea (planktonic Poseidoniales) from 80 m depth offshore Moss Landing, CA, United States. The green fluorescing cells are the Marine Group II Archaea 
(planktonic Poseidoniales) visualized with fluorescein-labeled rRNA-targeted polynucleotide probes. (C) Epifluorescence micrograph of all cells stained with DAPI, 
corresponding to the same microscopic field as visualized in panel (B). (D) Time series measurements of Marine Group I Archaea (planktonic Nitrosopumilaceae) cell 
densities from depth profiles taken at mooring station M1 off Moss Landing, CA, United States. After Mincer et al. (2007). (E) Time series measurements of Marine 
Group II Archaea (planktonic Poseidoniales) cell densities from depth profiles taken at mooring station M1 off Moss Landing, CA, United States. After Mincer et al. (2007).
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that a large proportion of C. symbiosum cells in sponge host 
tissues were actively dividing at 10°C (Figure  1), conclusively 
demonstrating that these archaeal relatives of thermophiles thrived 
at low temperatures within sponge tissues (Preston et  al., 1996).

Axinella mexicana provided in essence a pure cell enrichment 
of C. symbiosum, so with these and some Antarctic picoplankton 
cell preparations, we  were able to identify and link specific 
archaeal tetraether lipids with the newly discovered planktonic 
Nitrosopumilaceae (DeLong et  al., 1998). Additionally, using 
samples of C. symbiosum that we  had sent him, Jaap Damsté 
and colleagues identified a new archaeal lipid, crenarchaeol, 
that could be  linked specifically to the planktonic 
Nitrosopumilaceae lineage (Damsté et  al., 2002). Since our 
early work on these archaeal sponge symbionts, C. symbiosum 
relatives have been reported in other sponges (Garcia-Bonilla 
et  al., 2019; and references therein) as well. In addition, free-
living relatives of C. symbiosum were recently isolated in seawater 
ammonia-oxidizer enrichments originating from Hood Canal, 
Washington (Qin et  al., 2020).

MOLECULAR BIOLOGY AND GENOMICS 
OF PLANKTONIC MARINE ARCHAEA: 
THE EARLY DAYS

At about the same time C. symbiosum was discovered, my lab 
was actively developing large DNA fragment clone libraries for 
genomic analyses of environmental samples. Our interest stemmed 
from my earlier lambda clone library construction efforts in 
Norm Pace’s lab (Schmidt et al., 1991), and fruitful collaborations 
we  had with Hiroaki Shizuya and Jeff Stein in Mel Simon’s 
group. With these colleagues, we  leveraged high fidelity fosmid 
clone libraries, a technology derived from Bacterial Artificial 
Chromosome vectors, developed for use in the human genome 
project (Kim et  al., 1996). We  prepared fosmid libraries from 
planktonic microbial community DNA, to study planktonic 
Nitrosopumilaceae using a gene linkage-based, “chromosomal 
walking” approach. Cloning and analyses of large genome 
fragments from planktonic Nitrosopumilaceae confirmed the 
phylogenetic placement of planktonic Nitrosopumilaceae using 
alternative highly conserved protein sequences, including the 
elongation factor EF2 (Stein et al., 1996). Using similar approaches, 
Oded Béjà in my group at MBARI later showed that co-existing 
Antarctic planktonic Nitrosopumilaceae populations harbored 
considerable genomic microdiversity but also shared considerable 
gene synteny with the C. symbiosum genome (Béjà et al., 2002).

Fortuitously, the availability of near pure preparations 
C. symbiosum cells facilitated some deeper understandings about 
marine Nitrosopumilaceae. For example, using C. symbiosum 
and Antarctic picoplankton cell preparations, we  were able to 
directly link archaeal tetraether lipids usually found in thermophiles, 
with cold-dwelling planktonic Nitrosopumilaceae (DeLong et al., 
1998). Christa Schleper, then a postdoc in the lab, developed 
methods to purify C. symbiosum cells on Percoll gradients, to 
construct large fragment C. symbiosum genome libraries. In a 
functional metagenomic study, Christa showed that C. symbiosum 
encoded a family B (a-type) DNA polymerase that shared greatest 

amino acid identity with homologues from the thermophilic 
Thermoproteota Sulfolobus solfataricus (Schleper et  al., 1997, 
1998). Further, the C. symbiosum DNA polymerase was 
heterologously expressed in Escherichia coli, purified, and analyzed 
to determine its activity and biochemical characteristics. Christa 
showed that the C. symbiosum DNA polymerase was rapidly 
inactivated at temperatures above 40°C, and was much more 
thermolabile than DNA polymerases from its thermophilic relatives, 
in keeping with C. symbiosum’s cold water origins (Schleper 
et  al., 1997). Christa’s work went on to show that C. symbiosum 
exists in A. mexicana as a population of at least two very highly 
related but distinguishable strain variants, as opposed to being 
a completely clonal population (Schleper et  al., 1998).

Arguably, the field of metagenomics started with these early 
large fragment DNA environmental cloning and sequencing 
experiments, as originally envisioned by Pace et  al. (Pace et  al., 
1985, 1986; Olsen et  al., 1986), that were first instantiated in 
environmental genomic studies of marine picoplankton and 
Archaea (Schmidt et  al., 1991; Stein et  al., 1996; Schleper et  al., 
1997, 1998). After these ideas of cultivation-independent microbial 
community genomics had been proposed, tested, and proven as 
described above, the term “metagenomics” was later coined and 
popularized (Handelsman et  al., 1998). The advent of high 
throughput shotgun cloning and sequencing, combined with next 
generation sequencing approaches inspired by the human genome 
project, eventually led to pioneering new work (Tyson et al., 2004) 
that typifies much of the currently blossoming phase of cultivation-
independent microbial genomics (aka metagenomics) of today.

Similar genome-enabled approaches also helped shed some 
light on physiological properties of planktonic Poseidoniales 
as well (Frigaard et  al., 2006). While genome gazing at fosmid 
library sequence data from the North Pacific Subtropical Gyre, 
I  had noticed something unusual. Specifically, I  found that 
some photoprotein genes of proteorhodopsins (that we  had 
originally discovered in members of the domain Bacteria; Béjà 
et  al., 2000) were associated with planktonic Poseidoniales 
genome fragments as well. Niels-Ulrik Frigaard, then a postdoc 
in my lab at MIT, extended this preliminary observation with 
some very nice analyses that showed that: 1. About 10% of 
planktonic Poseidoniales in the photic zone contained a 
proteorhodopsin gene adjacent to their SSU rRNA; 2. Planktonic 
Poseidoniales proteorhodopsins were found within other genomic 
regions as well; and 3. Proteorhodopsin-containing Poseidoniales 
were found only in the photic zone, even though Poseidoniales 
were found in considerable numbers at depth (Frigaard et  al., 
2006). Our analyses suggested that proteorhodopsins confer 
significant light-dependent fitness contributions, which in part 
explains their inter-domain lateral gene transfer, acquisition, 
and retention, and their high abundance in the photic zone 
(Frigaard et  al., 2006; Pinhassi et  al., 2016). Our observations 
were later confirmed when the first planktonic Poseidoniales 
genome sequence was reported (Iverson et  al., 2012).

Genomic analysis of C. symbiosum eventually provided the 
first available genome sequence for planktonic Nitrosopumilaceae 
(Hallam et  al., 2006a). The C. symbiosum project team, led by 
Steve Hallam and myself, included past and current postdocs 
from my lab (Steve Hallam, Kostas Konstantinidis, Christa Schleper, 
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José de la Torre, Christina Preston), and along with other 
colleagues, we reported on the properties of the complete genomic 
complement of C. symbiosum (Hallam et  al., 2006a). Most all 
of the expected archaeal core genes were present in the C. 
symbiosum genome. In addition to core genome properties, 
archaeal “house keeping” genes, energy metabolism genes (including 
those involved in ammonia oxidation), CO2 assimilation pathways, 
and some new expanded gene families were reported (Hallam 
et  al., 2006a). In the C. symbiosum ammonia oxidation pathway, 
in addition to ammonia monooxygenase and ammonia permease, 
urease and a urea transport system were also present. Some of 
the new genes found in C. symbiosum were speculated to 
be  involved with the archaeal-sponge symbiotic association. 
Analyses of C. symbiosum universally conserved concatenated 
protein phylogenies, confirmed its deeply branching, peripheral 
relationship to the Crenarchaeota originally inferred from rRNA 
phylogenies. The C. symbiosum genome also proved useful in 
environmental studies leveraging genome fragment recruitment, 
as well as for early analyses of planktonic Nitrosopumilaceae 
energy and carbon assimilation pathways (Hallam et  al., 2006b). 
In addition to earlier elongation factor phylogenies (Stein et  al., 
1996) and DNA polymerase structure-function work (Schleper 
et al., 1997), analyses of C. symbiosum histones and recombination 
proteins (Rad A) also provided new insights into the relationship 
between planktonic Nitrosopumilaceae and other cultivated Archaea 
(Sandler et al., 1999; Cubonova et al., 2005). After the C. symbiosum 
genome was published in 2006, genomic analyses of the first 
ammonia-oxidizing planktonic Nitrosopumilaceae isolate, 
N. maritimus provided important additional  perspective on the 
physiological properties and biogeochemistry of planktonic 
Nitrosopumilaceae (Walker et  al., 2010).

WHERE NEXT, MARINE ARCHAEA?: 
MAG EXPLOSIONS, CULTURE 
REVOLUTIONS, AND GOING VIRAL

There is certainly much more to learn about currently known 
marine planktonic archaeal groups. New planktonic Archaeal 
lineages undoubtedly remain to be  discovered and described via 
both cultivation-dependent and cultivation-independent 
approaches. As one new example, it is becoming clear that 
members of the ubiquitous Woesearchaeota lineage are likely 
regular residents of marine plankton assemblages, and are not 
just found at hydrothermal vents (Liu et  al., 2018; Peoples et  al., 
2018). If and how they might be  parasitically or symbiotically 
associated with other planktonic marine Archaea is an interesting 
question for the future. With respect to the physiology, biochemistry, 
and metabolism of diverse planktonic marine Archaea, heterologous 
expression and subsequent biochemical characterization of proteins 
and enzymes from planktonic marine Archaea still represents 
another very useful line of research to pursue (Schleper et  al., 
1997; Béjà et  al., 2000; Martinez et  al., 2007, 2010; McSorley 
et  al., 2012; Michalska et  al., 2015).

The explosion of newly available metagenome assembled 
genomes is providing much valuable new perspective 
(Parks et  al., 2017, 2018, 2020). For example, even in the  

most well characterized group, the planktonic marine 
Nitrosopumilaceae (marine Group I  Archaea), new evidence 
suggests that some lineages may be  heterotrophic, instead of 
strict chemolithoautotrophs growing on ammonia (or urea) 
and CO2 (Aylward and Santoro, 2020; Reji and Francis, 2020). 
Within the planktonic Poseidoniales, new genome-enabled 
insights have led to the proposed subdivision of Marine Group 
IIa and IIb Archaea (Massana et  al., 2000), into the families 
Poseidoniaceae and Thalassarchaeaceae, respectively (Rinke et al., 
2019). Based on genomic information, members of the genus 
Poseidonia were inferred to be motile, aerobic, photoheterotrophic, 
and able to ferment a wide range of carbohydrates, in particular 
peptides (Rinke et  al., 2019; Tully, 2019). In contrast, genomes 
from members of the genus Thalassarchaeum have suggested 
that they are non-motile aerobic heterotrophs, encompassing 
different species that can be  either phototrophic or 
non-phototrophic (Rinke et al., 2019; Tully, 2019). New genome-
enabled insights are also coming to light for Marine Group 
III Archaea, which like their close relatives, sometimes occur 
in surface waters and are capable of proteorhodopsin-based 
photoheterotrophy (Haro-Moreno et  al., 2017).

A vexing question for Poseidoniales biology, ecology, and 
biogeochemistry that still remains to be  answered is: What are 
the characteristic membrane lipids of this euryarchaeal group? 
Earlier lipid analyses of C. symbiosum and N. maritimus had 
clarified the tetraether lipid compositions, and presence of 
crenarchaeol, in members of marine planktonic Nitrosopumilaceae 
(DeLong et al., 1998; Damsté et al., 2002; Schouten et al., 2008). 
Yet to date, the membrane lipid composition of marine planktonic 
Poseidoniales remains virually unknown, and is still somewhat 
controversial (DeLong, 2006; Lincoln et al., 2014a,b; Wang et al., 
2015; Besseling et  al., 2020; Ma et  al., 2020). The mysterious 
Marine Group IV Archaea, peripherally associated with the 
Haloarchaea (López-García et  al., 2001b), are among the least 
well known among planktonic Archaea. Metagenomic-based 
genomic analyses have just recently provided new perspective 
on this group (now dubbed Hikarchaeia), linking their genomic 
properties and physiological potential, with the complex 
evolutionary transition from methanogens to extreme halophiles 
(Martijn et  al., 2020).

Cultivation-based approaches will necessarily continue to 
provide critical new insights into the physiology and metabolism 
of marine planktonic Archaea. Fantastic successes, including 
cultivation of predominant oligotrophic marine bacterioplankton 
(Rappe et  al., 2002), and cultivation of the first ammonia-
oxidizing archaeon Nitrosopumilus maritimus  (Konneke et  al., 
2005), represent classic examples. Notably however, currently 
available cultivation strategies do not enrich specifically for 
particular phylogenetic linages (albeit the use of specific 
antibiotics can be  leveraged). For example, efforts of Stahl 
et  al. originally deployed enrichments for ammonia-oxidizers, 
not for Archaea – but fortuitously, it just so happened that 
some Archaea turned out to be nitrifiers (Konneke et al., 2005)! 
In another spectacular example, the recent cultivation of Ca. 
Prometheoarchaeum syntrophicum, a representative of the Asgard 
Archaea (Imachi et  al., 2020), represents a tour-de-force with 
far reaching implications that present exciting new research 
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opportunities. But the sobering fact is that these successful 
archaeal enrichments took over a decade in the making, requiring 
careful, painstaking, dedicated work, before yielding their final 
fruit (Imachi et  al., 2020). In the case of planktonic Archaea, 
to date, no cultivated representative of the marine Poseidoniales 
has yet been reported, representing an important challenge to 
the field. Certainly, plenty of room remains to improve and 
invent new, more efficient microbial cultivation strategies, 
including methods for massively parallel variation of culture 
conditions, improved cultivation and characterization strategies 
using low culture volumes and cell densities, as well as enrichment 
and metabolic dissection of microbial consortia and co-cultures.

Marine archaeal viruses and other mobile elements represent 
another emerging area for marine planktonic archaeal research 
(Krupovic et  al., 2018). New reports on the nature, structure, 
and distribution of marine Nitrosopumilaceae viruses, proviruses, 
and mobile elements are appearing more and more frequently, 
providing new insight into their viral diversity, viral-host 
interactions, and lateral gene transfer (Krupovic et  al., 2011; 
Ahlgren et  al., 2019; Kim et  al., 2019; Krupovic et  al., 2019; 
Lopez-Perez et  al., 2019; Luo et  al., 2020). Less information 
is available on marine Poseidoniales viruses, also representing 
new opportunities for planktonic Archaea virus research (Philosof 
et al., 2017; Krupovic et al., 2018; Luo et al., 2020). Leveraging 
metagenomics, metatrascriptomics, single-cell metagenomics, 
and of course the eventual cultivation of planktonic Poseidoniales 
representatives, will help to push progress in this area.

The general area of marine Archaea research is in a very 
vigorous phase currently, and continues to gather steam, 
generating new genomic, biochemical, biogeochemical, 
evolutionary and ecological data, and hypotheses. This in turn 
informs the growing appreciation of the extent of archaeal 
habitat distributions, archaeal physiological and genomic 
diversity, archaeal ecological significance and their evolutionary 
relationships with eukaryotes. As an example, recent analyses 
of the nature and evolution of the core archaeal pathways of 
methane and short chain hydrocarbon metabolism have provided 
important new evolutionary and ecological insights into the 
evolution of carbon metabolism in the Archaea (Evans et  al., 
2019; Seitz et  al., 2019; Wang et  al., 2019). Parallel analyses 
of marine planktonic Archaea, to further assess their core 
genomic, pan-genomic, and metabolic repertoires, their viruses 
and mobile elements, and their environmental and community 
interactions are anticipated. The resulting deeper understandings 
of archaeal ecology, biogeochemistry, and evolution will continue 

to propel planktonic marine Archaea research well into 
the future.
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Putative Extracellular Electron 
Transfer in Methanogenic Archaea
Kailin Gao  and Yahai Lu *

College of Urban and Environmental Sciences, Peking University, Beijing, China

It has been suggested that a few methanogens are capable of extracellular electron 
transfers. For instance, Methanosarcina barkeri can directly capture electrons from the 
coexisting microbial cells of other species. Methanothrix harundinacea and Methanosarcina 
horonobensis retrieve electrons from Geobacter metallireducens via direct interspecies 
electron transfer (DIET). Recently, Methanobacterium, designated strain YSL, has been 
found to grow via DIET in the co-culture with Geobacter metallireducens. Methanosarcina 
acetivorans can perform anaerobic methane oxidation and respiratory growth relying on 
Fe(III) reduction through the extracellular electron transfer. Methanosarcina mazei is 
capable of electromethanogenesis under the conditions where electron-transfer mediators 
like H2 or formate are limited. The membrane-bound multiheme c-type cytochromes 
(MHC) and electrically-conductive cellular appendages have been assumed to mediate 
the extracellular electron transfer in bacteria like Geobacter and Shewanella species. 
These molecules or structures are rare but have been recently identified in a few 
methanogens. Here, we review the current state of knowledge for the putative extracellular 
electron transfers in methanogens and highlight the opportunities and challenges for 
future research.

Keywords: extracellular electron transfer, methanogenic archaea, c-type cytochrome, archaellum, direct interspecies 
electron transfer, direct electron transfer

INTRODUCTION

Methanogens are important to the carbon biogeochemical cycle and global methane emissions. 
Approximately 1 billion tons of methane is generated annually by methanogens in natural and 
man-made anoxic environments, as a consequence, about half of that is emitted into the 
atmosphere (Thauer, 1998; Thauer et al., 2008). Methanogens belong to members of the archaeal 
domain and occur mostly in the phylum Euryarchaeota. The species found to date fall into 
seven orders that differ both in energy conservation and ecological niches (Liu and Whitman, 
2008; Thauer et  al., 2008). Methanogenesis can be  generally performed through the 
hydrogenotrophic, aceticlastic, methylotrophic, or methyl-reducing pathways depending on the 
substrates available in environments. Methanogenesis from syntrophic oxidation of short-chain 
fatty acids and alcohols is the key process during the anaerobic decomposition of complex 
organic matter. In this process, H2 and formate are usually used as electron transfer mediators. 
(Stams and Plugge, 2009). An increasing of observations addressing some methanogens perform 
extracellular electron transfers, however, have questioned this knowledge of methanogenesis.
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The extracellular electron transfer (EET) has been well 
studied in some bacteria regarding Geobacter and Shewanella 
species (Shi et  al., 2016). EET pathways contain the direct 
electron transfer (DET) pathway in which solid abiotic materials, 
such as iron minerals or electrodes, can function as terminal 
electron acceptors/donors, and the alternative pathway is the 
direct interspecies electron transfer (DIET) where living microbes 
can serve as terminal electron acceptors or donors. The strongest 
evidence for DIET is from a co-culture of Geobacter 
metallireducens and Geobacter sulfurreducens, which can oxidize 
ethanol with the reduction of fumarate to succinate (Summers 
et  al., 2010; Lovley, 2017). DIET or DET cannot be established 
with the Geobacter mutants deprived of the electrically conductive 
pili (e-pili) or the outer-membrane multi-heme c-type 
cytochromes (MHC); these components are thus critical to 
extracellular electron transfer (Summers et  al., 2010; Shrestha 
et  al., 2013; Shi et  al., 2016; Lovley, 2017).

The DIET pathway has also been proposed in methanogenic 
aggregates (Morita et al., 2011) and was initially demonstrated 
in the co-cultures of G. metallireducens with Methanothrix 
harundinacea or Methanosarcina barkeri (Rotaru et al., 2014a,b). 
Supplementation of iron oxides (hematite and magnetite) or 
other conductive materials, such as granular activated carbon, 
can facilitate the syntrophic growth of co-cultures consuming 
acetate or ethanol (Kato et al., 2012; Liu et al., 2012). Magnetite-
facilitated syntrophic oxidation of propionate and butyrate 
was detected in methanogenic enrichments (Li et  al., 2015; 
Zhang and Lu, 2016; Xia et al., 2019); consequently, the DIET 
pathway has been proposed to be  an alternate strategy for 
syntrophic metabolisms in methanogenic environments (Kato 
et  al., 2012; Liu et  al., 2012; Li et  al., 2015). The discovery 
of DIET in the co-cultures of Geobacter and methanogens 
(Rotaru et  al., 2014a,b; Yee and Rotaru, 2020) supports a 
long-standing hypothesis that some methanogens can directly 
obtain electrons from the outside (Dinh et  al., 2004). The 
DET pathways of methanogens have been proposed to occur 
with electrodes or minerals serving as electron sources (Cheng 
et  al., 2009; Beese-Vasbender et  al., 2015; Soo et  al., 2016; 
Yan et  al., 2018). Putative DIET and DET in methanogens 
greatly expand our understanding of methanogen’s roles in 
biogeochemistry, and future research shall re-assess the 
contribution of different methanogens to address global methane 
emission challenges. The mechanisms of extracellular electron 
transfers from methanogenic archaea, however, have yet to 
be  resolved. The purpose of this review is to summarize the 
current understanding of putative extracellular electron transfers 
from diverse methanogens and highlight the challenges of 
future research.

DIVERSE STRATEGIES IN 
METHANOSARCINALES

Methanosarcina barkeri
M. barkeri is metabolically versatile and capable of hydrogenotrophic 
(H2/CO2), methylotrophic (methanol, methylamine), methyl-
reducing (H2 and methanol/methylamine), and aceticlastic (acetate) 

methanogenesis (Welander and Metcalf, 2005; Thauer et al., 2008; 
Welte and Deppenmeier, 2014). When performing hydrogenotrophic 
methanogenesis, M. barkeri employs the energy-converting 
ferredoxin-dependent hydrogenase (Ech), F420-reducing hydrogenase 
(Frh), and membrane-bound methanophenazine-dependent 
hydrogenase (Vht; Thauer et  al., 2008; Kulkarni et  al., 2009; 
Welte and Deppenmeier, 2014). In the pathway of methylotrophic 
and aceticlastic methanogenesis of M. barkeri, Ech, Frh, and Vht 
also participate (Deppenmeier et  al., 1995; Meuer et  al., 2002; 
Welander and Metcalf, 2005; Kulkarni et  al., 2009, 2018; Mand 
et  al., 2018). Hydrogenases from M. barkeri can catalyze the H2 
production of electrodes in electrochemical reactors. Cathodes 
inoculated with Ms. barkeri, with the set potential of –0.6  V vs. 
the standard hydrogen electrode (SHE), could produce H2 at a 
rate of 120  ±  18  nmol  d-1  ml-1, and about half of this rate was 
detected with the cell extracts of M. barkeri (Yates et  al., 2014). 
Recently, it was shown that hydrogenases in combination with 
ferredoxin (Fd) and F420 from M. barkeri could attach to the 
electrode surface and catalyze the formation of H2. Then, the 
produced H2 could be  consumed rapidly by M. barkeri, resulting 
in a low or undetectable level of H2 accumulation (Rowe et al., 2019).

However, a hydrogenase deletion mutant of M. barkeri still 
exhibited the ability of electromethanogenesis with the cathode 
potential poised at –0.484 V vs. SHE, indicating a hydrogenase-
independent mechanism to facilitate the cathodic activity (Rowe 
et  al., 2019). Furthermore, M. barkeri is capable of conducting 
DIET to accept electrons from syntrophic growth with 
G. metallireducens on ethanol (Rotaru et  al., 2014a; Holmes 
et  al., 2018). The stoichiometric conversion of ethanol to 
methane (1.5 CH4 per ethanol) in the co-culture of 
G. metallireducens and M. barkeri indicated that M. barkeri 
not only metabolized the acetate produced by G. metallireducens 
but also used the electrons released from ethanol oxidation. 
The transcriptome was compared between the co-culture of 
G. metallireducens/M. barkeri and the co-culture of Pelobacter 
carbinolicus/M. barkeri (H2 was used as the electron transfer 
mediator) (Holmes et  al., 2018). It showed the significant 
upregulation of gene expression of the most subunits of the 
membrane-bound F420-dehydrogenase (Fpo) in the co-culture 
of G. metallireducens/M. barkeri. In addition, the expression 
of nine genes predicted to be  involved in ubiquinone/
menaquinone biosynthesis and those genes coding for HdrA1B1C1, 
HdrA2, and HdrB2 were also upregulated in the co-culture of 
G. metallireducens/M. barkeri. Therefore, a model for the electron 
and proton flux of the CO2 reduction to CH4 in M. barkeri 
during DIET-based growth has been postulated based on the 
above transcriptome comparison (Figure 1; Holmes et al., 2018). 
M. barkeri may obtain electrons from an unknown electron 
carrier and donate the electrons to methanophenazine (MP), 
a membrane-bound electron carrier analogous to ubiquinones. 
Then, the membrane-bound, proton-pumping F420-dehydrogenase 
(Fpo) may transfer electrons from MPH2 to F420, resulting in 
the formation of F420H2. Half of the F420H2 is proposed to 
serve as a reductant in the CO2 reduction pathway, while the 
remaining F420H2 donates electrons to HdrABC. With participation 
of electron bifurcation, HdrABC may transfer electrons to Fdox 
and CoM-S-S-CoB, respectively (Holmes et  al., 2018).
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M. barkeri does not contain MHC, and Fpo has no active 
sites on the outer surface of the membrane (Welte and 
Deppenmeier, 2014); how the external electrons are channeled 
into Fpo thus remains an important question (Figure 1). Future 
research shall focus on the alternate redox-active proteins in 
M. barkeri that can potentially aid in direct electron uptake. 
Moreover, a few studies have shown that the membrane-bound 
methanophenazine greatly contributes to the electrical 
conductivity of the membrane of Methanosarcina acetivorans 
growing on methanol (Duszenko and Buan, 2017; Yan et  al., 
2018). Further research is necessary to identify the effect of 
methanophenazine on the possible augmentation of membrane 
conductivity in Ms. barkeri performing direct electron uptake.

Methanothrix harundinacea
Both Methanosarcina and Methanothrix are known as the 
aceticlastic methanogens, while Methanothrix species are the 
specialists having a much lower threshold concentration for 
acetate metabolism (Jetten et al., 1992; Welte and Deppenmeier, 
2014). Methanothrix species have no genes coding for the 
hydrogenases like Ech, Frh, and Vht (Welte and Deppenmeier, 
2011). Although Methanothrix species are restricted to acetate 
degradation, the gene repository for CO2 reduction exists in 
their genome (Rotaru et al., 2014b). Afterwards, Mt. harundinacea 

has been suggested to perform DIET with G. metallireducens 
(Rotaru et  al., 2014b; Yee and Rotaru, 2020). The co-culture 
of G. metallireducens and M. harundinacea converted ethanol 
to methane in a stoichiometry of ca. 1.5 moles CH4 per mole 
ethanol. The inability of G. metallireducens to generate H2 or 
formate and the inability of M. harundinacea to metabolize 
H2 or formate ruled out the possibility of electron transfer 
via mediated electron carrier. So, the finding strongly suggested 
that DIET occurrence in the co-culture of G. metallireducens 
and M. harundinacea (Rotaru et  al., 2014b). In addition, the 
genes coding for CO2 reduction were highly expressed in 
Mt. harundinacea from the co-culture (Zhu et al., 2012; Rotaru 
et  al., 2014b). This methanogen, however, cannot utilize the 
cathode as the sole electron donor (Rotaru et  al., 2014b; 
Yee and Rotaru, 2020).

The specific electron transfer route for DIET remains elusive 
in M. harundinacea. The cell surface of Methanothrix genera 
consists of a protein sheet that is thought to be  composed of 
amyloid proteins. The amyloid proteins can cluster together 
binding peptides and metal irons, which may facilitate the 
direct electron uptake from external electron donors (Maji 
et  al., 2009; Viles, 2012; Dueholm et  al., 2015; Yee and Rotaru, 
2020). However, this is highly speculative and the experimental 
evidence has yet to be  obtained.

FIGURE 1 | Prediction model of direct electron uptake in Methanosarcina barkeri, cited (Holmes et al., 2018). The black arrows represent the possible transfers of 
electrons via F420 and Fd. The red arrow represents the possible route for electron uptake from the outside. The unknown electron transfer proteins may gain 8 e— 
from external sources and then channel these electrons via MP/MPH2 to Fpo. Fpo can utilize F420/F420H2 to deliver electrons to the process of CO2 to CH4.
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Methanosarcina horonobensis
M. horonobensis has a relatively narrow substrate spectrum 
compared with M. mazei and M. barkeri, only growing on 
methanol, dimethylamine, and acetate but not on H2/CO2 
(Shimizu et  al., 2011). M. horonobensis is able to retrieve 
electrons from G. metallireducens via DIET. Specifically, the 
co-culture of G. metallireducens and M. horonobensis converted 
8.8  ±  0.4  mM ethanol to 13.1  ±  0.8  mM CH4. Therefore, each 
mole of ethanol yielded ca. 1.5 moles of CH4, indicating complete 
conversion of the added ethanol to CH4 (Yee et  al., 2019). 
Similar to the co-culture of M. harundinecea/G. metallireducens, 
the inability of G. metallireducens to generate H2 or formate 
and the inability of M. horonobensis to metabolize H2 ruled 
out the possibility of electron transfer via the mediated electron 
carrier. However, M. horonobensis failed to perform 
electromethanogenesis at the cathode potential poised at –0.4 V 
vs. SHE (Yee et  al., 2019; Yee and Rotaru, 2020). Further 
research needs to elucidate why M. horonobensis can accept 
electrons from electroactive microbes (typically G. metallireducens) 
rather than from electrodes. M. horonobensis has the membrane-
bound MHC (Yee and Rotaru, 2020), and future efforts to 
study DIET of the co-culture of G. metallireducens and 
M. horonobensis must be  intensified and eventually provide 
the clarified membrane-bound electron transport chain and 
MHC expression response to DIET.

Methanosarcina mazei and Methanothrix 
soehngenii
M. mazei is closely related to M. barkeri in the phylogenetic 
relationship and can consume a wide range of substrates, 
including H2/CO2, methanol, methylamine, and acetate (Welte 
and Deppenmeier, 2014). It is possible that hydrogenases are 
coupled with ferredoxin (Fd) and F420 from M. mazei to capture 
electrons from cathodes to form H2, which is then consumed 
for the CH4 production. However, the experimental evidence 
for this speculation has yet to be  revealed (Welte and 
Deppenmeier, 2014; Rowe et  al., 2019). M. soehngenii is a 
strict non-hydrogenotrophic methanogen. A recent study showed 
that both M. mazei and M. soehngenii could pair with 
G.  metallireducens (Yee and Rotaru, 2020). However, only 
7.7  ±  0.7  mM CH4 was produced from 10  mM ethanol in 
the co-culture of M. mazei and G. metallireducens, and only 
1.8  ±  1.0  mM CH4 was produced from 20  mM ethanol in 
the co-culture of M. soehngenii and G.  metallireducens (Yee 
and Rotaru, 2020), indicating incomplete conversion of the 
added ethanol to CH4. Therefore, laboratory study should further 
verify if M. mazei and M. soehngenii can establish DIET with 
G. metallireducens or other Geobacter species.

Methanosarcina acetivorans
M. acetivorans does not possess Ech and Vht hydrogenases 
and hence is incapable of H2-dependent methanogenesis 
(Ollivier et  al., 1984; Sowers et  al., 1984; Ferry, 2020). The 
presence of the membrane-bound Rnf complex (homolog of 
rhodobacter nitrogen fixation complex) can oxidize Fdred or 
hydroquinone of flavodoxin A (FldAhq) to Fdox or semiquinone 

of flavodoxin A (FldAsq), which distinguishes M. acetivorans 
from all the H2-utilizing methanogens among Methanosarcina 
(Li et  al., 2006; Wang et  al., 2011; Schlegel et  al., 2012; 
Prakash et  al., 2019b). It is worth noting that the Rnf genes 
in M. acetivorans cluster with the gene coding for a c-type 
cytochrome with multiheme-binding motifs (MmcA) (Galagan 
et  al., 2002; Li et  al., 2006; Schlegel et  al., 2012). The n
mmcA mutant strain of M. acetivorans, however, still grows 
on acetate, indicating MmcA is unnecessary for the acetotrophic 
growth (Holmes et  al., 2019).

M. acetivorans has been shown to perform Fe(III)-dependent 
respiratory growth on acetate with the simultaneous reduction 
of Fe(III) to Fe(II) and production of CH4. The relevant 
pathway is illustrated in Figure  2A (Prakash et  al., 2019a). 
One-carbon transformations leading to CH4 are the same as 
its aceticlastic pathway of methanogenesis where Fdred can 
be  generated. By reversal of reactions of the CO2 reduction 
pathway, the respiratory electron transport occurs through 
oxidation of methyl-tetrahydrosarcinapterin (CH3-H4SPT) to 
formyl-methanofuran (CHO-MFR) and then to HCO3¯ along 
with the generation of F420H2 and Fdred (Lessner et  al., 2006; 
Prakash et  al., 2019a; Ferry, 2020). Then, through the 
combination of Rnf enzyme complex with MmcA, electrons 
are transferred from Fdred for the reduction of Fe(III) to Fe(II). 
Two Na+ are translocated for each Fe(III) reduced to Fe(II) 
in this process (Yan et  al., 2018; Prakash et  al., 2019a). Given 
that the expression of Fpo is down-regulated, it is postulated 
that the reoxidation of F420H2 occurs through the electron 
bifurcation performing by HdrA2B2C2 (Prakash et  al., 2019a; 
Ferry, 2020). Importantly, the Fe(III)-dependent respiratory 
growth showed higher acetate consumption, a greater ratio 
of ATP/ADP, and a higher growth rate, indicating the improved 
energy conservation (Prakash et  al., 2019a; Ferry, 2020). 
Interestingly, Ms. acetivorans can also perform respiratory 
growth on methanol with AQDS (anthraquinone-2,6-disulfonate, 
an analog of humic substances in the environment) as the 
external electron acceptor in the presence of methanogenesis 
inhibitor 2-biomoethanesulfonate (BES; Figure  2B; Holmes 
et  al., 2019). F420H2 and Fdred generated from the oxidization 
of methanol are probably reoxidized by Fpo and Rnf complex, 
respectively, and electrons are channeled via either MP/MPH2 
or MmcA for the external reduction of AQDS. Fpo and Rnf 
can pump H+ and Na+, respectively. Notably, the n mmcA 
mutant strain is incapable of methanol-dependent respiratory 
growth, indicating the importance of MmcA in the external 
electron transfer (Holmes et  al., 2019).

M. acetivorans is also capable of Fe(III)-dependent anaerobic 
oxidation of methane through the reversal of aceticlastic 
and CO2-reducing methanogenesis (Figure  2C; Moran et  al., 
2005, 2007; Soo et  al., 2016; Yan et  al., 2018). Methane is 
assumed to be  oxidized by the methyl-coenzyme M methyl 
reductase (Mcr) to yield methyl-coenzyme M (CH3-SCoM), 
and the methyl group is transferred through Mtr to 
tetrahydrosarcinapterin (H4SPT). During the oxidation of 
CH3-H4SPT to CO2, Fdred and F420H2 are formed. Fdred is 
probably used for the reduction of Fe(III) through the 
combination of the Rnf complex with MmcA. The Na+ gradient 
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generated by the Rnf complex can power the transfer of the 
methyl group of CH3-SCoM to H4SPT (Yan et  al., 2018). 
F420H2 is probably reoxidized by HdrA2B2C2 through electron 
bifurcation for the coupling reduction of CoM-S-S-CoB and 
Fdox. The produced HSCoM and HSCoB are postulated to 
be  reoxidized by the membrane-bound HdrE1D1, driving the 
AQDS mediated reduction of Fe(III) to Fe(II) (Yan et  al., 
2018). Additionally, MP is postulated to gain electrons via 
Fpo from F420H2, and the produced MPH2 is reoxidized for 
the reduction of Fe(III) (Yan et  al., 2018).

Notably, though MHC (also MmcA here) in Ms. acetivorans 
is analogous to MHC in Shewanella and Geobacter species 
(Yan et  al., 2018; Holmes et  al., 2019), the exact route for the 
MHC-mediated electron transfer has yet to be  elucidated. Up 
to now, there has been no evidence indicating that Ms. acetivorans 
can gain electrons directly from electrodes or materials. It is 
also unknown whether this methanogen can develop an electrical 
connection with other microbes like Geobacter species.  

In addition, the deletion of the MHC gene does not obviously 
impair the growth of Ms. acetivorans on acetate and especially 
does not influence the expression of Rnf genes, indicating 
MHC gene might be  independent of Rnf (Holmes et al., 2019). 
This independence, however, may promise the flexibility of 
MHC to interact with other enzymes like Fpo and make 
M. acetivorans adaptable to varying environmental conditions.

STRATEGIES IN HYDROGENOTROPHIC 
METHANOGENS

Methanospirillum hungatei With 
Electrically Conductive Protein Filaments
Methanospirillum species belong to the members of 
Methanospirillaceae within the order of Methanomicrobiales and 
represent a group of methanogenic archaea utilizing hydrogen 
or formate. Methanospirillum hungatei JF1 is the first isolated 

A

C

B

FIGURE 2 | Pathway proposed for Fe(III)-dependent respiratory pathway and CH4 oxidation by Ms. acetivorans. (A) Fe(III)-dependent respiratory pathway on 
acetate, cited (Prakash et al., 2019a). (B) Fe(III)-dependent respiratory pathway on methanol with 2-bromoethanesulfonate (BES), cited (Holmes et al., 2019). 
(C) Fe(III)-dependent CH4 oxidation, cited (Yan et al., 2018).
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strain of Methanospirillum genera (Gunsalus et  al., 2016). The 
potential c-type cytochrome in M. hungatei is predicted to 
be  located in the cytoplasm, indicating that it may not take 
part in the extracellular electron transfer (Yee and Rotaru, 
2020). A unique trait of M. hungatei is the synthesis of 
extracellular filaments, called archaella, that can drive cellular 
motility, promote biofilm formation, and participate in cellular 
adhesion (Schopf et  al., 2008; Jarrell et  al., 2011; Jarrell and 
Albers, 2012; Albers and Jarrell, 2015). The archaella more 
resemble the bacterial type IV pili in terms of evolution and 
structure than the bacterial flagella (Faguy et al., 1994; Thomas 
et  al., 2001; Jarrell and Albers, 2012; Albers and Jarrell, 2015, 
2018). The type IV pili in the Geobacter species have been 
found to be  electrically conductive (hence named e-pili in 
short), mediating the long-distance extracellular electron transfer 
(Malvankar et  al., 2012; Shi et  al., 2016). So far, the e-pili 
have been explored mainly in bacteria, which raises the question 
of whether such conductive protein filaments have ever been 
evolved in archaea.

Initial screening of the relative conductivity of bacterial 
pili is typically determined with conductive atomic force 
microscopy (Reguera et  al., 2005; Steidl et  al., 2016; Sure 
et  al., 2016; Liu et  al., 2019), so a similar method was applied 
to the M. hungatei archaella (Walker et  al., 2019). To avoid 
chemical alteration of the archaellum structure and determine 
the conductivity of hydrated archaella, 100  μl of a culture of 
M. hungatei grown in low-phosphate medium to induce 
archaellum expression (Faguy et  al., 1993) was drop-cast onto 
highly oriented pyrolytic graphite (HOPG), washed, dried, 
and equilibrated at 40% relative humidity. Then, a conductive 
tip serving as a translatable top electrode was used for 
conductivity measurements. The above process could mimic 
physiologically relevant conditions (Walker et  al., 2019). The 
local conductive imaging showed that the archaella of M. hungatei 
were electrically conductive. The linear-like current response 
to applied voltage was revealed in the point-mode current-
voltage spectroscopy. The conductance estimated from this 
response curve was 16.9  ±  3.9  nS for the archaella of M. 
hunagtei, compared with 4.5  ±  0.3  nS for the pili of wild-
type Geobacter sulfurreducens and 0.004  ±  0.002  nS for the 
pili of G. sulfurreducens strain Aro-5 designed for producing 
pili with poor conductivity (Reguera et al., 2005; Walker et al., 
2019). The atomic model from the cryo-electron microscopy 
structure of archaella at 3.4  Å resolution revealed that the 
archaella of M. hungatei possessed a core of closely packed 
phenylalanines (Poweleit et  al., 2017). This amino acid 
arrangement was considered as the key to the electrical 
conductivity of M. hungatei archaella (Walker et  al., 2019).

The function of the electrically conductive archaella of 
M. hungatei in nature remains elusive. An earlier study showed 
that M. hungatei could reduce extracellular electron acceptors 
in which H2 was used as the electron-transfer mediator (Cervantes 
et  al., 2002). Electrically conductive archaella of M. hungatei 
may merely facilitate cell attachment by dissipating charge barriers 
between cells and minerals/electrodes (Walker et  al., 2019). 
Whether the archaella of M. hungatei can be  used as conduits 
for the extracellular electron transfer remains an open question. 

It will be a great challenge to clarify mechanisms of archaellum-
mediated electron transport and determine how this electron 
transport process is coordinated with the catabolic electron flux 
during growth of M. hungatei.

Methanococcus maripaludis Capable of 
Extracellular Enzyme-Dependent Electron 
Uptake
Methanococcus maripaludis, which belongs to the order 
Methanococcales, is often used as a model for genetic investigation 
(Leigh et  al., 2011). This methanogen utilizes H2 and formate 
as the electron donor to reduce CO2 to methane (Brileya et al., 
2014). M. maripaludis possesses cytoplasmic heterodisulfide 
reductase (HdrABC) but does not contain membrane-bound 
HdrDE. The cytoplasmic HdrABC and F420-nonreducing 
hydrogenase (Vhu) form a complex which can perform the 
flavin-based electron bifurcation, driving the endergonic 
reduction of oxidized ferredoxin (Fdox) by coupling with the 
exergonic reduction of heterodisulfide. The reduced ferredoxin 
(Fdred) is used for the first step of CO2 reduction by the formyl-
methanofuran dehydrogenase (Fwd; Thauer et al., 2008). When 
formate is supplied, the formate dehydrogenase (Fdh) can 
be  activated and incorporated into the complex of Vhu, Hdr, 
and Fwd (Thauer et  al., 2008; Costa et  al., 2010; Kaster et  al., 
2011). F420-reducing hydrogenase (Frh) in the cytoplasm consumes 
H2 to produce F420H2 feeding electrons into the pathway of 
methanogenesis (Thauer et  al., 2008). Overall, M. maripaludis 
contains six catabolic hydrogenases and an additional energy-
converting ferredoxin-dependent hydrogenase (Eha).

Analysis of bioelectrochemical performance revealed that 
the methane formation rate of the hydrogenase-deprived 
MM1284 strain of M. maripaludis was only about one-tenth 
of the rate of the wild-type strain (Lohner et  al., 2014). The 
MM1284 mutant carries markerless in-frame deletions of all 
five catabolic hydrogenase genes except Eha, which is essential 
to reduce ferredoxin for anabolic reactions (Lie et  al., 2012; 
Costa et  al., 2013a; Lohner et  al., 2014). The significantly 
reduced rate of methane production of the MM1284 strain 
suggested that most of the cathodic electrons used for methane 
production in the wild type M. maripaludis were derived 
from a hydrogenase-dependent mechanism (Lohner et  al., 
2014). It was further showed that the hydrogenases and other 
redox enzymes (like formate dehydrogenases) from cells could 
precipitate on Fe(0) or the electrode surface. Meanwhile, these 
enzymes catalyzed the formation of H2, or formate, which 
was then consumed by M. maripaludis cells (Deutzmann 
et  al., 2015). In the early view, it was thought that H2 or 
formate was produced from electrodes via the abiotic way 
in the cathode chamber with methanogens. While the above 
studies showed that H2 or formate production was mainly 
catalyzed by hydrogenase, or formate dehydrogenase from 
methanogens (biotic way), resulting in the high conversion 
efficiency of current to methane (Cheng et  al., 2009). And 
this process of electron uptake from electrodes can be defined 
as surface-associated redox enzyme-dependent electron uptake 
in methanogens (Figure  3).
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The composition of these cell-free and surface-associated 
redox enzymes however might be  complicated. Many studies 
have shown that hydrogenases and formate dehydrogenases 
are electroactive and capable of generating hydrogen, or formate 
by consuming electrons from electrodes (Cracknell et al., 2008; 
Parkin et  al., 2008; Reda et  al., 2008; Armstrong et  al., 2009; 
Lojou, 2011; Baffert et  al., 2012; Sakai et  al., 2016; Chica 
et  al., 2017; Hu et  al., 2018; Lienemann et  al., 2018; Yuan 
et  al., 2018; Cordas et  al., 2019). Recently it has been shown 
that the M. maripaludis-derived NiFeSe hydrogenase and the 
NiFe hydrogenase, when immobilized at a cathode in a 
cobaltocene-functionalized polyallylamine (Cc-PAA) redox 
polymer, could mediate the rapid and efficient hydrogen 
evolution (Ruth et  al., 2020). In addition, a multi-enzyme 
heterodisulfide reductase supercomplex (Hdr-SC) of 
M. maripaludis was purified. In Fe(0) corrosion experiments, 
hydrogen formation rates from Fe(0) in the crude  
lysate amended and purified Hdr-SC vials were 
0.14  ±  0.04  μmol  d−1  μl−1 and 0.007  ±  0.03  μmol  d−1  μl−1 
lysate equivalent, respectively. The formate formation rate from 
Fe(0) by cell lysate was 0.62  ±  0.03  μmol  d−1  μl−1, and a 
quarter of this activity (0.15  ±  0.01  μmol  d−1  μl−1 lysate 
equivalent) was recovered from purified Hdr-SC (Lienemann 
et  al., 2018). The electrocatalytic activity of purified Hdr-SC 
was also examined. Upon applying a potential of –0.6  V vs. 
SHE, the electrochemical reactors with 60  μg of purified 
Hdr-SC accumulated formate and hydrogen at initial rates of 
266  μmol  h−1  L−1 catholyte and 17  μmol  h−1  L−1 catholyte, 
respectively (Lienemann et  al., 2018). Therefore, the hydrogen 

formation of cell lysate was more likely to be  catalyzed by 
a non-Hdr-SC hydrogenase activity, while Hdr-SC was the 
main component catalyzing formate production from Fe(0)-
derived and cathode-derived electrons. The Hdr-SC in 
M. maripaludis consists of a heterodisulfide reductase (HdrABC), 
a formate dehydrogenase (FdhAB), and a NiFe-hydrogenase 
(VhuABDG; Costa et al., 2010, 2013b; Lienemann et al., 2018). 
In a recent study, homodimeric Hdr complexes containing 
either (Vhu)2 or (Fdh)2 have been identified and purified 
(Milton et  al., 2018). Although the structure and function of 
flavin-based electron bifurcation of Hdr-SC have been 
documented, it remains unclear why the Hdr-SC deposited 
on Fe(0) or the cathode surface tends to produce more formate 
than hydrogen.

It is worth noting that, albeit at a slow rate, the 
bioelectrochemical methane formation in the hydrogenase-
deficient MM1284 strain of M. maripaludis was detected (Lohner 
et  al., 2014). Lowering the cathode potential did not increase 
the rate of methanogenesis, and no formate was detected in 
the reactors containing MM1284 cells, indicating that a direct 
electron uptake might occur in the MM1284 strain (Lohner 
et  al., 2014). However, the absence of a detectable level of 
electron-carrying mediators cannot rule out the possibility of 
rapid cycling of these redox mediators in the electrochemical 
reactors. For instance, the cell extracts from MM1284 strain 
can catalyze formate formation on cathodes (Deutzmann et al., 
2015). A recent study designed a combined method using a 
hydrogen microsensor system and cyclic voltammetry (CV) 
to determine in situ hydrogen concentration within the cathodic 

FIGURE 3 | Enzyme-dependent external electron uptake in Methanococcus maripaludis, cited (Lienemann et al., 2018). Hydrogenase and formte dehydrogenase 
can be released from the living or dead cells of methanogens and then are absorbed on the cathode surface. These surface-associated enzymes can catalyze the 
formation of H2 or formate, which was then rapidly consumed by M. maripaludis cells to produce CH4 (Deutzmann et al., 2015).
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biofilm (Cai et  al., 2020). A similar method can be  explored 
to detect other in situ redox mediators, like formate, within 
the cathodic biofilm of reactors with MM1284 strain.

FUTURE PERSPECTIVES

M. barkeri has been demonstrated to perform DIET and utilize 
electrons from electrodes. M. harundinacea and M. horonobensis 
can retrieve electrons from G. metallireducens via DIET but 
cannot perform electromethanogenesis. M. acetivorans can 
perform Fe(III)-dependent respiratory growth and anaerobic 
oxidation of methane. Ms. mazei is capable of 
electromethanogenesis under the potential of –0.4  V vs. SHE. 
A strain of Methanobacterium, designated strain YSL, can 
establish DIET with G. metallireducens (Zheng et  al., 2020), 
indicating that the DIET pathway is more broadly distributed 
among methanogens than previously thought.

However, the external electron-acquisition/donation 
mechanisms have remained unclear. The external electron-
acquisition/donation processes need to coordinate with the 
internal energy metabolism. Different methanogens perform 
different energy conservation; as a consequence, the possible 
external electron-acquisition/donation gadgets may show a high 
diversity among methanogens. Some methanogens contain 
MHC, or electrically conductive archaella (M. hungatei), while 
others may have unknown electron-acquisition/donation gadgets.

Many puzzles on the extracellular electron transfer of 
methanogens remain to be resolved. It warrants further research 
to figure out why some methanogens can accept electrons 
from other microbes but cannot utilize electrons from electrodes. 
Additionally, it remains unclear whether the electrically 
conductive archaella of M. hungatei can help M. hungatei 

electrically interact with other microbes, minerals, or electrodes. 
It is also unknown whether M. acetivorans can gain electrons 
directly from the outside. Moreover, given the diversity of 
Methanosarcina species, different kinds of external electron-
acquisition/donation gadgets may exist and are worthy to 
be  further explored. The novel technologies, such as 
metagenomics, metatranscriptomics, and high-resolution cryo-
electron microscopy, may help us identify more methanogens 
that may perform DIET or DET in nature methanogenic 
communities. The biochemical approaches, for example, using 
the washed everted membrane vesicles to study Fe(III)-dependent 
anaerobic oxidation of methane in M. acetivorans (Yan et  al., 
2018), can also be  employed to explore the mechanisms of 
DIET/DET in other methanogens.
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Marine Thaumarchaeota (formerly known as the marine group I archaea) have received
much research interest in recent years since these chemolithoautotrophic organisms
are abundant in the subsurface ocean and oxidize ammonium to nitrite, which makes
them a major contributor to the marine carbon and nitrogen cycles. However, few
studies have investigated the chemical composition of their exometabolome and their
contributions to the pool of dissolved organic matter (DOM) in seawater. This study
exploits the recent advances in ion mobility mass spectrometry (IM-MS) and integrates
this instrumental capability with bioinformatics to reassess the exometabolome of
a model ammonia-oxidizing archaeon, Nitrosopumilus maritimus strain SCM1. Our
method has several advantages over the conventional approach using an Orbitrap
or ion cyclotron resonance mass analyzer and allows assignments or annotations
of spectral features to known metabolites confidently and indiscriminately, as well
as distinction of biological molecules from background organics. Consistent with
the results of a previous report, the SPE-extracted exometabolome of N. maritimus
is dominated by biologically active nitrogen-containing metabolites, in addition to
peptides secreted extracellularly. Cobalamin and associated intermediates, including
α-ribazole and α-ribazole 5′-phosphate, are major components of the SPE-extracted
exometabolome of N. maritimus. This supports the proposition that Thaumarchaeota
have the capacity of de novo biosynthesizing cobalamin. Other biologically significant
metabolites, such as agmatidine and medicagenate, predicted by genome screening
are also detected, which indicates that Thaumarchaeota have remarkable metabolic
potentials, underlining their importance in driving elemental cycles critical to biological
processes in the ocean.

Keywords: Thaumarchaeota, Nitrosopumilus maritimus, exometabolome, dissolved organic matter, ion mobility
mass spectrometry
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INTRODUCTION

In the ocean, phytoplankton release a variety of biomolecules,
from carbohydrates, lipids, and nucleic acids to peptides and
proteins, into their surrounding seawater, and those compounds
serve as substrates to vast heterotrophic microbial populations
underlying the microbial loop in the ocean (Thornton, 2014).
Both passive diffusion and active transportation are involved
(see Figure 6 in Thornton, 2014), but an overflow metabolism
has also been proposed as the major mechanism to account
for the exudation of by-products as well as the metabolic
intermediates extracellularly (Paczia et al., 2012). The complete
set of these extracellular biomolecules is collectively referred
to as the exometabolome. Exometabolites released by marine
plankton become an integral part of dissolved organic matter
(DOM) in seawater and mediate intra- and interspecies microbial
interactions. Study of the extracellular metabolites thus allows
a direct characterization of the molecular interactions between
microbes and their environment by profiling the types of
molecules cellular organisms secrete (Douglas, 2020).

Decades of research by marine organic geochemists have
revealed a wealth of information regarding the age and chemical
characteristics of marine DOM. Still, the identity and the
biological functions of individual DOM constituents remain
largely unknown despite improvements in enrichment and
analytical technologies (Mopper et al., 2007; Nebbioso and
Piccolo, 2013; Stubbins and Dittmar, 2014). A major challenge is
the short half-lives (on the order of minutes) and concentrations
(in the picomolar range) of metabolically active or “labile” DOM
compounds in the seawater (Moran et al., 2016), making it
extremely difficult for analyzing these compounds. Furthermore,
bulk seawater analyses are not able to link specific components
to definite biological sources; thus, the relationship between
marine plankton diversity and DOM composition remains
to be delineated.

Several recent reviews have highlighted the need to reexamine
DOM at the molecular level and link DOM compounds to their
biological sources, to identify the roles of different microbial
groups in DOM cycling (Dittmar and Paeng, 2009; Hansell
et al., 2009; Kujawinski, 2011). With the recent advances in
cultivation techniques and metabolomic methodology (Kido
Soule et al., 2015; Longnecker and Kujawinski, 2016, Longnecker
and Kujawinski, 2017), molecular-level investigations of the
exometabolome of marine planktons have been reported,
including cyanobacteria (Barofsky et al., 2009; Baran et al., 2011;
Fiore et al., 2015), diatoms (Longnecker et al., 2015b), and
eukaryotic algae (Alsufyani et al., 2017). The exometabolome of
marine archaeoplankton and their contributions to the DOM
pool, however, has been understudied.

Archaea, once thought to thrive only in extreme
environments, are ubiquitous and abundant in the ocean
and play pivotal roles in both the global carbon and nitrogen
cycles (Santoro et al., 2019). Planktonic marine archaea are
now classified into four major groups, marine group I (MGI)
(DeLong, 1992; Fuhrman et al., 1992), MGII (Liu et al., 2017;
Xie et al., 2018), MGIII (Fuhrman and Davis, 1997), and
MGIV (López-García et al., 2001), based on their 16S rRNA

genes. MGII − MGIV are all known as heterotrophs (Zhang
et al., 2015; Santoro et al., 2019; Martijn et al., 2020), whereas
MGI Thaumarchaeota (Brochier-Armanet et al., 2008) has
been recognized as chemolithoautotrophs, capable of utilizing
ammonia as the energy source (Könneke et al., 2005) and playing
an important role in primary production in deep-sea marine
ecosystems (Zhong et al., 2020). Although Thaumarchaeota
constitute 20–40% of the ocean’s prokaryotic plankton (Karner
et al., 2001), few studies have investigated the contributions of
marine chemolithoautotrophic archaea to marine DOM despite
their roles in sunlight-independent marine ecosystems.

There has only been one report that examined the
exometabolome of marine Thaumarchaeota, using flow-
injection analysis with ultrahigh-resolution mass spectrometry
(UHRMS) (Bayer et al., 2019), which showed that the exudes
of three planktonic thaumarchaeotal strains contain a suite
of organic compounds dominated by nitrogen-containing
compounds. The ions assigned with formulae were classified
chemically by van Krevelen diagrams into seven classes of
compounds, such as fatty acids and phenols/polyphenols.
Although the van Krevelen diagram is one of the most frequently
used graphical representations for complex organic mixtures,
the assignments of detected formulae are only approximately
categorized into several classes of organic compounds based
on their H:C and O:C ratios (Kim et al., 2003). Furthermore,
there are large overlaps between compound categories in the
van Krevelen diagram, often leading to incorrect or ambiguous
compound classification (Rivas-Ubach et al., 2018). Overlaps
between compound categories arise from the fact that it is not
the molecular formula of a molecule, but its chemical structure,
that dictates its chemical classification (Brockman et al., 2018).
Also, the O:C and H:C boundaries defining a specific compound
category in a van Krevelen diagram substantially differ among
published works (D’Andrilli et al., 2015) and have never been
accurately defined for robust overall classification of compounds.
In contrast, matching the mass spectral characteristics of an
unknown molecule with the spectral information in metabolite
databases, or further projected with in silico fragmentation, has
become a widespread approach in untargeted metabolomics
(Longnecker et al., 2015a; Barbosa and Roque, 2019; Heal et al.,
2019). Although such an approach is not impeccable to errors
and restrained by the number and accuracy of metabolites
available in the databases and yields only candidate compounds
for further verification with authentic standards, it is still likely
to give a set of more rectifiable annotations or classifications
than by using a van Krevelen diagram. The confidence of
spectral annotation can be further enhanced with an inclusion
of an evidence-based quantitative score (Schrimpe-Rutledge
et al., 2016), via parallel measurements of orthogonal spectral
characteristics, such as exact mass, elemental composition,
fragmentation pattern, chromatographic retention time, and
gas-phase ion mobility.

Ion mobility mass spectrometry (IM-MS) has emerged as one
of the most valuable analytical techniques for metabolomics and
lipidomics (Kliman et al., 2011; Paglia et al., 2015; Kyle et al., 2016;
Paglia and Astarita, 2017; Sinclair et al., 2018). The technique
has several advantages over conventional single-dimension MS
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analyses. Molecular-level structural information in the form of
ion-neutral collision cross sections (CCSs) can help characterize
the target compound and differentiate conformational isomers.
Different chemical classes of compounds can be differentiated
via the correlation trend lines. The technique further increases
peak capacity and reduces chemical noise, and it is compatible
with chromatography techniques. Several groups of researchers
have already started exploring the IM-MS technology for
DOM analysis, with and without coupling to chromatography
(Gaspar et al., 2009; Lu et al., 2018; Tose et al., 2018; Gao
et al., 2019; Leyva et al., 2019). While the adoption of IM-
MS is still in its early stage, the technology has already
shown its promises. Two independent studies specifically
aimed to segregate and distinguish isomers in riverine and
coastal DOM (Lu et al., 2018) or freshwater wetlands (Leyva
et al., 2019) have estimated that the average number of
structural and conformational isomers was 6–10 isomers
per chemical formula, and this number was substantially
smaller than that estimated previously by statistical modeling
(Zark et al., 2017).

This research builds upon the findings of Bayer et al.
(2019) with an improved analytical protocol for complex
biological systems. We aimed to survey the exometabolome of
a model chemolithoautotrophic archaeon (N. maritimus strain
SCM1). Our approach made use of the advanced techniques
of IM-MS and corresponding bioinformatics to facilitate the
investigation, adhering to the principles and reporting standard
of untargeted metabolomics. The results reported herein reveal
previously unidentified candidate compounds and provide
valuable information for better evaluating the contributions of
ammonia-oxidizing archaea (AOA) to oceanic DOM.

MATERIALS AND METHODS

Materials
The following reagents were used for the preparation
of synthetic Crenarchaeota medium (SCM). Biotin and
pyridoxine dihydrochloride were purchased from Sangon
Biotech (Shanghai, China). Calcium chloride dihydrate,
HEPES, sodium hydroxide, sodium bicarbonate, potassium
phosphate monobasic, FeNaEDTA, nickel(II) chloride
hexahydrate, copper(II) chloride dihydrate, 4-aminobenzoic
acid, streptomycin sulfate, and ammonium chloride were
purchased from Shanghai Macklin Biochemical (Shanghai,
China). Sodium chloride, magnesium sulfate heptahydrate,
magnesium chloride hexahydrate, potassium bromide, boric
acid, manganese(II) chloride tetrahydrate, cobalt(II) chloride
hexahydrate, zinc sulfate heptahydrate, nicotinic acid, vitamin
B12, and vancomycin were purchased from Aladdin Bio-Chem
Technology (Shanghai, China). Disodium hydrogen phosphate
dodecahydrate was purchased from Sinopharm Chemical
Reagent (Beijing, China). Sodium molybdate dihydrate was
purchased from Damao Chemical Reagent (Tianjin, China).
Calcium pantothenate and thiamine were purchased from
Shanghai Jinsui Biochemical (Shanghai, China). Hydrochloric
acid was purchased from Dongguan Dongjiang Chemical

Reagent (Dongguan, China). Catalase, sodium phosphate
monobasic dihydrate, and amphotericin B were purchased
from Sigma (Shanghai, China). Solvents and buffers used
for sample extraction and mass spectrometry analyses were
purchased from Merck (hyper-grade methanol, LC-MS
grade formic acid, and LC-grade tert-butyl methyl ether) or
Fisher Chemical (optima grade methanol, acetonitrile, and
2-propanol). All reagents and solvents were used without
further purification.

Culture Conditions
N. maritimus strain SCM1 was cultivated in HEPES-buffered
SCM (pH 7.5, 1 mM NH4Cl) as previously described in
Könneke et al. (2005) and Martens-Habbena et al. (2009)
with an addition of 1 mg/ml catalase solution. To prevent
bacterial and organic contaminations, all culture flasks were
pretreated with diluted acid and ultrapure water carefully.
All cultures were supplemented with 100 µg/ml streptomycin
sulfate (Shanghai Macklin Biochemical) to prevent bacterial
growth. Cultures were further supplemented with 1 µg/ml
vancomycin (Aladdin) and 1 µg/ml Amphotericin B (Sigma)
to inhibit the growth of bacteria and fungus. All cultures
were supplemented with a mixture of vitamins (4-aminobenzoic
acid, thiamine, nicotinic acid, calcium pantothenate, pyridoxine
dihydrochloride, and biotin) and non-chelated trace elements
(H3BO3, MnCl2, CoCl2, NiCl2, CuCl2, ZnSO4, and Na2MoO4).
Two groups of cultures were prepared, but only one group of
cultures was prepared with a supplement of 5 µg/ml vitamin
B12 (Aladdin). Each of these groups was prepared in six 1-l
glass bottles, four were biological replica, and two were cell-
free controls (Figure 1). Each of the culture bottles was filled
with 600 ml of culture medium. Then, 30 ml exponential
phase cells was added into four of the bottles, while the other
two were added with 30 ml Milli-Q water. All cultures were
incubated aerobically at 30◦C in a static condition with occasional
inspections. The whole cycle of cultivation took approximately
12 days. Cells were harvested by filtering through a 0.22-
µm polyvinylidene fluoride (PVDF) filter (Whatman) after
reaching the stationary phase. Filters were stored at −80◦C until
extraction. The liquid medium was collected and was subjected
to solid-phase extraction (SPE) on the same day before storage
at−80◦C.

Nitrite Detection
Cell growth was monitored by nitrite production. Nitrite
concentration was determined using a diazo-colorimetry with
photometric detection at 545 nm. In brief, sulfanilamide solution
was prepared by mixing o-phosphoric acid (6 ml), sulfanilamide
(0.4 g), and naphthyl ethylenediamine dihydrochloride (0.02 g)
with ultrapure water (40 ml). Eighty microliters of cell culture
and 200 µl sulfanilamide solution were mixed with 720 µl
ultrapure water. Two hundred microliters of the mixture was
then transferred to a well of a 96-well plate. After incubating
for at least 5 min, the optical density was determined by the
absorbance at 545 nm with a Sunrise Microplate Reader (Tecan,
Grödig, Austria). Growth curves were constructed based on
triplicate measurements of nitrite. Calibration was performed
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FIGURE 1 | Experimental design for metabolite analysis of N. maritimus SCM1. One group of the cultures was prepared with a supplement of vitamin B12 and the
other group without. Cell growth was monitored by nitrite concentration in the medium. After 15 days of culture, cells were harvested by filtering 500 ml of culture
solution. The used and filtered culture medium was also collected, and the organic compounds in the medium were extracted with SPE. The other 50 ml of culture
medium was used for qPCR analysis.

with known concentrations of sodium nitrite solution (0.1, 0.2,
0.4, 0.6, 0.8, and 1 mM).

Quantitative PCR
The purity of the cultures was monitored by quantitative real-
time PCR (qPCR) of archaeal primer ARC787F (ATTAG ATACC
CSBGTAGTCC)–ARC1059R (GCCAT GCACC WCCTC T) and
bacterial primer BAC338F(ACTCC TACGG GAGGC AG)–
BAC805R (GACTA CCAGG GTATC TAATC C) (Yu et al.,
2005). Fifty milliliters of cell culture was filtered by a 0.22-µm
membrane (Millipore GSWP4700). Membranes were cut into
pieces for DNA extraction. DNA was extracted by Fast DNA Spin
Kit for Soil (MP Biomedicals, Solon, United States) following the
manufacturer’s protocol. The qPCR analyses were performed on
a QuantStudioTM Real-Time PCR Instrument (Thermo Fisher
Scientific, Singapore). The reaction volume was 10 µl with 5 µl
of TB Green Premix Ex TaqTM II (Takara, Beijing, China), 0.2
µl ROX Reference Dye II (Takara, Beijing, China), 0.4 µM of
each primer, 3 µl ultrapure water, and 1 µl of template DNA.
Thermal cycling consisted of initial denaturation at 95◦C for 30 s
followed by 40 cycles of denaturation at 95◦C for 5 s, annealing at
60◦C for 45 s, and extension at 72◦C for 60 s (Chen et al., 2020).
The data were analyzed by QuantStudioTM Design & Analysis
Software ver. 1.5.1.

SPE Extraction of Exometabolites
About 500 ml of filtered culture medium was acidified to pH
2 (HCl, analytical grade) and extracted on Agilent Bond Elut
PPL sorbent cartridges (200 mg, 3 mL). SPE cartridges were
installed on an Agilent Vac Elut SPS 24 manifold and conditioned
with 3 ml of methanol and 6 ml of acidified ultrapure water
(pH 2). After the extraction, cartridges were further rinsed
with 25 ml acidified ultrapure water before storage at −80◦C.
Before the mass spectrometry analysis, cartridges were freeze-
dried overnight and eluted with 1.5 ml of methanol. Positive
pressure was applied to cartridges to push the residual liquid
through the device. The filtrates were collected and volume
reduced to dryness using a centrifugal concentrator (RVC 2-18
CDplus, Martin Christ Gefriertrocknungsanlagen, Osterode am
Harz, Germany). The dried residue was reconstituted in 300 µl
of 50% methanol. Two hundred fifty microliters was transferred
to a sample glass vial, and the remaining solution was pooled to
prepare a QC sample.

IM-MS Analysis
IM-MS analysis was conducted on a Waters Synapt G2-Si
(Waters, Manchester, United Kingdom) coupled to an ACQUITY
UPLC System (Waters, Manchester, United Kingdom)
equipped with a Waters CORTECS UPLC T3 column
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(2.1 × 100 mm, 1.6 µm) and a corresponding guard column.
The chromatographic conditions were as follows: solvent A was
0.1% formic acid in water, and solvent B was 0.1% formic acid in
acetonitrile. The strong wash solvent was acetonitrile. A linear
gradient started at 0% of B; increased to 0.1% at 1 min, 10% at
3 min, 50% at 15 min, 99.9% at 20 min; and maintained at 99.9%
for further 3 min, before returning to 0% B at 23.1 min. The flow
rate was 0.4 ml/min. The column temperature was maintained at
40◦C. Three milliliters of the sample was injected into the system.

The IM-MS system was equipped with an electrospray
ionization (ESI) source, operated at HDMS and HDMSE modes,
and controlled via MassLynx software, version 4.2 SCN 983.
Before analysis, the system was mass and drift-time (DT)
calibrated with 2 µg/µl sodium iodide solution and Waters Major
Mix IMS/Tof Calibration Kit for CCS measurements according to
the vendor’s instructions. One nanogram per micoliter of leucine-
enkephalin was used as the LockSpray solution. The data were
acquired in resolution mode with resolving power ≥30,000 at
m/z 556. The capillary voltage was 2.8 and 2.2 kV in positive
and negative modes, respectively. The sample cone was 40 V, and
source temperatures were 120 and 110◦C in positive and negative
modes, respectively. Cone gas was set to 30 l/h. Desolvatization
temperatures were 450 and 500◦C in positive and negative
modes, respectively. Desolvatization gas was 600 l/h. Nebulizer
gas was 6.5 bar. Trap DC bias and exit were set to 40 and
3 V, respectively. IMS and transfer wave velocity were 700 and
181 m/s, respectively. Data were acquired from 50 to 2,000 Da,
from 0 to 23.5 min. The transfer collision energy was ramped
from 30 to 90 V. Scan time was 0.2 s.

Data Processing and Analysis
UNIFI, ver. 1.9 SR4 (Waters, Manchester, United Kingdom), was
used to visualize and perform pairwise analyses (binary compare)
of the raw IM-MS spectra (Rosnack et al., 2016). The raw spectra
were further processed by Progenesis QI (Non-linear Dynamics,
Newcastle upon Tyne, United Kingdom) ver. 2.4 and underwent
automatic deconvolution and alignment. Peak picking limits
were set to automatic fewer sensitivity with minimum peak
width 1.5 s. Retention time limits were set to ignore ions before
2.6 min. Data were normalized to the default method, normalized
to all compounds.

Spectral features were annotated against selected metabolite
databases, including BioCyc N. maritimus SCM1 library (ver.
24.0), HMDB 4.0 (Wishart et al., 2017), LIPID MAP (release
20200916) (Schmelzer et al., 2007), ChEBI (release 20200901)
(Hastings et al., 2016), NPAtlas (release 20191201) (van Santen
et al., 2019) databases, and MS-DIAL MS/MS spectral library
(ver. 15), with precursor and theoretical fragmentation tolerance
with a relative mass error of 5 ppm, using the MetaScope
algorithm (ver. 1.0.6901.37313). The search against the LIPID
MAP database was performed with an in-house CCS library,
and the CCS tolerance was set within 2.5%. Furthermore, the
data were searched against the online ChemSpider (ver. 1.0.6905)
database, with precursor and fragment tolerance with a relative
mass error of 5 ppm, isotope similarity 95%, and elemental
composition with H, C, N, O, P, S, Cl, Fe, and Co.

Spectral characteristics, including mass errors, isotope
similarities, and similarities between experimental and in silico
fragmentation spectra, were used for accessing the confidence
of the assignments, and a quantitative scoring system was used
(Creek et al., 2014). The software calculated the similarity of
each spectral characteristic and summed them to an overall
confidence score (maximum score 60, or 80 if CCS values
were available, Supplementary Tables 1–9). Annotations of
the spectral features were tentatively assigned from metabolite
candidates with an overall score≥47. Annotations of the spectral
features were therefore level 2b (probable structures, when a
unique compound matched to the spectral feature) or level 3
(tentative candidates, with two or more isomeric compounds
matched to the spectral feature and were indistinguishable by
MS2 or IMS), based on the revised reporting standards proposed
by Metabolomics Standards Initiative (Schymanski et al., 2014).
In the latter case, the candidate metabolite predicted by genome
screening (BioCyc N. maritimus SCM1 library) was preferred.

The experimentally measured CCS values of the putative
assigned metabolite candidates were further searched against
the experimental or predicted values of the CCSbase database
(Ross et al., 2020) to filter out unreliable assignments. Chemical
classification of the metabolite candidates was conducted with
the ClassyFire web server (Djoumbou Feunang et al., 2016).
Multivariate statistical analyses were performed with SIMCA-P
ver. 14.1. Processed data was first exported from Progenesis QI
into EZinfo 3.0 before importing to SIMCA-P.

RESULTS

Cultivations and Assessment of the
Purity of the N. maritimus Cultures
A cultivation protocol was adopted from literature in the
preparation of the cultures of N. maritimus. Cell growth was
monitored by nitrite concentration, and the results are shown
in Supplementary Figure 1A. The growth of N. maritimus
supplemented with vitamin B12 (group B) was not significantly
different from the group without (group A). After 10 days of
cultivation, the concentration of nitrite reached a maximum.
Harvesting was attained at the 12 days of cultivation. The purity
of the cultures was assessed by qPCR, and results are shown
in Supplementary Figure 1B. Our cultures were high purity
(98–99%), but the existence of bacteria (∼105 copies/ml) could
not be excluded despite our antiseptic measures, the effort of
purification, and the use of antibiotics.

Pairwise Analyses of the Chemical
Composition Between the Experimental
and Control Media
The experimental culture media of N. maritimus and the cell-
free control media were extracted by SPE, and the filtrates were
analyzed by reverse-phase liquid chromatography coupled to an
ion mobility mass spectrometry (RPLC-IM-MS) under positive
and negative ionization modes. Since the previous work (Bayer
et al., 2019) was performed in negative ionization mode, attention
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FIGURE 2 | Pairwise comparison analysis of the total ion chromatography (TIC) of an experimental culture medium (red) and a cell-free control culture medium (blue)
after PPL-SPE extraction. The net spectrum between the experimental culture medium and cell-free control culture medium is shown as a subtracted
chromatography (green) that represents the SPE retained fraction of the exometabolome of N. maritimus. Data were acquired in the negative ion mode.

is paid to the data acquired under the negative ionization mode
in the following sections and compare our results with those
previously reported.

The total ion chromatography (TIC) and IM-MS spectra
of the extracted media were manually inspected under UNIFI.
TICs of an experimental culture medium and a cell-free control
medium are shown in Figure 2. Both chromatographs were
complex, which meant not only the experimental medium
contained a rich mixture of organics but also the cell-free
control medium. The pairwise analysis revealed the differences
between the experimental and control media as a subtracted
ion chromatography (green). The position of the subtracted
chromatography was mostly above the central line (black),
indicating that the differences between the experimental and
control media were largely due to biomolecules produced
by the N. maritimus cells and exported extracellularly to
the culture medium.

A few regions of the subtracted chromatography were below
the central black line, especially at retention time 4 min. Since
both the experimental cultures and the control cultures were
incubated under identical conditions, any chemical or thermal
degradation over the course of incubation would have been
canceled out. While we cannot exclude the possibility that
some hydrophilic organics were consumed or degraded (by
extracellular enzymes) as a result of cultivation, these differences
were most likely because the hydrophilic organics were not
strongly retained by the modified styrene-divinylbenzene-based

PPL SPE sorbent. Hence, the recovery of hydrophilic compounds
was reduced as the complexity of the sample increased.
Several other regions below the central line appeared to be
ion suppression.

Figures 3A,B were drift time-m/z (DT-MZ) plots of an
experimental culture medium and a cell-free control medium
acquired under negative ion mode. Both plots contain a relatively
large number of ion peaks. These ions fell into three major
correlation trend lines. Correlation trend lines in ion mobility
conformation space typically signify chemical similarity, but
their formation can also be because of the charge state of the
ions. A pairwise comparison analysis is shown in Figure 3C.
The ions with higher intensities in the experimental medium
were denoted by blue, whereas the ions with higher intensities
in the cell-free control medium were denoted by yellow. The
differential ions in Figure 3C equally fell into these three major
correlation trend lines.

It was hypothesized that the major differences between the
experimental medium and the control medium observed in
Figure 3C was mainly due to the biosynthesis and exportation
of cobalamins into the culture media. A vitamin B12 reference
standard was analyzed under the same experimental conditions,
and the results are shown in Figure 4. Similar to the unique
pattern in Figure 3C, vitamin B12 displayed comparable
ion mobility characteristics in the conformational space in
Figure 4C. These patterns confirmed that one of the major
components of the exometabolome of N. maritimus was various
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FIGURE 3 | (A) Pairwise comparison analysis of the ion mobility conformational spaces of an experimental culture medium and (B) a cell-free control medium after
PPL-SPE extraction. The major differences between the pair are shown in (C), in which light blue indicates the regions where biomolecules were produced and
exported extracellularly to the culture medium, whereas yellow denotes the organics that might have been consumed or degraded over the course of the
experiment. Data were acquired in the negative ion mode.
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FIGURE 4 | (A) The ion chromatography, (B) the mass spectrum, and (C) the ion mobility characteristics of Vitamin B12 (cobalamin). Data were acquired in the
negative ion mode.

forms of cobalamin, and perhaps associated intermediates of
their biosynthesis.

Although a previous study has identified a complete
biosynthetic pathway of cobalamin as a part of porphyrin
and chlorophyll metabolism of N. maritimus and separated
gene clusters encoding distinct stages of cobalamin biosynthesis
(Doxey et al., 2015), no experimental result from a cultivation
study has been reported. The work previously reported by Bayer
et al. (2019) had only scanned a mass window of 92–1,000 Da. As
a result, the presence of cobalamin might have been overlooked.
Furthermore, their assignments of molecular formula had
assumed that ion peaks were singly charged. However, our
results have shown that multiply charged ions are also formed in
negative ion mode. The observation reported herein was the first

experimental evidence of de novo biosynthesis of cobalamin in
N. maritimus and their exportation extracellularly. Furthermore,
these observations further demonstrated the potentials of IM-
MS in the studies of complex biomolecules produced by
marine microorganisms.

Statistical Analyses of the Experimental
and Control Media
The pairwise analyses could only reveal the major differences
between a pair of samples. To have a comprehensive view of
the exometabolome, both multivariate and univariate statistical
methods were employed to differentiate the organic molecules
of the exometabolome from the background organics of the
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FIGURE 5 | (A) PCA of the whole data set, (B) OPLS-DA of the experimental media with and without supplement of Vitamin B12, and (C) 200 permutation tests of
the OPLS-DA model in (B).

control media. A prerequisite of a valid statistical analysis is to
have an adequate number of experimental and control replicas.
Experiments were therefore carefully designed (Figure 1). Two

groups of cultures were prepared: one group of the cultures was
supplemented with vitamin B12, and the other group without.
In each group of the cultures, there were four biological replica
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and two cell-free controls (a total of 12 samples). Each of these
samples was injected three times, along with a QA sample
and a pooled QC sample. The whole dataset contained a total
of 43 IM-MS runs. The raw spectra were then imported and
processed by Progenesis QI and exported to SIMCA-P for further
multivariate modeling.

PCA was employed to provide an overview of the whole
dataset. As expected, there were substantial differences between
the experimental samples and the cell-free controls. These two
classes of samples, regardless of vitamin B12 supplement, were
well-separated in the PCA score plot (Figure 5A). In contrast,
the differences between the cultures with and without vitamin
B12 supplement were relatively minor, and these two groups did
not have aseparation in the PCA score plot. Supervised OPLS-
DA was employed to determine the subtle differences between
the experimental media with and without supplement of vitamin
B12 (Figure 5B). The two groups were separated accordingly
in the OPLS-DA score plot. This model was further validated
with 200 permutation tests (Figure 5C). These results warranted
further investigation.

Progenesis QI identified a total of 38,643 spectral features after
chromatographic alignment and spectral deconvolution.Among
these spectral features, 7,227 were found to be statistically
significant (ANOVA p ≤ 0.01 and had a max fold change ≥ 10)
between the experimental and control media (both without
vitamin B12 supplement). The values of significance level
and max fold change were chosen to assure the significant
features were not chemical or biological backgrounds, and this
was reflected by the q-values of false discovery rate analysis
(Supplementary Table 1). Of these significant features, 5,569
features were found to be higher in the experimental media
relative to the control media, whereas 1,658 features were found
to be higher in the control media. The CCS values of these ions
were plotted against their m/z in Figures 6A,B. Singly, doubly,
and triply charged ions were distributed among three major
correlation trend lines, similar to that observed in Figure 3,
although the order of the correlation trend lines was reversed
with the use of CCSs over the drift-time values.

The spectral features that were significantly higher in
the experimental media relative to the control media were
postulated to be exometabolites produced and exported by
the N. maritimus cells, and their spectral characteristics were
searched against several metabolite databases (see methods),
covering from archaeal and bacterial to mammalian metabolites,
and were manually assigned tentatively. Seventy features
were initially putatively assigned. The CCS measurements
of the putative assigned metabolites were further searched
against the predicted (or experimental) values modeled
by the CCSbase database (Ross et al., 2020). This resulted
in filtering out 20 putative assignments. The final set
of metabolite candidates comprised of 48 metabolites
(Supplementary Table 1) and was chemically classified by
ClassyFire (Table 1). The relatively low spectral feature
annotation rate was because many of the differential
ions were peptides in nature. Among these 48 metabolite
candidates, 35 were nitrogen-containing. Five of the identified
metabolite candidates have been recognized or predicted to

FIGURE 6 | CCS-mz plots of the spectral features (ions) that are statistically
significantly different between the experimental and control media.
(A) Features or ions that were found higher in the experimental culture media
(assumed exported extracellularly), or (B) higher in the cell-free control media
(assumed consumed or degraded by extra-cellular enzymes).

be synthesized by N. maritimus or other archaea and have
critical biological or ecological roles. These compounds included
agmatidine, cyanocob(III)alamin, cob(I)alamin, α-ribazole, and
medicagenate. Their HDMSE fragmentation spectra are shown
in Figure 7.

Agmatidine is a derivative of nucleoside cytidine, in
which the 2-keto group on the cytosine ring is substituted
by the amino group of agmatine. Although the BioCyc
database does not predict the biosynthesis of agmatidine by
N. maritimus, a group of Japanese scientists has long shown
that agmatine is an essential metabolite for the viability of
a sulfur-reducing hyperthermophilic archaeon, Thermococcus
kodakarensis (Fukuda et al., 2008). Subsequent studies have
further demonstrated that archaeal cells use agmatine to
synthesize 2-agmatinylcytidine of tRNAIle, which decodes
isoleucine codon AUA specifically and prevents misreading of the
methionine codon AUG (Ikeuchi et al., 2010; Mandal et al., 2010).

Cyanocob(III)alamin, cob(I)alamin, and α-ribazole are all
participating in cobalamin biosynthesis. The end product is
adenosylcob(III)alamin (cobamamide), which is one of the two
biologically active forms of vitamin B12. α-Ribazole is the lower
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TABLE 1 | Chemical classifications and biological roles of the annotated spectral features that are postulated exometabolites of N. maritimus SCM1 detected under
negative ion mode.

Spectral features Compound names Chemical classifications
(ClassyFire)

Comments Archaeal or
SCM1
metabolite

2.73_372.0928m/z DIMBOA glucoside Carbohydrates and
carbohydrate conjugates

A cyclic hydroxamic acid attached to a
β-D-glucopyranosyl residue at position
2 via a glycosidic linkage. Plant
metabolite involved in benzoxazinoid
biosynthesis.

3.48_555.1140m/z 4,4′-Dihydroxybenzyl sulfone 1-Hydroxy-2-unsubstituted
benzenoids

A phenolic plant metabolite found in
Gastrodia elata.

3.53_458.1292m/z 1-(2-Hydroxyphenylamino)-1-deoxy-beta-
D-gentiobioside
1,2-carbamate

Carbohydrates and
carbohydrate conjugates

An aromatic heteropolycyclic plant
metabolite.

3.59_210.0408m/z Betalamic acid Amino acids, peptides, and
analogs

An alpha-amino acid found in root
vegetables.

3.70_181.0504m/z Grifolaone A Furanones A fungal metabolite from Grifola
frondosa, a furanone with antimicrobial
activity

3.80_1328.5639m/z Cob(I)alamin Corrinoids A B vitamin produced by archaea. In
bacteria, it catalyzes numerous methyl
transfer and intramolecular
rearrangement reactions.

X

3.88_549.2189m/z 3-Ethyl-2,5-pyrazinedipropanoic acid Pyrazines A secondary metabolite produced by a
Marine-associated fungus, Daldinia
eschscholzii

4.25_362.0991m/z 7-Amino-1-(beta-D-
ribofuranosyl)pyrrolo[4,3,2-de]quinolin-
8(1H)-one

Pyrroloquinolines

4.43_277.1181m/z α-Ribazole Benzimidazole
ribonucleosides and
ribonucleotides

An intermediate in riboflavin (vitamin B2)
metabolism; involved in porphyrin and
chlorophyll metabolism (Vitamin B12

biosynthesis).

X

4.59_531.1704n 5′-O-[(Diethoxyphosphoryl)acetyl]-N-
isobutyrylguanosine

Purine nucleosides

4.77_678.3080m/z Rhizoxin Z2 Terpene lactones A fungal metabolite from Rhizopus
microsporus.

4.78_1354.5671n Cyanocob(III)alamin Corrinoids The most common form of Vitamin B12,
involved in DNA synthesis and cellular
energy production.

X

4.82_531.1705n 5′-O-[(Diethoxyphosphoryl)acetyl]-N-
isobutyrylguanosine

Purine nucleosides

5.08_444.2461m/z Asn-Leu-Leu-Ser Amino acids, peptides, and
analogs

A tetrapeptide.

5.14_412.1253m/z N-[2-(Diethylamino)-2-oxoethyl]-3-(4-
methoxyphenyl)-1-pyrrolidinecarboxamide

Amino acids, peptides, and
analogs

5.15_1092.4961m/z CDP-1,2-diarachidonoyl-sn-glycerol CDP-glycerols A mammalian metabolite.

5.93_633.3250m/z Withalongolide I Steroid lactones A plant metabolite from Physalis
longifolia.

7.89_775.4197m/z (2S,5S,9S,10S,13S,16S,19S)-19,22-
Diamino-5-(3-amino-3-oxopropyl)-13-[(2S)-
2-butanyl]-9-hydroxy-2-(hydroxymethyl)-10-
isobutyl-16-isopropyl-4,7,12,15,18,22-
hexaoxo-3,6,11,14,17-pentaazadocosan-
1-oic
acid

Hybrid peptides A hybrid peptide that formed as a result
of a fusion of amino acid sequences
originating from different peptides.

8.62_358.1865m/z 2-Methoxy-1-(1-methyl-4-{[2-(1-
pyrrolidinyl)ethoxy]methyl}-1,4,6,7-
tetrahydro-5H-[1,2,3]triazolo[4,5-c]pyridin-
5-yl)ethanone

Triazolopyridines

(continued)
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TABLE 1 | continued

Spectral features Compound names Chemical classifications
(ClassyFire)

Comments Archaeal or
SCM1
metabolite

8.76_274.0380m/z (2E)-2-[1-(3-Amino-4-
nitrophenyl)ethylidene]hydrazinecarbothioamide

Nitrobenzenes

8.92_460.1394m/z 2-Hydroxy-4-{(1E)-3-[(2S)-2-(hydroxymethyl)-1-
pyrrolidinyl]-2-methyl-3-oxo-1-propen-1-
yl}phenyl
6-deoxy-alpha-L-galactofuranoside

Carbohydrates and
carbohydrate conjugates

8.94_274.0379m/z 6-Hydroxyphenazine-1-carboxamide Benzodiazepines A phenazine metabolites with
antimicrobial activities from soil-derived
Streptomyces species.

9.04_418.1138m/z cis-Zeatin-O-glucoside Fatty acyl glycosides A cytokinin (plant hormone), an
intermediate in zeatin biosynthesis.

9.59_358.1862m/z 2-Methoxy-1-(1-methyl-4-{[2-(1-
pyrrolidinyl)ethoxy]methyl}-1,4,6,7-tetrahydro-
5H-[1,2,3]triazolo[4,5-c]pyridin-5-yl)ethanone

Triazolopyridines

10.30_312.0717m/z Toyocamycin Pyrrolopyrimidine
nucleosides and
nucleotides

An N-glycosylpyrrolopyrimidine. It is an
antimetabolite and induces apoptosis.

10.82_318.0615m/z Immucillin G Pyrrolopyrimidines A purine nucleoside phosphorylase
(PNP) inhibitor.

11.70_274.0377m/z (2E)-2-[1-(4-Amino-3-
nitrophenyl)ethylidene]hydrazinecarbothioamide

Nitrobenzenes

12.01_719.3973m/z Leu-Thr-Gln Amino acids, peptides, and
analogs

A tripeptide.

12.64_238.0706m/z (2R,4S)-4-Carboxy-3-(ethoxymethyl)-2-
pyrrolidiniumcarboxylate

Amino acids, peptides, and
analogs

A D-alpha-amino acid, a proline
derivative.

12.91_252.0867m/z Deidaclin Carbohydrates and
carbohydrate conjugates

A cyanogenic glycoside.

12.94_523.3060m/z Medicagenate Triterpenoids A predicted triterpenoid of SCM1. X

14.57_194.0820m/z 2-(2,6-dihydroxy-3,4-
dimethoxycyclohexylidene)acetonitrile

Alcohols and polyols A predicted bacterial metabolite,
produced by the metabolism of
2-(2-hydroxy-3,4-dimethoxy-6-
{oxy}cyclohexylidene)acetonitrile.

14.87_501.2256m/z 3097-C2 1-Hydroxy-2-unsubstituted
benzenoids

15.06_501.2277m/z 2-(2,4-Dihydroxy-5-methoxyphenyl)-3-(3,7-
dimethylocta-2,6-dien-1-yl)-5,7-dihydroxy-6-(3-
methylbut-2-en-1-yl)-4H-chromen-4-one

Flavones A predicted flavonoid.

15.24_264.0865m/z N-Phenylacetylglutamic acid Amino acids, peptides, and
analogs

A glutamic acid derivative.

15.34_415.1912m/z Sphingosine 1-phosphate Phosphosphingolipids A phospholipid (no ether or ether bond)

15.54_238.1067m/z N-octanoyl-(2S)-hydroxyglycine Amino acids, peptides, and
analogs

An N-acyl-alpha amino acid.

16.22_343.2630m/z 5-(2-oxo-Heptadecyl)resorcinol Benzenediols A phenolic lipid.

16.30_238.1438m/z Petasinine Pyrrolizidines A pyrrolizidine from green vegetables.

17.28_265.0823m/z 1-(2-Deoxy-2-methylene-beta-D-lyxo-
hexopyranosyl)-5-methyl-2,4(1H,3H)-
pyrimidinedione

Pyrimidines and pyrimidine
derivatives

17.58_521.3107m/z TG(18:0(11S-acetoxy)/2:0/2:0) Triacylglycerols A plant lipid.

17.81_336.1795m/z Agmatidine Pyrimidine nucleosides A modified cytidine present in the
wobble position of the anticodon of
several archaeal AUA decoding tRNAs.
Agmatidine is essential for correct
decoding of the AUA codon in many
archaea and is required for
aminoacylation of tRNAIle2 with
isoleucine.

X

(continued)
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TABLE 1 | continued

Spectral features Compound names Chemical classifications
(ClassyFire)

Comments Archaeal or
SCM1
metabolite

18.14_705.5099m/z 1alpha-hydroxy-23,24,25,26,27-
pentanorvitamin
D3/1alpha-hydroxy-23,24,25,26,27-
pentanorcholecalciferol

Secosteroids Vitamin D and derivatives.

18.32_549.3787m/z Cryptocaryol A Fatty alcohols A plant metabolite.

18.36_517.3526m/z 4-{(1R,3S)-2,2-Dimethyl-3-[(1R,4R,5S)-1-
methylbicyclo[2.1.0]pent-5-yl]cyclopropyl}-
3-hydroxy-2-butanone

Carbonyl compounds

18.53_517.3527m/z Petasitolone Sesquiterpenoids A prenol lipid.

18.58_565.3182m/z 25-Cinnamoyl-vulgaroside Sesterterpenoids A cheilanthane sesterterpenoid.

18.65_441.2639m/z Ratjadone B Fatty acids and conjugates A medium-chain fatty acid.

Metabolites associated with archaea or computational predicted to be synthesized by SCM1 (based on BioCyc Nitrosopumilus maritimus, Strain SCM1, ver.
24.0) are marked.

axial ligand of cobalamin. While being a critical component
of cobalamin biosynthesis, no study has ever reported that
N. maritimus is capable of synthesizing α-ribazole (or its
precursor α-ribazole-5-phosphate). The detection of cobalamin
and α-ribazole further infers the biogeochemical and ecological
roles played by MGI archaea.

Medicagenate (castanogenin) belongs to the class of organic
compounds known as oleanane triterpenoids. Oleanane
triterpenoids have been isolated from more than 1,600 plant
species, including many dietary and medicinal plants (Pollier
and Goossens, 2012). Medicagenic acid isolated from the roots
of Herniaria glabra L exhibits potent fungistatic effects against
several plant pathogens and human dermatophytes (Zehavi
and Polacheck, 1996; Kozachok et al., 2020). Remarkably,
several metabolite candidates, such as DIMBOA-glucoside,
4,4’-dihydroxybenzyl sulfone, 1-(2-hydroxyphenylamino)-1-
deoxy-beta-D-gentiobioside 1,2-carbamate, betalamic acid,
withalongolide I, cis-zeatin-O-glucoside, and cryptocaryol A,
have only been isolated from various higher plants.

Effects of Vitamin B12 Supplement
Because of the critical physiological and ecological roles of
vitamin B12 in N. maritimus, we asked a question: what
would happen to the composition of the exometabolome if the
archaeal cultures were provided with a surplus of vitamin B12.
The same method was applied to distinguish the metabolites
that are statistically significantly different between the culture
media supplemented with vitamin B12 and those without.
The CCS values of these ions were plotted against their m/z
in Supplementary Figures 2A,B. In total, only 323 spectral
features were found to be statistically significant (ANOVA
p ≤ 0.01 and had a max fold change ≥ 10) between the
culture media with and without vitamin B12 supplement.
Less than 15 of these spectral features were annotated with
metabolite candidates.

In the culture media supplemented with vitamin B12,
three metabolites were detected with higher intensities along
with cyanocob(III)alamin added to the cultures (Table 2

and Supplementary Table 2). They were hydroxocobalamin,
cob(I)alamin, and boldine. Hydroxocobalamin, cob(I)alamin,
and cyanocob(III)alamin were interchangeable forms of
vitamin B12 with different upper axial ligands. An increase
in their concentration was expected (i.e., not a physiological
response because of the stimulus). The detection of boldine
was nonetheless an unexpected observation. Boldine is
an alkaloid that has only been isolated from higher plants
(O’Brien et al., 2006; Han et al., 2008). More importantly, it is an
antioxidant that effectively protects against free radical-induced
lipid peroxidation or enzyme inactivation. In contrast, the culture
media lacking a vitamin B12 supplement had higher intensities of
oligosaccharides or other carbohydrate conjugates (Table 3 and
Supplementary Table 3). The reason for that was unknown.

Analyzing the Culture Media in Positive
Ion Mode
Consistent with the results of the previous study, the
exometabolome of N. maritimus was dominated by
nitrogen-containing compounds that potentially reflect the
fundamental roles of nitrogen metabolism in AOA. Nitrogen-
containing compounds tend to form positively charged ions.
Henceforth, attention is paid to data acquired in positive
ion mode.

The positive TICs of an experimental medium and a cell-
free control equally revealed that both media contained a
rich mixture of organic compounds (Supplementary Figure 3).
The subtracted ion chromatograph was well above the central
line. Most compounds were eluted from 3 to 10 min, but
a few intense peaks eluded at 16 to 18 min. Similarly,
the ions of an experimental culture medium and a cell-
free control medium acquired under positive ion mode were
distributed into three major correlation trend lines in the
DT-MZ plots (Supplementary Figures 4A,B). A pairwise
comparison analysis is shown in Supplementary Figure 4C.
A comparison with the ion mobility characteristics of vitamin
B12 (Supplementary Figure 5C) suggested that the major
differences between the two media were more than cobalamin
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FIGURE 7 | Ion mobility enhanced MSE (HDMSE ) fragmentation spectra of the five most important putatively identified metabolites of N. maritimus, (A) agmatidine,
(B) cyanocob(III)alamin, (C) cob(I)alamin, (D) α-ribazole, and (E) medicagenic acid, detected from the experimental culture medium in the negative ion mode.
Fragment ions consistent with in silico fragmentation are highlighted. Inserts show the chemical structures of neutral molecules.

alone. These ions or compounds were primarily located at the
mass region below m/z 800 and might be the most important
contributors to marine DOM and hence the oceanic carbon
and nitrogen cycles. The previous study had only performed
negative ion mode analyses, and these potentially crucial
components were unnoticed.

The statistical approach was further exploited to discriminate
the differences between the experimental media and the cell-
free control media. Over 36,000 spectral features were identified
by Progenesis QI. This number of features was larger than
expected owning to an extensive in-source fragmentation under
positive mode. As shown by the mass spectrum of the vitamin
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TABLE 2 | Chemical classifications of the annotated spectral features that are increased in the culture media with the supplement of Vitamin B12.

Spectral features Compound names Chemical
classifications

(ClassyFire)

Comments Archaeal or SCM1 metabolite

3.80_1390.5645m/z Hydroxocobalamin Corrinoids A member of cobalamins and a precursor of
two cofactors or vitamins (Vitamin B12 and
methylcobalamin).

4.78_1354.5671n Cyanocob(III)alamin Corrinoids A member of cobalamins and a precursor of
cob(I)alamin.

17.38_362.1157m/z Boldine Aporphine An alkaloid of the aporphine class that can be
found in the boldo tree and Lindera aggregata.
Boldine has antioxidant activity that effectively
protects against free radical-induced lipid
peroxidation or enzyme inactivation.

TABLE 3 | Chemical classifications of the annotated spectral features that are reduced in the culture media with the supplement of Vitamin B12.

Spectral features Compound names Chemical classifications
(ClassyFire)

Comments

2.64_987.3047m/z β-D-Araf-(1→2)-α-D-Araf-(1→3)-[β-D-Araf-
(1→2)-α-D-Araf-(1→5)]-α-D-Araf-(1→5)-α-D-
Araf-(1→5)-D-Araf

Oligosaccharides A branched heptasaccharide
comprising seven
D-arabinofuranose units

2.77_645.1887m/z 1-[(2-Hydroxy-1-naphthyl)(2-thienyl)methyl]-2-
pyrrolidinone

Naphthols and derivatives

2.78_777.2303m/z L-α-D-Hepp-(1→2)-L-α-D-Hepp-(1→3)-[β-
Glcp-(1→4)]-L-α-D-Hepp

Oligosaccharides A branched tetrasaccharide
consisting of three
L-glycero-α-D-manno-heptosyl
residues (one at the reducing
end) and a single β-D-glucosyl
residue.

2.86_909.2725m/z 4-Methoxybenzyl
3-[(4-acetyl-1-piperazinyl)sulfonyl]benzoate

Benzoic acids and derivatives

2.87_851.2640m/z α-D-Manp-(1→2)-α-D-Manp-(1→5)-β-D-Araf-
(1→2)-α-D-Araf-(1→5)-α-D-Araf-(1→5)-D-Araf

Oligosaccharides A hexasaccharide composed of
two mannopyranose and four
arabinofuranose residues in an
α(1→2), α(1→5), β(1→2),
α(1→5), and α(1→5) linear
sequence.

2.91_1041.3150m/z (5E)-5-(4-Methoxybenzylidene)-3-(4-oxo-2-
phenyl-4H-chromen-6-yl)-2-phenyl-3,5-
dihydro-4H-imidazol-4-one

Flavones

2.96_909.2716m/z 5-Methyl-4-[2-(3-methyl-1,2,4-oxadiazol-5-yl)-
1H-indol-5-yl]-N-[1-(2-thienyl)ethyl]-1H-
imidazole-2-carboxamide

Indoles

3.01_777.2299m/z 3,4,5-Trihydroxy-6-{[(16S)-5,6,11-trihydroxy-
8,8,10,12,16-pentamethyl-3-[1-(2-methyl-1,3-
thiazol-4-yl)prop-1-en-2-yl]-9-oxo-17-oxa-4-
azabicyclo[14.1.0]heptadec-4-en-7-
yl]oxy}oxane-2-carboxylic
acid

O-Glucuronides (carbohydrate
conjugates)

Belongs to the class of organic
compounds known as
o-glucuronides. These are
glucuronides in which the
aglycone is linked to the
carbohydrate unit through an
O-glycosidic bond.

5.93_633.3250m/z Withalongolide I Steroid lactones A plant metabolite from
Physalis longifolia.

14.00_397.1103m/z Propyl 4-[(E)-(2,4-dinitrophenoxy)-NNO-azoxy]-
1-piperazinecarboxylate

Piperazine carboxylic acids and
derivatives

B12 reference standard, the positive ion spectrum contained not
only ion peaks of various adducts but also a range of in-source
fragment ions (Supplementary Figure 5B). It was inevitable
that some in-source fragment ions were indistinguishable from
molecular ions. Among these spectral features, 8,627 were found

to be statistically significant (ANOVA p≤ 0.01 and had a max fold
change ≥ 10) between the experimental and control media (both
without vitamin B12 supplement). Of these significant features,
5,496 features were found to be higher in the experimental media
relative to the control media, whereas 3,131 features were found
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to be higher in the control media. The CCS values of these ions
were plotted against their m/z in Supplementary Figures 6A,B.
Similar to the negative ion data, the differential ions equally fell
into three major charge states.

Of the 5,496 features that were found to be higher in the
experimental media relative to the control media, 169 features
were putatively assigned with metabolite candidates initially.
After considering the experimental CCS values with the predicted
one, 99 metabolite candidates remained. These compounds
were postulated to be exometabolites (Supplementary Table 4)
and were chemically classified (Supplementary Table 5).
These metabolite candidates consisted of a wide range of
organic compounds with varying physicochemical properties.
Many of these candidates fell into the category of amino
acids, peptides (including depsipeptides), carbohydrates, and
carbohydrate conjugates. Several compounds could be identified
as lipids. However, few were saturated fatty acids, phenols, or
polyphenols. A striking result was the detection of α-ribazole
5′-phosphate, which is one of the predicted metabolites of
N. maritimus and a product of α-ribazole (detected in negative
ion mode). Both are involved in cobalamin biosynthesis. On
the other hand, 953 spectral features were found to have
significantly altered with or without the supplement of vitamin
B12 (583 features increased and 370 features decreased). Still,
only 23 of these features were annotated with metabolite
candidates (Supplementary Tables 6, 8) and chemically classified
(Supplementary Tables 7, 9). No specific trend was observed.

DISCUSSION

This work represents significant progress toward the
comprehensive characterization of the exometabolome of
marine archaea and their potential interactions with other
marine microbes via the DOM pool. Identifying these molecular
currencies exchanged within the microbial community may
provide key information on microbiome function and its

vulnerability to environmental change (Moran, 2015). Our
approach explores the potentials of IM-MS with a data-
independent acquisition approach (HDMSE) for marine
metabolomics. Metabolite identification remains a bottleneck in
MS-based metabolomics. We have chosen a method to annotate
the spectral features with candidate compounds from selected
metabolite databases and assigning candidate metabolites with
an evidence-based scoring system. The experimentally measured
CCS values were further matched against the theoretical CCS
values to verify the metabolites putatively identified. Moreover,
a meticulous statistical approach was taken to differentiate the
biomolecules released by the cultured cells from the background
organics in the culture media.

A noteworthy observation in this study was the identification
of cobalamin (vitamin B12) and associated metabolites in the
exometabolome of N. maritimus. The ionic products of these
compounds showed a unique pattern in the ion mobility
conformational space that could not have been revealed by
other mass spectrometry approaches. Cobalamin is a prominent
molecular currency and is thought to be synthesized by a subset
of bacteria and archaea despite being essential to all forms of
life. Producers of cobalamin, therefore, exert a great influence
on primary productivity in marine ecosystems. Cobalamin and
pseudocobalamin have been identified in seawater in a low
pM range (Heal et al., 2014, 2017). Targeted analysis of the
cultures of isolated representatives suggested that cobalamin
could be mainly produced by certain lineages of heterotrophic
alphaproteobacteria and chemoautotrophic Thaumarchaeota in
the ocean, whereas pseudocobalamin was exclusively produced
by marine cyanobacteria, Prochlorococcus, and Synechococcus.

Cobalamin is biosynthesized via the porphyrin and
chlorophyll metabolism (Supplementary Figure 7). These
pathways are also involved in biosynthesizing several other
biologically important tetrapyrroles, including heme, siroheme,
bacteriochlorophyll, and coenzyme F430 (Raux et al., 2000). De
novo biosynthesis of cobalaminoccurs through two alternative
pathways: the aerobic or anaerobic routes. A previous study

TABLE 4 | Comparing with the observations reported by Bayer et al. (2019) and this study.

Bayer et al. (2019) This study

Dissolved organic carbon concentrations of solid-phase extracted culture media
harvested during late exponential growth was on average two to three times higher
than DOC concentrations of medium blanks. This indicated that marine
ammonia-oxidizing archaea are not releasing as much (fixed) carbon as compared
to heterotrophic bacteria.

The TIC of the solid-phase extracted culture media was not significantly higher
than that of the cell-free controls despite 12 days of culturing (early stationary
phase). This was likely because archaea are not as metabolic active as bacteria
and have a lower metabolic yield.

The exudes of the three planktonic thaumarchaeotal strains contain a suite of
organic compounds dominated by nitrogen-containing compounds.

The exometabolome is rich in nitrogen-containing biomolecules, including
peptides or proteins, metabolites of a wide range of chemical classes as well as
different forms of vitamin B12.

The exometabolomes of planktonic thaumarchaea are relatively rich in
low-molecular-weight compounds and carboxyl-rich alicyclic molecules (CRAM).

Few or no CRAM was detected.

The exometabolomes of Nitrosopumilus contained a high proportion of compounds
with molecular formulae characteristic for phenols, polyphenols, highly unsaturated
compounds, unsaturated aliphatics, peptides, and saturated fatty acids.

Detected metabolites fell into a wide range of classes varying from
carbohydrate conjugates, nucleosides to triterpenoids. Few of the detected
metabolites fell into the chemical classification conventionally used by the van
Krevelen diagram.

A targeted analysis identified a few ecologically relevant metabolites released by the
Nitrosopumilus strains, including pantothenic acid (vitamin B5) and riboflavin
(vitamin B2) at lower nM to higher pM concentrations.

Thymidine, pantothenic acid, and riboflavin were not detected.
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has identified that N. maritimus and other Thaumarchaeota
do not have genes encoding enzymes of the aerobic pathway
but genes encoding enzymes specific to the anaerobic pathway
(Doxey et al., 2015). Some strains of bacteria and archaea can
also synthesize cobalamin by salvaging exogenous corrinoids,
although different salvage pathways are used by bacteria and
archaea (Escalante-Semerena, 2007). Cobalamin biosynthesis
and transportation are regulated by a cobalamin riboswitch in
the 5’ untranslated regions (UTRs) of the corresponding genes in
bacteria (Fang et al., 2017). In contrast, archaeal genomes have
only a sporadic distribution of putative riboswitches like the TPP,
FMN, guanidine, lysine, and c-di-AMP riboswitches that are
known to occur in bacteria (Angela and Swati, 2019). This may
explain that the addition of vitamin B12 to the cultures had little
or no apparent effect in our experiments.

The structure of cobalamin consists of a cobalt-containing
corrin ring, an upper axial ligand, and a lower axial ligand that
is tethered to the corrin macrocycle via the nucleotide loop
(Supplementary Figure 8). Cobalamin is present across natural
systems in several chemical forms that differ in their upper ligand,
including the enzymatically active forms of adenosylcobalamin,
methylcobalamin, hydroxocobalamin, and the inactivated form
cyanocobalamin (Supplementary Figure 9). Different forms
of cobalamin are interchangeable and have different upper
axial ligands and cobalt oxidation stages. However, much of
the cobalamin observed in our study was in the forms of
cyanocob(III)alamin and cob(I)alamin due to the mobile phase
solvents (water and acetonitrile) and the ionization method used
in the experiment.

Cobalamin is a member of a larger family of cobamides
that have structural variability in the lower ligand and the
nucleotide loop (Sokolovskaya et al., 2020). The lower ligands
of cobamides identified thus far belong to three chemical
classes: benzimidazoles, purines, and phenolics (Supplementary
Figure 10). Unlike the upper ligands, the lower ligands are not
exchangeable. CobT enzyme is required to catalyze the activation
of the lower ligand base to form an α-ribosylated product. It
has shown that the majority of CobT enzymes preferentially
attach 5,6-dimethylbenzimidazole (DMB), the lower ligand of
cobalamin (Crofts et al., 2013; Hazra et al., 2013).

It has long been established that phytoplankton and
bacteria produce a great variety of extracellular substances
of varied chemical structures. These substances often play an
important physiological role in phytoplankton as well as in
ecosystem dynamics (Sañudo-Wilhelmy et al., 2014). Many
microorganisms use cobalamin and related cobamides for a
variety of metabolic functions, including amino acid metabolism,
DNA and RNA synthesis, and carbon and nitrogen metabolism
(Sokolovskaya et al., 2020). However, the biosynthesis of
cobalamin requires more than 30 enzymatic steps and represents
a high genomic and metabolic burden for microbial producers.
Most organisms that require cobalamin coenzymes rely on
other species to acquire these cofactors. This results in
microbial interactions based on cobamide sharing (Seth and
Taga, 2014; Sokolovskaya et al., 2020). Since cobalamin and
related cobamides play a significant ecological role and are
produced exclusively by a subset of bacteria and archaea, it

may provide us a means to develop strategies to manipulate
microbial communities for human health, agricultural, and
environmental applications.

Our results further demonstrated that N. maritimus has
remarkable metabolic potential and releases a suite of
biomolecules extracellularly with various biological and
ecological functions, many of which are nitrogen-containing
metabolites as well as extracellular peptides/proteins. However,
the chemical classification of the set of metabolites detected
in this study was in strike contrast to that previously reported
(summarized in Table 4). Sugars, amino acid derivatives, fatty
acid, phenol, or polyphenol were not detected in negative
mode. Fatty acid, phenol, and polyphenol were not detected
in positive mode. Although the annotated spectral features
represented a fraction of all molecules in the exometabolome,
most of these compounds do not fall into the categories or
classification conventionally defined by van Krevelen diagram
that are not strictly representative of all similar molecules
but merely approximate criteria for identifying similarly
composed compounds.

A limitation of this work was the challenges associated with the
extraction of highly hydrophilic metabolites from large volumes
of salt-containing aqueous media. While polar functionalized
styrene-divinylbenzene polymer-based PPL sorbent is superior
SPE resin for extracting dissolved organics in seawater compared
to C18 and C8 silica-based sorbents (Dittmar et al., 2008),
retention is effective only for non-polar or weakly polar analytes
(Johnson et al., 2017). Highly hydrophilic compounds, such
as sugars, sugar alcohols, amino acids, and organic acids
are not retained by hydrophobic SPE substrate (Sogin et al.,
2019) and consequently were not extracted and enriched.
Highly water-soluble metabolites, such as osmolytes, ectoine,and
hydroxyectoine (Widderich et al., 2016), and β-glutamic acid
(Heal et al., 2020), despite being detected previouslyin the
intracellular metabolome of N. maritimus, were not identified
in our experiment. A possible direction is a concurrent use
of polymeric PPL and ion-exchange-based SPE substrates for
metabolite extraction (Wang et al., 2019), as well as the
use of both reversed-phase and hydrophilic interaction liquid
chromatography for analysis.
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Dissolved organic matter (DOM) provides carbon substrates and energy sources
for sediment microbes driving benthic biogeochemical processes. The interactions
between microbes and DOM are dynamic and complex and require the understanding
based on fine-scale microbial community and physicochemical profiling. In this study,
we characterized the porewater DOM composition in a 300-cm sediment core from
the Pearl River estuary, China, and examined the interactions between DOM and
archaeal and bacterial communities. DOM composition were highly stratified and
associated with changing microbial communities. Compared to bacteria, the amplicon
sequence variants of archaea showed significant Pearson correlations (r ≥ 0.65,
P < 0.01) with DOM molecules of low H/C ratios, high C number and double
bond equivalents, indicating that the distribution of archaea was closely correlated
to recalcitrant DOM while bacteria were associated with relatively labile compounds.
This was supported by the presence of auxiliary enzyme families essential for
lignin degradation and bcrABCD, UbiX genes for anaerobic aromatic reduction in
metagenome-assembled genomes of Bathyarchaeia. Our study demonstrates that
niche differentiation between benthic bacteria and archaea may have important
consequences in carbon metabolism, particularly for the transformation of recalcitrant
organic carbon that may be predominant in aged marine sediments.

Keywords: FT-ICR MS, metagenomic, benthic archaea, recalcitrant DOM, estuarine sediment

INTRODUCTION

Dissolved organic matter (DOM) consists one of Earth’s largest carbon exchangeable reservoirs,
having major significance in biogeochemical cycles. In anaerobic sediments, the decomposition
of particulate-attached organic matter to DOM by hydrolysis and depolymerization is a step-
wise process and serves as the principal energy and carbon source for benthic organisms
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(Burdige and Komada, 2015; Mahmoudi et al., 2017). However,
mechanisms driving DOM-microbes coupling are largely
unknown. DOM is highly complex in composition and consists
of a mixture of organic compounds with different mass size and
functionality (Burdige and Komada, 2015; Canuel and Hardison,
2016). The major composition of DOM is uncharacterized due
to limitation of extraction and analytical methods. Nevertheless,
advanced spectroscopic tools like Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) is capable
of resolving thousands of DOM compounds with high mass
resolution and accuracy and provides significant insights into the
molecular composition of DOM (Oni et al., 2015; Schmidt et al.,
2017).

The dynamics of DOM-microbe interactions could be
investigated from geochemical and microbial aspects.
Geochemical studies have examined vertical variation of
porewater DOM in marine sediments, which showed the
increase of recalcitrant carbon such as autochthonous humic-
like fluorescent components, carboxyl-rich alicyclic molecules
(CRAM) and aromatic compounds (Oni et al., 2015; Chen
et al., 2017; Fox et al., 2018). The observed stratification of
porewater DOM may attribute to selective biodegradation of
labile DOM as well as diagenetic transformation of organic
carbon (Chen et al., 2017; Schmidt et al., 2017). Consequently,
refractory DOM constitutes the majority (>97%) of the total
porewater DOM in anaerobic sediments (Burdige et al.,
2016). However, refractory DOM could still be available for
organisms in deep layers with regard to the consumption of
O-rich molecules in sulfate-depleted conditions (Oni et al.,
2015; Schmidt et al., 2017; Gan et al., 2020). Abiotic processes
like adsorption/desorption of DOM compounds on redox-
sensitive minerals may affect DOM composition but appear
to be quite slow (Burdige, 2007; Chen and Hur, 2015). Thus,
porewater DOM undergoing diverse interactions is dynamically
changed in its composition and concentration, which requires
further understanding.

Meanwhile, microbial studies have examined stratified
distribution of microbial structures on a global scale (Parkes
et al., 2014; Petro et al., 2017); for example, Gamma-, Delta-
and Alphaproteobacteria account for a high fraction of the
microbial community in surface sediments, while bacterial
phyla including Chloroflexi and Planctomycetota, archaeal
members Bathyarchaeia often dominate in subsurface sediments.
Roughly 90% of the microbial activity may occur in subsurface
sediments (Parkes et al., 2014), in which DOM-microbes
interactions are diverse and fundamental for benthic carbon
cycle (Kujawinski, 2011). Bathyarchaeia and Chloroflexi
have been proposed to play a role in the degradation of
recalcitrant organic carbon (Wasmund et al., 2014; Yu et al.,
2018; Saw et al., 2020). Co-existence of highly unsaturated
DOM molecules and Bathyarchaeia, Chloroflexi was also
detected in subsurface sediments from Helgoland Mud
Area (Oni et al., 2015). Moreover, a significant correlation
between archaea and humic-like fluorescent DOM (FDOM)
was observed in our previous work (Wang W. et al., 2020),
indicating that archaea were potentially involved in sedimentary
carbon transformation. While it is well known that DOM

fuels the growth of microorganisms in sediments, specific
interactions between microorganisms and DOM composition
are poorly known.

Estuarine sediments consist a major reservoir of organic
carbon sourced from terrestrial plants, autochthonous algae,
macrophytes, microbial and anthropogenic activities (Burdige,
2007; Chen and Hur, 2015; Canuel and Hardison, 2016), in which
about 45% of global carbon were estimated to be buried (Hedges
and Keil, 1995). In this study, we used the state-of-art approaches
of FT-ICR MS to characterize DOM molecular composition in
a 300-cm sediment core from Pearl River Estuary, China. This
technique was combined with high-throughput sequencing such
as metagenomics to further examine the linkage between DOM
and microbial community structure and function. We aimed to
understand (1) the factors that influence vertical composition
of sedimentary DOM and the DOM variations coupled with
microbial community, (2) the characteristics of DOM associated
with bacterial and archaeal communities in sediments, and (3)
the metabolic potential of bacteria and archaea participating
in sedimentary carbon degradation. Our results revealed the
vertical stratification of DOM composition and the linkages
between DOM and microbial composition, the latter of which
was manifested by the different roles of bacterial and archaeal
communities in sediment recalcitrant carbon transformation.

MATERIALS AND METHODS

Sample Collection
In October 2017, a sediment core of 300 cm was collected
from near Guishan Island (Pearl River Estuary) (22.1315 N,
113.8055 E). This core was sectioned into 5-cm intervals
for 5–100 cm and into 10-cm intervals for 100–300 cm
below sediment surface. Bacterial and archaeal distributional
patterns were examined by characterizing their 16S rRNA gene
abundances and diversities along geochemical profile. Briefly,
we detected geochemical species including NO3

−, Mn(II),
Fe(II), SO4

2−, NH4
+, dissolved inorganic carbon (DIC) and

its stable carbon isotope (δ13CDIC), dissolved organic carbon
(DOC), total organic carbon (TOC) and its stable carbon
isotope (δ13CTOC), and FDOM (Supplementary Table 1).
Amplicon sequencing were conducted using the universal
prokaryotic primers 515FB (GTGYCAGCMGCCGCGGTAA)
and 806RB (GGACTACNVGGGTWTCTAAT) (Caporaso
et al., 2012). The used primers cover almost uniformly
all major bacterial and archaeal phyla, with the coverage
reaching 83.5% for archaea and 83.6% for bacteria1. Chemical
analyses of environmental variables and 16S rRNA gene
amplicon sequencing have been reported in Wang W.
et al. (2020). In this study, taxonomy of amplicon sequence
variant (ASV) was reassigned using the Silva 138 99%
Operational Taxonomic Units database footnote1 to update
the taxonomic classification.

1https://www.arb-silva.de
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Solid-Phase Extraction (SPE) of DOM
Sediment samples were stored at −80◦C before porewater
extraction. Porewater samples was obtained by centrifuging
∼100 g sediments with the procedure set as 7000 rpm, 10 min and
4◦C, and then filtering using a 0.22-µm Millipore PES membrane
(Thermo Fisher Scientific). DOM was extracted using stryrene-
divibyl-polymere type PPL cartridges (Agilent Bond Elut PPL,
200 mg, 3 mL) as described in Dittmar et al. (2008). Cartridges
were activated using 6 mL MeOH (HPLC grade) and washed
using at least 9 mL pH 2 ultrapure water. Porewater samples were
acidified to pH 2 with HCl (G.R.) and then passed through the
PPL cartridges by gravity at a flow rate of about 2 mL/min. Before
DOM elution, the columns were rinsed with at least 9 mL pH 2
ultrapure water to remove the salt and dried under soft ultrapure
nitrogen gas. The SPE-DOM was finally eluted with 5 mL MeOH
(HPLC grade) and stored at−20◦C before MS analysis.

Molecular Analysis of DOM by FT-ICR MS
Mass spectra were obtained using a 9.4 T Apex Ultra FT-ICR
MS instrument (Bruker) equipped with negative ion electrospray
ionization (ESI) source at the State Key Laboratory of Heavy Oil
Processing, China University of Petroleum, Beijing, China. The
DOM samples were diluted to a final concentration of 100 mg/L
and injected into the ESI source at a rate of 250 µL/h. The
international standard substance, SRFA (Suwannee River fulvic
acids) was used as quality control to optimize condition of FT-
ICR MS before sample analysis (He et al., 2020). The typical
operating condition for negative-ion ESI analysis was set as: 3.5
kV spray shield voltage, 4.0 kV capillary column introduced
voltage, and −320 V capillary column end voltage. The ions
accumulated in the collision cell for 0.2 s then transferred
into the ICR cell with a 1.1 ms time-of-flight (ToF). The ion
transformation parameter for the quadrupole (Q1) was optimized
at m/z 300. A total of 128 scans with 4 M word size were
accumulated to enhance the signal-to-noise ratio and mass
spectra were evaluated in the range from 200 to 800 Da.

The mass spectrometer was calibrated using sodium formate
and then recalibrated with a known homologous mass series
of the SRFA. Molecular formulae were assigned to masses with
s/n > 4 and mass accuracy < 1 ppm using in-house software
(He et al., 2020), and those with outlier values or identified
as contaminations were manual removed. Relative abundances
of DOM formulae were calculated by normalizing the peak
intensities to the sum of FT-ICR MS peak intensities. For each
assigned formula, the double bond equivalent [DBE = 1+1/2(2C-
H+N+P)] (Koch and Dittmar, 2006) and modified aromaticity
index [AI-mod = (1+C-1/2O-S-1/2H)/(C-1/2O-S-N-P)] (Koch
and Dittmar, 2016) were calculated as a measure for the degree of
unsaturation and aromaticity. For each sample, bulk molecular
parameters were calculated based on magnitude-weighted
average (Sleighter and Hatcher, 2007); for example, the nominal
oxidation state of carbon [NOSC = 4-(4C+H-3N-2O-2S)/C] was
calculated to indicate the average oxidation state (Riedel et al.,
2012) and marked as NOSCwa. The degradation index (IDEG)
was calculated to assess the degradation state based on intensities
of ten molecular formulae (Flerus et al., 2012). In addition, the

assigned molecular formulae were further classified to seven
compound categories based on their unique O/C and H/C ratios
according to Yuan et al. (2017). The following ranges were used:
lipids (0 < O/C ≤ 0.3, 1.5 ≤ H/C ≤ 2.0), aliphatic/proteins
(0.3 ≤ O/C < 0.67, 1.5 ≤ H/C ≤ 2.2), lignins/CRAM-
like structures (0.1 ≤ O/C ≤ 0.67, 0.7 ≤ H/C ≤ 1.5),
carbohydrates (0.67 < O/C ≤ 1.2, 1.5 ≤ H/C ≤ 2.4), unsaturated
hydrocarbons (0.7 ≤ O/C ≤ 1.5, 0 < H/C ≤ 0.1), aromatic
structures (0 < O/C ≤ 0.67, 0.2 ≤ H/C < 0.7), and tannins
(0.67 < O/C ≤ 1.0, 0.6 ≤ H/C ≤ 1.5). The limitation of the
categorization of compound groups from FT-ICR MS should
be noted, as it is only based on the elemental ratios without
structural information of DOM (Li et al., 2019).

Metagenomic Sequencing
Six samples from the depths of 5, 20, 70, 130, 200, and 300 cm
were selected for metagenomic sequencing. Total genome DNA
was extracted as detailed previously (Wang W. et al., 2020).
DNA was sheared into 350 bp using the Covaris M220 Focused-
ultrasonicator (Covaris, Woburn, MA, United States), purified
using MinkaGene Gel Extraction Kit (mCHIP, Guangzhou,
China) and quantified using Qubit 3.0 Fluorometer (Thermo
Fisher Scientific). Illumina libraries were constructed from about
100 ng DNA using NEB Next R© UltraTM DNA Library Prep Kit
for Illumina R© (New England Biolabs, United States) according
to the manufacturer’s instructions and index codes were added
to sequences to each sample. Sequencing was performed on an
Illumina Hiseq X-ten platform using the paired end 2 × 150 bp
run-type mode at the Guangzhou Magigene Biotechnology
(Guangzhou, China).

Sequence Assembly, Genomic Binning,
and Functional Annotation
Paired-end reads were processed using Trim galore (v0.5.0)
(Krueger, 2012) with default settings. After removing adapter
sequences and reads with a length shorter than 20 bp or with
average quality score lower than Q20, about 77∼ 96 G clean bases
per sample were generated. Trimmed reads were then assembled
using megahit (v.1.1.3) (Li et al., 2016) with the following
options: –presets meta-sensitive for individual assembly and –
min-count 1 –k-list 25, 29, 39, 49, 59, 69, 79, 89, 99, 109, 119, 129,
and 141 for mixed assembly which combine high-quality reads
from six depths. The quality of the metagenomic assembly was
evaluated using Quast (v.4.6.3) (Mikheenko et al., 2016) and the
summary statistics are provided in Supplementary Table 2.

Individual assemblies and mix assembly with contigs longer
than 1,000 bp were provided as input for metagenomic
binning. BASALT (Binning Across a Series of AssembLies
Toolkit) (Yu et al., 2021) was used to bin contigs from all
seven assemblies via MetaBAT (v.2.12.1) (Kang et al., 2019),
Maxbin (v.2.2.4) (Wu et al., 2016), and CONCOCT (v.1.1.0)
(Alneberg et al., 2014) with different sensitivity parameters.
Genomic dereplication and reassembly modules were conducted
using SPAdes (v.3.13.1) (Bankevich et al., 2012) with careful
mode employed to ensure higher quality and accuracy of
the individual reconstructed metagenome-assembled genomes
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(MAGs, simplified as “genome” below). The completeness and
contaminatio n of the genomes were then estimated using
CheckM (v.1.0.11) (Parks et al., 2015) and high-quality genomes
(completeness ≥ 70% and contamination ≤ 5%) were retained
in this study. Phylogenetic analysis of reconstructed genomes is
detailedly described in Supplementary Text 1.

Putative coding DNA sequences were predicted for each
genome using prodigal (v.2.6.3, -meta) (Hyatt et al., 2012).
Averagely 1,660 predicated proteins were obtained per archaeal
genomes (min = 745 and max = 4,220) and 2,781 per bacterial
genomes (min = 721 and max = 5,790). Quantification of these
proteins across six metagenomes were performed using Salmon
(v.0.7.2) (Patro et al., 2017) by calculating reads per million,
which is similar to the calculation of TPM (Transcripts Per
Million) in metatranscriptome. Carbohydrate-active enzymes
(CAZymes) were identified using HMM models from dbCAN
(Huang et al., 2018) with an e-value threshold of 1e-15 and
coverage of 0.35. Predicated proteins were further blastp (e-
value ≤ 1e-5, bit score ≥ 50, sequence similarity ≥ 30%) against
KEGG and Uniprot databases for searching matches to aromatic
degradation genes.

Statistical Analysis
The relationships between sediment depth and indices of
SPE-DOM were explored with linear and exponential models
using the “basicTrendline” package (Mei et al., 2018). Linear
discriminant analysis effect size (LEfSe) (Segata et al., 2011)
was used to obtain DOM formulae significantly distinct
between the upper and deep layers. The samples between the
depth of 250 and 270 cm were unsuccessfully in sequencing
and thus excluded from subsequent analysis. Non-metric
multidimensional scaling (NMDS) and principal coordinates
analysis (PCoA) were used to examine the changes of DOM or
microbial compositions based on Bray-Curtis dissimilarity (Bray
and Curtis, 1957). All available environmental parameters and
the first two principal coordinate axes (that is, PCo1 and PCo2)
of microbial community composition were fit to ordination
of NMDS of DOM composition using envfit function with
Monte Carlo permutation test (permutation = 999). Canonical
correlation analysis (CCorA) was performed using the first
five PCoA axes (PCo!-5) of of microbial community and
DOM compositions, which explained 64.7 and 82.1% variations,
respectively, as described in Osterholz et al. (2016). Optimal
model of distance-based redundancy analysis (dbRDA) was
obtained with variables selected through forward step-wise
selection based on 999 Monte Carlo permutations (Parvin
et al., 2019). Influence of environmental drivers and microbial
community on DOM composition were then estimated using
dbRDA variance partitioning (Zhao W. et al., 2019). The above
analyses were conducted using vegan packages (Oksanen et al.,
2013). Moreover, Pearson’s correlation analysis was performed
between microbial ASVs and DOM molecules occurring in over
one-third of the samples. Network analysis was conducted based
on significant positive correlations (r ≥ 0.65, P < 0.01) between
microbial ASVs and DOM molecules having a relative abundance
(among total DOM molecules) greater than 0.05%. Topological
properties of network were calculated in Gephi (v0.9.2) (Bastian

et al., 2009). Network was generated by grouping the same
taxonomic or DOM groups to provide better visualization.
Modules of highly interconnected nodes were identified using
MCODE (v.1.6) (Bader and Hogue, 2003) Cytoscape plug-in with
default parameters in Cytoscape (v.3.6.1) (Shannon et al., 2003).

Data Availability
Source sequencing data, reconstructed genomes, and
sample information are available in the NCBI under the
BioProject ID PRJNA575161.

RESULTS

Depth Profile of DOM Molecular Features
A total of 7,830 unique molecular formulae were identified via
FT-ICR MS (Supplementary Table 3). The formulae number
of each sample ranged from 2,840 to 5,252, and significantly
increased toward deep sediments (r = 0.91, P < 0.01). Generally,
the DOM compositional formulae in all but one samples were
represented primarily by CHO (58.1 ± 5.5%), followed by
CHON (28.2 ± 3.0%), CHOS (11.1 ± 5.9%) and CHONS
(2.6 ± 1.0%), and except for the 5-cm depth, where CHOS
was the most abundant compounds (36.0%) (Supplementary
Figure 1A). Bulk parameters showed tremendous changes in the
surface sample (Figures 1A–H) and exhibited exponential-like
profiles expect for the oxygen saturation index (O/Cwa). The
molecular weight (MWwa) increased from 353.8 Da at surface
to 420.2 Da in the deep layers and the number of carbon
(Cwa) increased from 16.2 to 19.5 downcore. The O/Cwa varied
randomly while NOSCwa showed a slight increase below 5-cm
depth. The hydrogen saturation index (H/Cwa) dropped from
1.48 at the surface to 1.19 at the 120-cm depth, and stayed
relatively constant in deeper layers. The variations of these
indices imply the accumulation of relatively aged and recalcitrant
molecules toward the deep layers. This is further supported by
the depth profiles of DBEwa, AI-modwa, and IDEG, which showed
the increasing depth patterns in the unsaturated, aromatic
and refractory compounds. When all the molecules were
classified by specific elemental compositions, lignins/CRAM-like
structures dominated at all depths (Supplementary Figure 1B),
averagely accounting for 69.5% (7.5%). The decreases of
aliphatic/proteins (12.7 ± 5.0%), lipids (3.2 ± 3.9%), and
carbohydrates (3.5 ± 1.7%) were accompanied by the increases
of aromatic structures (2.1 ± 0.6%) and tannins (8.9 ± 2.0%)
(Supplementary Figure 1B). Specifically, aromatic structures
and tannins increased from 0.66 and 4.99% at the surface to 3.24
and 11.89% at 250-cm depth, respectively.

Stratification of DOM Molecular
Composition and Its Relationship With
Microbial Community
The NMDS based on the relative abundance of DOM molecules
revealed a separation of samples with depth (5–100 cm and
110–300 cm) (Figure 2A). The explanatory variables such as
SO4

2−, NH4
+, DIC, humic-like FDOM (C1 and C2), Fe (II), and
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FIGURE 1 | Patterns of molecular parameters of DOM along depth. Intensity weighted average values are displayed for (A) molecular weight (MWwa), (B) number of
carbon (Cwa), (C) O/C ratios (O/Cwa), (D) nominal oxidation state of carbon (NOSCwa), (E) H/C ratios (H/Cwa), (F) double bond equivalent (DBEwa), and (G) modified
aromaticity index (AI-modwa). (H) degradation index (IDEG). The relationships between sediment depth and indices of DOM molecules were modeled with linear and
exponential models.

FIGURE 2 | Stratification of DOM composition and its association with environmental drivers and microbial community. (A) Non-metric multidimensional scaling
(NMDS) of DOM composition (matrix: Bray-Curtis, stress = 0.0222). ASV, amplicon sequence variant. ASV_PCo1 represents the first principal coordinate axis of
microbial community. (B) Canonical correlation analysis (CCorA) conducted using first five principal coordinate (PCo1–5) axes of DOM composition and microbial
community. The lengths of connecting lines represent the dissimilarities of two datasets. (C) DOM molecules unique in the upper or deep layers and different
between them; different molecules were identified by Linear discriminant analysis (LDA) effect size (LEfSe) with a threshold of LDA > 2. Solid circles represent
LDA > 2 and cross symbols represent compounds unique to the upper (5–100 cm) or the deeper (110–300 cm).

PCo1 of microbial Bray-Curtis distances (ASV_PCo1) (r > 0.7,
P < 0.01) may have significantly shaped the DOM composition
(Figure 2A). dbRDA were conducted to estimate the contribution

of environmental variables and microbial community in DOM
composition. Three environmental factors (SO4

2−, δ13CDIC,
and δ13CTOC) and one microbial feature (ASV_PCo1) were
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FIGURE 3 | Double bond equivalent (DBE) and molecular weight (MW) of DOM molecules significantly correlated (Pearson’s correlation with r ≥ 0.65, P < 0.01) to
bacterial (397 amplicon sequence variants (ASVs) in total) (A) and archaeal (128 ASVs in total) compositions (B). Note that an ASV may be counted more than once
due to its correlations with multi-molecules.

selected for optimal dbRDA model (Supplementary Figure 2A).
Totally 44.9% of DOM variance could be explained, in which
microbial feature and environmental factors accounted for
3.15 and 15.96% (Supplementary Figure 2B), respectively;
and 25.81% together. To further characterize the association
between DOM and microbial compositions, CCorA was then
performed using PCo1-5 axes of DOM and microbial Bray-Curtis
matrices (82.1 and 64.7% of the total variance, respectively)
(Figure 2B). Highly significant relationships between DOM and
microbial compositions were observed by CCorA (Pillai’s trace
statistic = 1.704, P < 0.001) with high canonical correlations
found on the first two axes (0.963 for canonical axis 1, 0.719 for
canonical axis 2).

Based on the depth separation of DOM composition, we
divided all samples into two groups (5–100 cm and 110–
300 cm). LEfSe analysis determined 210 molecules significantly
contributing to the differences in DOM composition between
the two groups (Figure 2C and Supplementary Table 4).
Most of them belonged to CHO compounds with decreased
H/C ratios and increased O/C ratios in deep layers. CHON
compounds occurred only in the upper layers. In addition,
there were 749 molecules unique in the upper layers, which
belonged to aliphatic/proteins, lignins/CRAM-like structures
or carbohydrates; and 805 molecules unique in the deep

layers, which belonged to lignins/CRAM-like structures,
tannins or aromatic structures (Figure 2C and Supplementary
Table 4). Unique CHOS and CHONS compounds in deep
layers were characterized by higher O/C ratios than CHO
and CHON compounds.

DOM Molecules Correlated With
Bacterial and Archaeal Communities
Microbial ASVs (1,031, accounting for 75.72% of the total
abundance) and DOM molecules (4,994, accounting for 97.96%
of the total abundance) occurring over one-third of the samples
were selected for Pearson’s correlation analysis; molecular
features (e.g., DBE and MW) of formulae correlated with
bacterial and archaeal communities were then demonstrated.
Pearson’s correlation analysis determined 397 bacterial and 128
archaeal ASVs significantly positively correlated with DOM
molecules (r ≥ 0.65, P < 0.01). Most of bacterial ASVs were
associated with molecules whose DBE was less than 10 and MW
less than 450 Da, approximately (Figure 3A and Supplementary
Table 5). In contrast, archaeal ASVs with increasing abundance
were associated with molecules of high DBE (in the range
of 11–18) and high MW (500 Da), approximately (Figure 3B
and Supplementary Table 5). These results indicated distinct
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ecological niches of bacterial and archaeal communities though
more experimental evidence are needed. Furthermore, the
average values of DBE, MW, AI-mod, H/C, and O/C ratios
of 2,038 bacterial-correlated and 1,593 archaeal-correlated
molecules were comparable while the weighted average had
substantial difference except for O/C ratios (Table 1). Moreover,
DOM molecules correlated to archaea mainly belonged to the
compounds of N1O10-N1O13 and O11-O14 (Figure 4B and
Supplementary Table 5), while those correlated to bacteria were
more distributed in the compounds of N1O11S1, N1O5-N1O12,
O6-O9, N2OX-N3OX, and OXSX (Figure 4A and Supplementary
Table 5). Overall, bacteria-correlated DOM was more widely
distributed and archaea-correlated DOM was more concentrated
with the characteristics of O-enrichment.

Bacterial and Archaeal Groups
Differentially Associated With DOM
Molecules
The DOM molecules with relative abundance over 0.05%
were considered for network analysis to further explore the
interconnections between DOM composition and microbial
communities (Supplementary Table 6). The original network
was composed of 457 nodes and 3,397 edges with an average
number of neighbors of 14.85 (Supplementary Figure 3).
Network was then generated by grouping categories for better
visualization (Figure 5A). The lignins/CRAM-like structures
consist of 120 DOM molecules showed most correlations with
Bathyarchaeia, followed by Dehalococcoidia, Anaerolineae,
Planctomycetota, and Desulfatiglandales, whereas the
aliphatic/proteins largely associated with Gammaproteobacteria,
Desulfobulbia and Desulfobacterales. Tight connections
between diverse species and tannins were also found, especially
in Bathyarchaeia, Anaerolinaea, and Dehalococcoidia. The
remaining DOM belonging to lipids exhibited less associations
with microbial species compared to others. In addition, although
DOM molecules belonging to aromatic structures were not
included in the network, they exhibited close correlations with
archaeal groups (70 DOM molecules significantly correlated
to 59 ASVs) such as Bathyarchaeia, and bacterial groups (90

TABLE 1 | Average and weighted average of indices of DOM molecules
significantly correlated (Pearson’s correlation with r ≥ 0.65, P < 0.01) to bacterial
and archaeal communities.

Taxonomy DBE MW AI-mod H/C O/C

Bacteria Average 8.89 415.99 0.18 1.26 0.51

Average SD 4.58 97.19 0.30 0.37 0.14

Weighted average 6.83 376.30 0.07 1.42 0.52

Weighted average SD 0.10 1.85 0.01 0.01 0.00

Archaea Average 9.02 416.24 0.19 1.25 0.52

Average SD 4.80 95.88 0.30 0.38 0.14

Weighted average 10.00 429.76 0.24 1.18 0.53

Weighted average SD 0.12 2.16 0.01 0.01 0.00

Weighted average was calculated by weighting with number of correlated amplicon
sequence variants (ASVs). DBE, double bond equivalent; MW, molecular weight;
AI-mod, modified aromaticity index; H/C, H/C ratios; O/C, O/C ratios.

DOM molecules significantly correlated to 114 ASVs) such as
Dehalococcoidia.

Four significant clusters with the scores ranging between
6.36 and 3.20 (Figures 5B–E) were identified by MCODE
analysis. Cluster ranks 1–3 consisted of 21 DOM molecules
and 18 microbial ASVs. These molecules were enriched in the
110–300 cm depth interval, which had H/C ratios less than
1.05 and were associated with ASVs affiliated to Bacthyarchaeia,
Dehalococcoidia, Desulfatiglandales and Sva0485 (Figures 5B–
D). Two DOM molecules (C15H20O6 and C15H22O6)
belonging to Cluster rank 4 were enriched in the 5–110 cm
depth interval and correlated to microbial ASVs affiliated to
Alphaproteobacteria, Desulfobacterales as well as Anaerolinaea
and Zixibacteria (Figure 5E). Details of H/C and O/C ratios
of different DOM molecules were showed in Supplementary
Figure 4. Overall, archaeal groups including Bathyarchaeia and
Lokiarchaeia were predominately associated to molecules
belonging to lignins/CRAM-like structures having H/C
ratios < 1.5, while MBG-D was associated to alphatic/proteins.
Bacterial groups such as Gammaproteobacteria, Desulfobulbia
and Desulfobacterales predominately represented correlations
to molecules belonging to alphatic/proteins having H/C
ratios > 1.5; however, Dehalococcoidia, Anaerolinaea,
Planctomycetota, and Desulfatiglandales were exceptionally
linked with lignins/CRAM-like structures and tannins.

Potential Functions of Bacteria and
Archaea in Organic Matter Degradation
A total of 51 archaeal and 166 bacterial genomes with
completeness more than 70% and contamination lower than 5%
were chosen for function predictions (Supplementary Table 7,
Supplementary Figures 5, 6, and Supplementary Text 2).
Metabolic potentials for metabolizing complex carbohydrates
in archaeal and bacterial communities were investigated by
searching CAZymes within each of the genomes. In total,
we detected 1,219 (24 per genome) archaeal and 11,834 (72
per genome) bacterial potential CAZymes. The abundances
of CAZymes in archaeal genomes generally increased along
the depth profile and approached that of bacteria in the 200
and 300-cm depths. Significant difference (P < 0.05, Non-
parametric Mann-Whitney test) existed between the bacterial and
archaeal communities in upper layers (Supplementary Figure 7A
and Supplementary Table 7). Glycosyltransferases (GT) and
glycosyl-hydrolases (GH) catalyzing the synthesis and breakage
of glycosidic bonds were the predominant CAZymes families
in the archaeal and bacterial enzyme pools (Supplementary
Figure 7B), which is consistent with observation in other
environments (Jimenez et al., 2016; Dombrowski et al., 2018).
Auxiliary activities (AA) were associated with redox enzymes
essential for lignin degradation, including ligninolytic enzymes
and lytic polysaccharide mono-oxygenases (Levasseur et al.,
2013). Archaea encoded higher fraction (15.76%) of AA families
and resulted in higher AA/GH ratios (0.86 ∼ 1.04) than bacteria
(Supplementary Figures 7B,C).

In general, bacteria encoded a broader range of CAZymes
than archaea, similar with the findings in the Guaymas Basin
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FIGURE 4 | DOM compounds of molecules significantly correlated (Pearson’s correlation with r ≥ 0.65, P < 0.01) with bacterial (A) and archaeal communities (B).
ASV, amplicon sequence variant.

FIGURE 5 | Co-occurrence patterns of microbial and DOM compositions. (A) Network generated by grouping with categories of original network displayed in
Supplementary Figure 3 for better visualization. The nodes represent the clusters of microbial amplicon sequence variants (ASVs) or DOM molecules belonging to
the same category. Node and edge sizes are proportional to the number of significant connections (Pearson’s correlation with r ≥ 0.65, P < 0.01) (degree). (B–E)
Four sub-networks with highest node scores identified by MCODE analysis with default parameters; the nodes represent microbial ASVs or DOM molecules. The
color of nodes indicates distinct microbial groups or DOM compounds; the color of edges indicates distinct targets to DOM compounds.

(Dombrowski et al., 2018). Most CAZymes identified in archaeal
genomes were AA4, AA6, AA7, CBM44, GH109, and GH57
families, while AA3, CBM48, GH3, GH23, and GH77 were more

common in bacteria (Figure 6A and Supplementary Table 8).
These enzymes involving in carbon degradation showed
obvious depth distribution accompanied with the changing of
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FIGURE 6 | Metabolic potential involved in organic degradation of genomes. (A) Percentage of carbohydrate-active enzymes (CAZymes) and aromatic degradation
genes encoded in genomes summarized for each cluster. Each group of enzymes were set as the same color codes strategies. Brackets: Total number of genomes
in each phylogenetic cluster. AA, auxiliary activities; CBM, cellulose-binding motifs; GH, glycosyl-hydrolases; Aerobic AD, aerobic aromatic degradation; Anaerobic
AD, anaerobic aromatic degradation. (B) Reconstructed anaerobic aromatic degradation pathway and reactions participating in lignin degradation. Percentage of
genes were summarized for archaea and bacteria. Brackets: Total number of genomes in each domain.

microbial community composition (Supplementary Figure 8
and Supplementary Table 9). CAZymes involving cleavages of
peptidoglycan (GH13, GH23, and GH102), xyloglucan (GH16),
cellobiose (AA3), glucooligosaccharide (AA7), glycogen-
and chitopentaose-binding motifs (CBM48 and CBM50)

were predominant in the upper layers, mainly derived from
Desulfobulbia, Gammaproteobacteria, and Desulfatiglanales.
CAZymes enriched in deep layers were encoded by
Planctomycetota (most of GH families), Bathyarchaeia (AA6,
CBM44, GH57, and GH133), and Anaerolineae (CAZymes
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enriched in 200-cm depth). AA6 (1,4-benzoquinone reductase)
and AA4 (vanillyl-alcohol oxidase) involved in degradation
of aromatic compounds in subsurface were mainly present in
Bathyarchaeia and Desulfatiglanales (Supplementary Figure 9).
Accordingly, cellulose-binding motifs CBM44 and CBM9 were
also enriched in deep layers.

What needs to be highlighted is the diversity of aromatic
metabolisms involved by both archaeal and bacterial populations
from sediments. Genes involving in aerobic aromatic degradation
pathways were strictly found in bacteria; for example, pcaC,
pcaD, and pcaH genes were exclusively present in bacteria for
the degradation of terephthalate, hcaC gene for the degradation
of phenylpropanoate and gnl gene for the degradation of
caprolactone. Genes that are commonly present in both
archaeal and bacterial genomes include the paaK and padI
genes related to the phenylacetic acid pathway and the genes
encoding enzymes for hydrolytic cleavage of the ring (dch, had,
and oah). The bcrABCD genes targeting anaerobic aromatics
degradation, however, were identified in most archaeal lineages,
especially Bathyarchaeia and other Thermoplasmatota (MBG-D
was excluded), suggesting the increasing importance of archaea in
the utilization of ATP-dependent benzoyl-CoA reductase (BCR,
class I) (Figure 6B and Supplementary Table 8). Also, the
gene encoding enzyme for carboxylation (UbiX) was frequently
detected in 50.9% of archaeal genomes and only 32.5% of
the bacterial genomes (Figure 6B). Lastly, though bacteria
harbored more broad aromatic degradation genes (i.e., near
complete pathway for phenol metabolism in bacterial linages like
Desulfatiglanales, Zixibacteria, and Gemmatimonadota), archaea
especially Bathyarchaeia contained greater abundance of genes
(UbiX and bcrABCD) for key processes (carboxylation and
dearomatization) (Supplementary Figure 9).

DISCUSSION

Dissolved organic matter in sediment porewater is primarily
derived from enzyme-mediated hydrolysis and depolymerization
of POM and/or lysis of microbial cell components (Burdige
and Komada, 2015; Liang et al., 2017). Porewater DOC
concentrations generally increase with depth, which in anoxic
sediments show particular exponential-like profiles (Komada
et al., 2013; Chen et al., 2017; Schmidt et al., 2017). This
study first characterized the exponential-like profiles of the
properties of DOM molecules (MWwa, Cwa, NOSCwa, H/Cwa,
AI-modwa, DBEwa, and IDEG) in the Pearl River estuarine
sediments. The stable values of these parameters below 100 cm
could be explained by the balance of DOM production and
consumption. It could also indicate a combination of net DOM
production and decreasing bulk reactivity of DOM (Burdige
and Komada, 2015), as evidenced by the accumulation of non-
reactive DOM in this study (Figures 1E–H). Increasing MW as
well as AI-mod, DBE, and IDEG of SPE-DOM molecules down
core indicated accumulation of refractory DOM as reported
elsewhere (Li et al., 2019).

While carbon degradation continues with sediment depth,
the spectrum of substrates becomes narrow (Jørgensen, 2000;

Orsi et al., 2020) and becomes increasingly important in shaping
the microbial community structure. Our study demonstrated
that bacterial and archaeal communities were separated
based on their correlations to different DOM compositions.
Gammaproteobacteria, Desulfobacterales, and Desulfobulbia
occupied their ecological niches in upper sediments and may
exhibit preference for alphatic/protein groups (see also references
Teeling et al., 2012; Nikrad et al., 2014; Zhao Z. et al., 2019).
Dehalococcoidia and Bathyarchaeia have been thought to be
important for organic matter degradation in deep sediments
(Oni et al., 2015; Lazar et al., 2017; Vuillemin et al., 2020);
Bathyarchaeia, in particular, were capable of lignin utilization
in enrichment cultivation (Yu et al., 2018) and significantly
correlated with terrestrially derived organic matter in Pearl
River estuary (Wang P. et al., 2020). This is consistent with our
observation that DOM molecules belonging to lignins/CRAM-
like structures were correlated to Dehalococcoidia, Bathyarchaeia
and other deep-sediment enrich groups like Planctomycetota
and Desulfatiglanales (Figure 5 and Supplementary Figure 4).
These microorganisms in deep subsurface may continuously
utilize refractory DOM. Recent studies showed that CRAM
organic matter such as benzoic acid and lignin were able to
rapidly or slowly stimulate microbial growth (Liu S. et al., 2020).
This was also supported by increased archaeal biomass especially
Bathyarchaeia (Wang W. et al., 2020) and their correlations to
O-rich molecules (Figure 4B).

The increasing recalcitrance of DOM represented by
lignins/CRAM-like structures, tannins and aromatic structures in
sediments apparently affect the strategies for substrate utilization
by bacteria and archaea. Aromatic metabolism is commonly
observed to be performed by sedimentary bacteria. For example,
the sulfate/nitrate-reducing bacteria such as Desulfobacula
and Desulfobacterium via benzoyl-CoA degradation pathway
(Wöhlbrand et al., 2012; Boll et al., 2020). In recent years,
aromatic degradation pathways were extended to archaeal
members like MBG-D that have the phenylacetic acid pathway
(Liu W.W. et al., 2020), Bathyarchaeia the protocatechuate
degradation pathway (Meng et al., 2014; Zhou et al., 2018) and
a few Asgard members the benzoyl-CoA degradation pathway
(Farag et al., 2020). In this study, though bacteria encode a
near complete pathway of aromatic degradation, archaea were
possible to mediate the key processes like dearomatization and
carboxylation (Figures 6A,B). BCR encoded for benzoyl-CoA
pathway was frequently identified in archaeal genomes especially
in Bathyarchaeia and other Thermoplasmatota (Figure 6A). The
central aromatic intermediate benzoyl-CoA in benzoyl-CoA
degradation pathway could derive from various monocyclic
aromatic compounds including benzene, toluene, phthalates,
phenylacetic acid, O-xylene, and more (Boll et al., 2020) and
BCR were targeted to initiate the key reaction that dearomatizes
the benzoyl-CoA to 1,5-dienoyl-CoA, which further involves a
series of beta-oxidation like reactions to produces acetyl-CoA
(Boll et al., 2020; Farag et al., 2020). Our study points out the
prevalence of BCR in archaea, especially in Bathyarchaeia,
expanding the spectrum of archaeal lineages capable of utilizing
aromatic compounds as carbon or energy source. Another
potential key reaction in the anaerobic degradation pathways

Frontiers in Microbiology | www.frontiersin.org 10 July 2021 | Volume 12 | Article 697860277

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


fmicb-12-697860 July 14, 2021 Time: 18:27 # 11

Wang et al. DOM Linked to Microbial Communities

found here could be C-H bond activation of non-substituted
benzene, naphthalene or phenol by UbiD/UbiX-like genes-
induced carboxylation, which were identified in benzene
degrading Ferroglobus placidus (Holmes et al., 2011) and Fe
(III)-reducing or methanogenic enrichment (Kunapuli et al.,
2008; Luo et al., 2014). Archaea containing genes involving
carboxylation (UbiX) and dearomatization (bcrABCD) were both
of high frequency and abundance in deep layers (Figure 6B and
Supplementary Figure 9), demonstrating potential importance
of archaea in anaerobic aromatic degradation.

Benthic archaea may be particularly important in utilization
of recalcitrant organic matter in low energy environments (see
below). So far, archaea are known to degrade detrital proteins
(Lloyd et al., 2013; Lazar et al., 2017), polymeric carbohydrates
(Lazar et al., 2017), alkane or methylated compounds (Wang
et al., 2019), aromatics (Meng et al., 2014; Farag et al.,
2020; Liu W.W. et al., 2020, this study) and lignin (Yu
et al., 2018). Besides, AA6 families involving in intracellular
aromatic biodegradation (Levasseur et al., 2013) are identified
in lignocellulolytic or cellulolytic bacterium dominated consortia
(Jimenez et al., 2016; Kanokratana et al., 2018) and were in
high abundance in Bathyarchaeia genomes (Supplementary
Figure 9). Linolytic enzymes in the AA class generally cooperate
with classical polysaccharide depolymerases targeting the plant
biomass (Levasseur et al., 2013). High potential of lignin
degradation may exist in archaeal communities (Yu et al.,
2018), which is also supported by high AA/GH ratios and tight
associations to lignins/CRAM structures in this study. It has been
noted that “we are woefully unaware of DOM production (or
assimilation) mechanisms in the Archaea.” (Kujawinski, 2011).
A recent study has suggested that the metabolites of marine
ammonia-oxidizing archaea like CRAM-like compounds may
contribute to the composition of ocean DOM (Bayer et al.,
2019). In this study, we highlighted the role of archaea in
interacting with sedimentary non-reactive DOM considering
their considerable biomass in subseafloor sediments globally
(Lipp et al., 2008; Hoshino and Inagaki, 2019). Future work
is needed to develop models based on cultivation combined
with isotope and metatranscriptomic methods to quantify the
contribution of archaea to carbon cycle in the sediments.

In summary, the molecular composition of porewater DOM
showed stratification along depth in the Pearl River estuarine
sediments. The recalcitrance of DOM increased below 100 cm,
which was characterized by higher MW, DBE and lower H/C.
Most bacteria were found to be correlated to DOM molecules
with DBE < 10 and MW < 450 Da while archaea were closely
correlated to molecules with the DBE between 11 and 18 and the
MW of 500 Da, indicating greater correlations between archaea
and the recalcitrant DOM. In particular, the archaeal group
Bathyarhcaeia along with the bacterial groups Dehalococcoidia,
Anaerolineae, Planctomycetota, and Desulfatiglandales were
tightly correlated to the lignins/CRAM-like structures. In
contrast, bacterial groups such as Gammaproteobacteria,
Desulfobulbia, and Desulfobacterales were closely associated
to alphatic/proteins that are more labile for degradation. These
results allowed for distinction of carbon metabolizing genes
from microbial genomes, with bacteria encoding a wider range

of GH families of CAZymes involving glycolytic pathways
while archaea a higher proportion of AA families and key
genes in anaerobic aromatic degradation of predominantly
recalcitrant DOM. These findings expand our knowledge
about microbe-DOM relationship in sediments, particularly
the role of archaea in sedimentary carbon transformation
and/or perseveration.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/genbank/, PRJNA575161.

AUTHOR CONTRIBUTIONS

WW carried out the experimental work, data analysis, and wrote
the manuscript. JT carried out sample collecting and assisted in
the laboratory work. KY, CH, JW, PL, HC, and BX helped in data
analysis and the writing of the manuscript. QS and CZ supervised
and contributed to the design of the experiments and revised the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

Financial supports for this research came from the Laboratory
for Marine Geology, Qingdao National Laboratory for Marine
Science and Technology (No. MGQNLM-TD201810), the
State Key R&D Project of China grant (No. 2018YFA0605800),
the National Natural Science Foundation of China (No.
91851210), the Shenzhen Key Laboratory of Marine Archaea
Geo-Omics, Southern University of Science and Technology (No.
ZDSYS201802081843490), the Shenzhen Science and Technology
Innovation Commission (No. JCYJ20180305123458107), and
the Southern Marine Science and Engineering Guangdong
Laboratory (Guangzhou) (No. K19313901). Computation in
this study was supported by the Centre for Computational
Science and Engineering at the Southern University of
Science and Technology.

ACKNOWLEDGMENTS

We thank the crew of R/V Shiyan 3 of South China Sea Institute
of Oceanology, Chinese Academy of Sciences for helping with
sample collection.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.
697860/full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org 11 July 2021 | Volume 12 | Article 697860278

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.frontiersin.org/articles/10.3389/fmicb.2021.697860/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.697860/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-697860 July 14, 2021 Time: 18:27 # 12

Wang et al. DOM Linked to Microbial Communities

REFERENCES
Alneberg, J., Bjarnason, B. S., de Bruijn, I., Schirmer, M., Quick, J., Ijaz, U. Z.,

et al. (2014). Binning metagenomic contigs by coverage and composition. Nat.
Methods 11, 1144–1146. doi: 10.1038/nmeth.3103

Bader, G. D., and Hogue, C. W. (2003). An automated method for finding
molecular complexes in large protein interaction networks. BMC Bioinformatics
4:2. doi: 10.1186/1471-2105-4-2

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A.A., Dvorkin, M., Kulikov, A. S.,
et al. (2012). SPAdes: a new genome assembly algorithm and its applications
to single-cell sequencing. J. Comput. Biol. 19, 455–477. doi: 10.10..9..cmb.2012.
0021

Bastian, M., Heymann, S., and Jacomy, M. (2009). Gephi: an open source software
for exploring and manipulating networks. ICWSM 8, 361–362.

Bayer, B., Hansman, R. L., Bittner, M. J., Noriega-Ortega, B. E., Niggemann, J.,
Dittmar, T., et al. (2019). Ammonia-oxidizing archaea release a suite of organic
compounds potentially fueling prokaryotic heterotrophy in the ocean. Environ.
Microbiol. 21, 4062–4075. doi: 10.1111/1462-2920.14755

Boll, M., Estelmann, S., and Heider, J. (2020). “Catabolic Pathways and Enzymes
Involved in the Anaerobic Degradation of Monocyclic Aromatic Compounds,”
in Anaerobic Utilization of Hydrocarbons, Oils, and Lipids, ed. M. Boll (Cham:
Springer), 85–133.

Bray, J. R., and Curtis, J. T. (1957). An ordination of the upland forest communities
of southern Wisconsin. Ecol. Monogr. 27, 326–349. doi: 10.2307/1942268

Burdige, D. J. (2007). Preservation of organic matter in marine sediments: controls,
mechanisms, and an imbalance in sediment organic carbon budgets? Chem.
Rev. 107, 467–485. doi: 10.1021/cr050347q

Burdige, D. J., and Komada, T. (2015). “Sediment pore waters,” in Biogeochemistry
of Marine Dissolved Organic Matter, eds D. A. Hansen and C. A. Carlson
(Cambridge, MA: Academic Press), 535–577. doi: 10.1016/B978-0-12-405940-
5.00012-1

Burdige, D. J., Komada, T., Magen, C., and Chanton, J. P. (2016). Modeling
studies of dissolved organic matter cycling in Santa Barbara Basin (CA, USA)
sediments. Geochim. Cosmochim. Acta 195, 100–119. doi: 10.1016/j.gca.2016.09.
007

Canuel, E. A., and Hardison, A. K. (2016). Sources, ages, and alteration of organic
matter in estuaries. Ann. Rev. Mar. Sci. 8, 409–434. doi: 10.1146/annurev-
marine-122414-034058

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer,
N., et al. (2012). Ultra-high-throughput microbial community analysis on the
Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621–1624. doi: 10.1038/ismej.
2012.8

Chen, M., and Hur, J. (2015). Pre-treatments, characteristics, and biogeochemical
dynamics of dissolved organic matter in sediments: a review. Water Res. 79,
10–25. doi: 10.1016/j.watres.2015.04.018

Chen, M., Kim, J. H., Choi, J., Lee, Y. K., and Hur, J. (2017). Biological
early diagenesis and insolation-paced paleoproductivity signified in deep core
sediment organic matter. Sci. Rep. 7:1581. doi: 10.1038/s41598-017-01759-4

Dittmar, T., Koch, B., Hertkorn, N., and Kattner, G. (2008). A simple and
efficient method for the solid−phase extraction of dissolved organic matter
(SPE−DOM) from seawater. Limnol. Oceanogr. Methods 6, 230–235.

Dombrowski, N., Teske, A. P., and Baker, B. J. (2018). Expansive microbial
metabolic versatility and biodiversity in dynamic Guaymas Basin hydrothermal
sediments. Nat. Commun. 9:4999. doi: 10.1038/s41467-018-07418-0

Farag, I. F., Biddle, J. F., Zhao, R., Martino, A. J., House, C. H., and Leon-Zayas, R. I.
(2020). Metabolic potentials of archaeal lineages resolved from metagenomes of
deep Costa Rica sediments. ISME J. 14, 1345–1358. doi: 10.1038/s41396-020-
0615-5

Flerus, R., Lechtenfeld, O. J., Koch, B. P., McCallister, S. L., Schmitt-Kopplin, P.,
Benner, R., et al. (2012). A molecular perspective on the ageing of marine
dissolved organic matter. Biogeosciences 9, 1935–1955. doi: 10.5194/bg-9-1935-
2012

Fox, C. A., Abdulla, H. A., Burdige, D. J., Lewicki, J. P., and Komada, T. (2018).
Composition of dissolved organic matter in pore waters of anoxic marine
sediments analyzed by 1H nuclear magnetic resonance spectroscopy. Front.
Mar. Sci. 5:172. doi: 10.3389/fmars.2018.00172

Gan, S., Schmidt, F., Heuer, V. B., Goldhammer, T., Witt, M., and Hinrichs, K.-U.
(2020). Impacts of redox conditions on dissolved organic matter (DOM) quality
in marine sediments off the River Rhône, Western Mediterranean Sea. Geochim.
Cosmochim. Acta 276, 151–169. doi: 10.1016/j.gca.2020.02.001

He, C., Zhang, Y., Li, Y., Zhuo, X., Li, Y., Zhang, C., et al. (2020). In-house standard
method for molecular characterization of dissolved organic matter by FT-
ICR mass spectrometry. ACS Omega 5, 11730–11736. doi: 10.1021/acsomega.
0c01055

Hedges, J. I., and Keil, R. G. (1995). Sedimentary organic matter preservation: an
assessment and speculative synthesis. Mar. Chem. 49, 81–115. doi: 10.1016/
0304-4203(95)00008-F

Holmes, D. E., Rsso, C., Smith, J. A., and Lovley, D. R. (2011). Anaerobic oxidation
of benzene by the hyperthermophilic archaeon Ferroglobus placidus. Appl.
Environ. Microbol. 77(17), 5926–5933. doi: 10.1128/AEM.05452-11

Hoshino, T., and Inagaki, F. (2019). Abundance and distribution of archaea in the
subseafloor sedimentary biosphere. ISME J. 13, 227–231. doi: 10.1038/s41396-
018-0253-3

Huang, L., Zhang, H., Wu, P., Entwistle, S., Li, X., Yohe, T., et al. (2018).
dbCAN-seq: a database of carbohydrate-active enzyme (CAZyme) sequence
and annotation. Nucleic Acids Res. 46, D516–D521. doi: 10.1093/nar/gkx894

Hyatt, D., LoCascio, P. F., Hauser, L. J., and Uberbacher, E. C. (2012). Gene and
translation initiation site prediction in metagenomic sequences. Bioinformatics
28, 2223–2230. doi: 10.1093/bioinformatics/bts429

Jimenez, D. J., de Lima Brossi, M. J., Schuckel, J., Kracun, S. K., Willats, W. G.,
and van Elsas, J. D. (2016). Characterization of three plant biomass-degrading
microbial consortia by metagenomics- and metasecretomics-based approaches.
Appl. Microbiol. Biotechnol. 100, 10463–10477. doi: 10.1007/s00253-016-7713-
3

Jørgensen, B. B. (2000). “Bacteria and marine biogeochemistry,” in Marine
Geochemistry, eds H. D. Schulz and M. Zabel (Berlin: Springer), 173–207.

Kang, D. D., Li, F., Kirton, E., Thomas, A., Egan, R., An, H., et al. (2019). MetaBAT
2: an adaptive binning algorithm for robust and efficient genome reconstruction
from metagenome assemblies. PeerJ 7:e7359. doi: 10.7717/peerj.7359

Kanokratana, P., Wongwilaiwalin, S., Mhuantong, W., Tangphatsornruang,
S., Eurwilaichitr, L., and Champreda, V. (2018). Characterization of
cellulolytic microbial consortium enriched on Napier grass using metagenomic
approaches. J. Biosci. Bioeng. 125, 439–447. doi: 10.1016/j.jbiosc.2017.10.014

Koch, B. P., and Dittmar, T. (2006). From mass to structure: an aromaticity index
for high-resolution mass data of natural organic matter. Rapid Commun. Mass
Spectrom. 20, 926–932. doi: 10.1002/rcm.2386

Koch, B. P., and Dittmar, T. (2016). From mass to structure: an aromaticity index
for high-resolution mass data of natural organic matter. Rapid Commun. Mass
Spectrom. 30, 250–250. doi: 10.1002/rcm.7433

Komada, T., Burdige, D. J., Crispo, S. M., Druffel, E. R. M., Griffin, S., Johnson, L.,
et al. (2013). Dissolved organic carbon dynamics in anaerobic sediments of the
Santa Monica Basin. Geochim. Cosmochim. Acta 110, 253–273. doi: 10.1016/j.
gca.2013.02.017

Krueger, F. (2012). Trim Galore: A Wrapper Tool Around Cutadapt and FastQC
to Consistently Apply Quality and Adapter Trimming to FastQ files, with
Some Extra Functionality for MspI-Digested RRBS-type (Reduced Representation
Bisufite-Seq) Libraries. Available online at: http://www. bioinformatics.
babraham. ac. uk/projects/trim_galore/.(accessed April 28, 2016).

Kujawinski, E. B. (2011). The impact of microbial metabolism on marine dissolved
organic matter. Ann. Rev. Mar. Sci. 3, 567–599. doi: 10.1146/annurev-marine-
120308-081003

Kunapuli, U., Griebler, C., Beller, H. R., and Meckenstock, R. U. (2008).
Identification of intermediates formed during anaerobic benzene degradation
by an iron-reducing enrichment culture. Environ. Microbiol. 10, 1703–1712.
doi: 10.1111/j.1462-2920.2008.01588.x

Lazar, C. S., Baker, B. J., Seitz, K. W., and Teske, A. P. (2017). Genomic
reconstruction of multiple lineages of uncultured benthic archaea suggests
distinct biogeochemical roles and ecological niches. ISME J. 11, 1118–1129.
doi: 10.1038/ismej.2016.189

Levasseur, A., Drula, E., Lombard, V., Coutinho, P. M., and Henrissat, B. (2013).
Expansion of the enzymatic repertoire of the CAZy database to integrate
auxiliary redox enzymes. Biotechnol. Biofuels 6:41. doi: 10.1186/1754-6834-6-
41

Li, D., Luo, R., Liu, C. M., Leung, C. M., Ting, H. F., Sadakane, K., et al. (2016).
MEGAHIT v1.0: A fast and scalable metagenome assembler driven by advanced
methodologies and community practices. Methods 102, 3–11. doi: 10.1016/j.
ymeth.2016.02.020

Li, P., Tao, J., Lin, J., He, C., Shi, Q., Li, X., et al. (2019). Stratification of dissolved
organic matter in the upper 2000m water column at the Mariana Trench. Sci.
Total Environ. 668, 1222–1231. doi: 10.1016/j.scitotenv.2019.03.094

Frontiers in Microbiology | www.frontiersin.org 12 July 2021 | Volume 12 | Article 697860279

https://doi.org/10.1038/nmeth.3103
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.10..9..cmb.2012.0021
https://doi.org/10.10..9..cmb.2012.0021
https://doi.org/10.1111/1462-2920.14755
https://doi.org/10.2307/1942268
https://doi.org/10.1021/cr050347q
https://doi.org/10.1016/B978-0-12-405940-5.00012-1
https://doi.org/10.1016/B978-0-12-405940-5.00012-1
https://doi.org/10.1016/j.gca.2016.09.007
https://doi.org/10.1016/j.gca.2016.09.007
https://doi.org/10.1146/annurev-marine-122414-034058
https://doi.org/10.1146/annurev-marine-122414-034058
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1016/j.watres.2015.04.018
https://doi.org/10.1038/s41598-017-01759-4
https://doi.org/10.1038/s41467-018-07418-0
https://doi.org/10.1038/s41396-020-0615-5
https://doi.org/10.1038/s41396-020-0615-5
https://doi.org/10.5194/bg-9-1935-2012
https://doi.org/10.5194/bg-9-1935-2012
https://doi.org/10.3389/fmars.2018.00172
https://doi.org/10.1016/j.gca.2020.02.001
https://doi.org/10.1021/acsomega.0c01055
https://doi.org/10.1021/acsomega.0c01055
https://doi.org/10.1016/0304-4203(95)00008-F
https://doi.org/10.1016/0304-4203(95)00008-F
https://doi.org/10.1128/AEM.05452-11
https://doi.org/10.1038/s41396-018-0253-3
https://doi.org/10.1038/s41396-018-0253-3
https://doi.org/10.1093/nar/gkx894
https://doi.org/10.1093/bioinformatics/bts429
https://doi.org/10.1007/s00253-016-7713-3
https://doi.org/10.1007/s00253-016-7713-3
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1016/j.jbiosc.2017.10.014
https://doi.org/10.1002/rcm.2386
https://doi.org/10.1002/rcm.7433
https://doi.org/10.1016/j.gca.2013.02.017
https://doi.org/10.1016/j.gca.2013.02.017
http://www
https://doi.org/10.1146/annurev-marine-120308-081003
https://doi.org/10.1146/annurev-marine-120308-081003
https://doi.org/10.1111/j.1462-2920.2008.01588.x
https://doi.org/10.1038/ismej.2016.189
https://doi.org/10.1186/1754-6834-6-41
https://doi.org/10.1186/1754-6834-6-41
https://doi.org/10.1016/j.ymeth.2016.02.020
https://doi.org/10.1016/j.ymeth.2016.02.020
https://doi.org/10.1016/j.scitotenv.2019.03.094
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-697860 July 14, 2021 Time: 18:27 # 13

Wang et al. DOM Linked to Microbial Communities

Liang, C., Schimel, J. P., and Jastrow, J. D. (2017). The importance of anabolism
in microbial control over soil carbon storage. Nat. Microbiol. 2:17105. doi:
10.1038/nmicrobiol.2017.105

Lipp, J. S., Morono, Y., Inagaki, F., and Hinrichs, K. U. (2008). Significant
contribution of archaea to extant biomass in marine subsurface sediments.
Nature 454, 991–994. doi: 10.1038/nature07174

Liu, S., Parsons, R., Opalk, K., Baetge, N., Giovannoni, S., Bolaños, L. M., et al.
(2020). Different carboxyl−rich alicyclic molecules proxy compounds select
distinct bacterioplankton for oxidation of dissolved organic matter in the
mesopelagic Sargasso Sea. Limnol. Oceanogr. 65, 1532–1553. doi: 10.1002/lno.
11405

Liu, W. W., Pan, J., Feng, X., Li, M., Xu, Y., Wang, F., et al. (2020). Evidences of
aromatic degradation dominantly via the phenylacetic acid pathway in marine
benthic Thermoprofundales. Environ. Microbiol. 22, 329–342. doi: 10.1111/
1462-2920.14850

Lloyd, K. G., Schreiber, L., Petersen, D. G., Kjeldsen, K. U., Lever, M. A., Steen,
A. D., et al. (2013). Predominant archaea in marine sediments degrade detrital
proteins. Nature 496, 215–218. doi: 10.1038/nature12033

Luo, F., Gitiafroz, R., Devine, C, E., Gong, Y., Hug, L. A., Raskin, L.,
et al. (2014). Metatranscriptome of an anaerobic benzene-degrading, nitrate-
reducing enrichment culture reveals involvement of carboxylation in benzene
ring activation. Appl. Environ. Microbiol. 80, 4095–4107. doi: 10.1128/AEM.
00717-14

Mahmoudi, N., Beaupre, S. R., Steen, A. D., and Pearson, A. (2017). Sequential
bioavailability of sedimentary organic matter to heterotrophic bacteria. Environ.
Microbiol. 19, 2629–2644. doi: 10.1111/1462-2920.13745

Mei, W., Yu, G., Lai, J., Rao, Q., and Umezawa, Y. (2018). Package ‘basicTrendline’.
Meng, J., Xu, J., Qin, D., He, Y., Xiao, X., and Wang, F. (2014). Genetic and

functional properties of uncultivated MCG archaea assessed by metagenome
and gene expression analyses. ISME J. 8, 650–659. doi: 10.1038/ismej.2013.174

Mikheenko, A., Saveliev, V., and Gurevich, A. (2016). MetaQUAST: evaluation
of metagenome assemblies. Bioinformatics 32, 1088–1090. doi: 10.1093/
bioinformatics/btv697

Nikrad, M. P., Cottrell, M. T., Kirchman, D. L., and Kostka, J. E. (2014). Uptake
of dissolved organic carbon by gammaproteobacterial subgroups in Coastal
Waters of the West Antarctic Peninsula. Appl. Environ. Microbiol. 80, 3362–
3368. doi: 10.1128/aem.00121-14

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’hara, R., et al.
(2013). Package ‘vegan’. Commun. Ecol. Package Version 2, 1–295.

Oni, O. E., Schmidt, F., Miyatake, T., Kasten, S., Witt, M., Hinrichs, K. U., et al.
(2015). Microbial communities and organic matter composition in surface and
subsurface sediments of the Helgoland Mud Area, North Sea. Front. Microbiol.
6:1290. doi: 10.3389/fmicb.2015.01290

Orsi, W. D., Schink, B., Buckel, W., and Martin, W. F. (2020). Physiological limits
to life in anoxic subseafloor sediment. FEMS Microbiol. Rev. 44, 219–231. doi:
10.1093/femsre/fuaa004

Osterholz, H., Singer, G., Wemheuer, B., Daniel, R., Simon, M., Niggemann, J.,
et al. (2016). Deciphering associations between dissolved organic molecules
and bacterial communities in a pelagic marine system. ISME J. 10, 1717–1730.
doi: 10.1038/ismej.2015.231

Parkes, R. J., Cragg, B., Roussel, E., Webster, G., Weightman, A., and Sass, H.
(2014). A review of prokaryotic populations and processes in sub-seafloor
sediments, including biosphere:geosphere interactions. Mar. Geol. 352, 409–
425. doi: 10.1016/j.margeo.2014.02.009

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W.
(2015). CheckM: assessing the quality of microbial genomes recovered from
isolates, single cells, and metagenomes. Genome Res. 25, 1043–1055. doi: 10.
1101/gr.186072.114

Parvin, S., Van Geel, M., Yeasmin, T., Lievens, B., and Honnay, O. (2019). Variation
in arbuscular mycorrhizal fungal communities associated with lowland rice
(Oryza sativa) along a gradient of soil salinity and arsenic contamination in
Bangladesh. Sci. Total Environ. 686, 546–554. doi: 10.1016/j.scitotenv.2019.05.
450

Patro, R., Duggal, G., Love, M. I., Irizarry, R. A., and Kingsford,
C. (2017). Salmon provides fast and bias-aware quantification of
transcript expression. Nat. Methods 14, 417–419. doi: 10.1038/nmeth.
4197

Petro, C., Starnawski, P., Schramm, A., and Kjeldsen, K. U. (2017). Microbial
community assembly in marine sediments. Aquat. Microb. Ecol. 79, 177–195.
doi: 10.3354/ame01826

Riedel, T., Biester, H., and Dittmar, T. (2012). Molecular fractionation of dissolved
organic matter with metal salts. Environ. Sci. Technol. 46, 4419–4426. doi:
10.1021/es203901u

Saw, J. H. W., Nunoura, T., Hirai, M., Takaki, Y., Parsons, R., Michelsen, M., et al.
(2020). Pangenomics analysis reveals diversification of enzyme families and
niche specialization in globally abundant SAR202 Bacteria. mBio 11:e02975-19.
doi: 10.1128/mBio.02975-19

Schmidt, F., Koch, B. P., Goldhammer, T., Elvert, M., Witt, M., Lin, Y.-S., et al.
(2017). Unraveling signatures of biogeochemical processes and the depositional
setting in the molecular composition of pore water DOM across different
marine environments. Geochim. Cosmochim. Acta 207, 57–80. doi: 10.1016/j.
gca.2017.03.005

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al.
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12,
1–18. doi: 10.1186/gb-2011-12-6-r60

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D.,
et al. (2003). Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/
gr.1239303

Sleighter, R. L., and Hatcher, P. G. (2007). The application of electrospray
ionization coupled to ultrahigh resolution mass spectrometry for the molecular
characterization of natural organic matter. J. Mass Spectrom. 42, 559–574. doi:
10.1002/jms.1221

Teeling, H., Fuchs, B. M., Becher, D., Klockow, C., Gardebrecht, A., Bennke,
C. M., et al. (2012). Substrate-controlled succession of marine bacterioplankton
populations induced by a phytoplankton bloom. Science 336, 608–611. doi:
10.1126/science.1218344

Vuillemin, A., Kerrigan, Z., D’Hondt, S., and Orsi, W. D. (2020). Chloroflexi
persisting for millions of years in oxic and anoxic deep-sea clay. bioRxiv
[Preprint] doi: 10.1101/2020.05.26.116590

Wang, P., Zhang, T., Chen, S., Li, X., Lai, D., Gao, S., et al. (2020). Niche specificity
and potential terrestrial organic carbon utilization of benthic bathyarchaeota in
a eutrophic subtropic estuarine system. Chem. Geol. 556:119839. doi: 10.1016/j.
chemgeo.2020.119839

Wang, W., Tao, J., Liu, H., Li, P., Chen, S., Wang, P., et al. (2020). Contrasting
bacterial and archaeal distributions reflecting different geochemical processes
in a sediment core from the Pearl River Estuary. AMB Express 10:16. doi:
10.1186/s13568-020-0950-y

Wang, Y., Wegener, G., Hou, J., Wang, F., and Xiao, X. (2019). Expanding
anaerobic alkane metabolism in the domain of archaea. Nat. Microbiol. 4,
595–602. doi: 10.1038/s41564-019-0364-2

Wasmund, K., Schreiber, L., Lloyd, K. G., Petersen, D. G., Schramm, A.,
Stepanauskas, R., et al. (2014). Genome sequencing of a single cell of the widely
distributed marine subsurface Dehalococcoidia, phylum Chloroflexi. ISME J. 8,
383–397. doi: 10.1038/ismej.2013.143

Wöhlbrand, L., Jacob, J. H., Kube, M., Mussmann, M., Jarling, R., Beck, A., et al.
(2012). Complete genome, catabolic sub-proteomes and key-metabolites of
Desulfobacula toluolica Tol2, a marine, aromatic compound-degrading, sulfate-
reducing bacterium. Environ. Microbiol. 15, 1334–1355. doi: 10.1111/j.1462-
2920.2012.02885.x

Wu, Y.-W., Simmons, B. A., and Singer, S. W. (2016). MaxBin 2.0: an automated
binning algorithm to recover genomes from multiple metagenomic datasets.
Bioinformatics 32, 605–607. doi: 10.1093/bioinformatics/btv638

Yu, K., Qiu, Z., Mu, R., Qiao, X., Zhang, L., Lian, C.-A., et al., (2021). Recovery of
high-qualitied Genomes from a deep-inland Salt Lake Using BASALT. bioRxiv
doi: 10.1101/2021.03.05.434042

Yu, T., Wu, W., Liang, W., Lever, M. A., Hinrichs, K.-U., and Wang, F. (2018).
Growth of sedimentaryBathyarchaeotaon lignin as an energy source. Proc. Natl.
Acad. Sci. U.S.A. 115, 6022–6027. doi: 10.1073/pnas.1718854115

Yuan, Z., He, C., Shi, Q., Xu, C., Li, Z., Wang, C., et al. (2017). Molecular
insights into the transformation of dissolved organic matter in landfill
leachate concentrate during biodegradation and coagulation processes using
ESI FT-ICR MS. Environ. Sci. Technol. 51, 8110–8118. doi: 10.1021/acs.est.
7b02194

Frontiers in Microbiology | www.frontiersin.org 13 July 2021 | Volume 12 | Article 697860280

https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1038/nature07174
https://doi.org/10.1002/lno.11405
https://doi.org/10.1002/lno.11405
https://doi.org/10.1111/1462-2920.14850
https://doi.org/10.1111/1462-2920.14850
https://doi.org/10.1038/nature12033
https://doi.org/10.1128/AEM.00717-14
https://doi.org/10.1128/AEM.00717-14
https://doi.org/10.1111/1462-2920.13745
https://doi.org/10.1038/ismej.2013.174
https://doi.org/10.1093/bioinformatics/btv697
https://doi.org/10.1093/bioinformatics/btv697
https://doi.org/10.1128/aem.00121-14
https://doi.org/10.3389/fmicb.2015.01290
https://doi.org/10.1093/femsre/fuaa004
https://doi.org/10.1093/femsre/fuaa004
https://doi.org/10.1038/ismej.2015.231
https://doi.org/10.1016/j.margeo.2014.02.009
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1016/j.scitotenv.2019.05.450
https://doi.org/10.1016/j.scitotenv.2019.05.450
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.3354/ame01826
https://doi.org/10.1021/es203901u
https://doi.org/10.1021/es203901u
https://doi.org/10.1128/mBio.02975-19
https://doi.org/10.1016/j.gca.2017.03.005
https://doi.org/10.1016/j.gca.2017.03.005
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1002/jms.1221
https://doi.org/10.1002/jms.1221
https://doi.org/10.1126/science.1218344
https://doi.org/10.1126/science.1218344
https://doi.org/10.1101/2020.05.26.116590
https://doi.org/10.1016/j.chemgeo.2020.119839
https://doi.org/10.1016/j.chemgeo.2020.119839
https://doi.org/10.1186/s13568-020-0950-y
https://doi.org/10.1186/s13568-020-0950-y
https://doi.org/10.1038/s41564-019-0364-2
https://doi.org/10.1038/ismej.2013.143
https://doi.org/10.1111/j.1462-2920.2012.02885.x
https://doi.org/10.1111/j.1462-2920.2012.02885.x
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1101/2021.03.05.434042
https://doi.org/10.1073/pnas.1718854115
https://doi.org/10.1021/acs.est.7b02194
https://doi.org/10.1021/acs.est.7b02194
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-697860 July 14, 2021 Time: 18:27 # 14

Wang et al. DOM Linked to Microbial Communities

Zhao, W., Hu, A., Ni, Z., Wang, Q., Zhang, E., Yang, X., et al. (2019). Biodiversity
patterns across taxonomic groups along a lake water-depth gradient: effects of
abiotic and biotic drivers. Sci. Total Environ. 686, 1262–1271. doi: 10.1016/j.
scitotenv.2019.05.381

Zhao, Z., Gonsior, M., Schmitt-Kopplin, P., Zhan, Y., Zhang, R., Jiao, N.,
et al. (2019). Microbial transformation of virus-induced dissolved organic
matter from picocyanobacteria: coupling of bacterial diversity and DOM
chemodiversity. ISME J. 13, 2551–2565. doi: 10.1038/s41396-019-0449-1

Zhou, Z., Pan, J., Wang, F., Gu, J. D., and Li, M. (2018). Bathyarchaeota: globally
distributed metabolic generalists in anoxic environments. FEMS Microbiol. Rev.
42, 639–655. doi: 10.1093/femsre/fuy023

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Wang, Tao, Yu, He, Wang, Li, Chen, Xu, Shi and Zhang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 14 July 2021 | Volume 12 | Article 697860281

https://doi.org/10.1016/j.scitotenv.2019.05.381
https://doi.org/10.1016/j.scitotenv.2019.05.381
https://doi.org/10.1038/s41396-019-0449-1
https://doi.org/10.1093/femsre/fuy023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-610675 September 7, 2021 Time: 12:52 # 1

ORIGINAL RESEARCH
published: 13 September 2021

doi: 10.3389/fmicb.2021.610675

Edited by:
Brian P. Hedlund,

University of Nevada, Las Vegas,
United States

Reviewed by:
Julius Sebastian Lipp,

University of Bremen, Germany
Yu-Shih Lin,

National Sun Yat-sen University,
Taiwan

Yige Zhang,
Texas A&M University, United States

*Correspondence:
Edward F. DeLong

edelong@hawaii.edu

Specialty section:
This article was submitted to

Biology of Archaea,
a section of the journal

Frontiers in Microbiology

Received: 26 September 2020
Accepted: 23 August 2021

Published: 13 September 2021

Citation:
Li F, Leu A, Poff K, Carlson LT,

Ingalls AE and DeLong EF (2021)
Planktonic Archaeal Ether Lipid

Origins in Surface Waters of the North
Pacific Subtropical Gyre.

Front. Microbiol. 12:610675.
doi: 10.3389/fmicb.2021.610675

Planktonic Archaeal Ether Lipid
Origins in Surface Waters of the
North Pacific Subtropical Gyre
Fuyan Li1, Andy Leu1, Kirsten Poff1, Laura T. Carlson2, Anitra E. Ingalls2 and
Edward F. DeLong1*

1 Daniel K. Inouye Center for Microbial Oceanography: Research and Education, University of Hawai’i at Mânoa, Honolulu,
HI, United States, 2 School of Oceanography, University of Washington, Seattle, WA, United States

Thaumarchaeota and Thermoplasmatota are the most abundant planktonic archaea
in the sea. Thaumarchaeota contain tetraether lipids as their major membrane lipids,
but the lipid composition of uncultured planktonic Thermoplasmatota representatives
remains unknown. To address this knowledge gap, we quantified archaeal cells and
ether lipids in open ocean depth profiles (0–200 m) of the North Pacific Subtropical
Gyre. Planktonic archaeal community structure and ether lipid composition in the
water column partitioned into two separate clusters: one above the deep chlorophyll
maximum, the other within and below it. In surface waters, Thermoplasmatota
densities ranged from 2.11 × 106 to 6.02 × 106 cells/L, while Thaumarchaeota
were undetectable. As previously reported for Thaumarchaeota, potential homologs
of archaeal tetraether ring synthases were present in planktonic Thermoplasmatota
metagenomes. Despite the absence of Thaumarchaeota in surface waters, measurable
amounts of intact polar ether lipids were found there. Based on cell abundance
estimates, these surface water archaeal ether lipids contributed only 1.21 × 10−9 ng
lipid/Thermoplasmatota cell, about three orders of magnitude less than that reported
for Thaumarchaeota cells. While these data indicate that even if some tetraether and
diether lipids may be derived from Thermoplasmatota, they would only comprise a small
fraction of Thermoplasmatota total biomass. Therefore, while both MGI Thaumarchaeota
and MGII/III Thermoplasmatota are potential biological sources of archaeal GDGTs,
the Thaumarchaeota appear to be the major contributors of archaeal tetraether lipids
in planktonic marine habitats. These results extend and confirm previous reports of
planktonic archaeal lipid sources, and further emphasize the need for Thermoplasmatota
cultivation, to better characterize the membrane lipid constituents of marine planktonic
Thermoplasmatota, and more precisely define the sources and patterns of archaeal
tetraether lipid distributions in marine plankton.

Keywords: planktonic Thermoplasmatota, archaeal ether lipids, archaeal GDGT ring synthases, euphotic zone,
NPSG

INTRODUCTION

Marine planktonic Archaea are abundant in diverse marine planktonic environments (DeLong,
1992, 1998; Fuhrman et al., 1992; DeLong et al., 1994), and play important roles in the
biogeochemical cycles of carbon and nitrogen (Ingalls et al., 2006; Falkowski et al., 2008; Martin-
Cuadrado et al., 2008; Iverson et al., 2012). Three major groups of planktonic archaea are distributed
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in the marine water column. The most abundant group
was originally called Marine Group I (MGI) planktonic
Crenarchaeota (DeLong, 1992). This general phylogenetic group
was later referred to as Thaumarchaeota as genomic analyses
and protein phylogenies became available (Preston et al.,
1996; Hallam et al., 2006a,b; Brochier-Armanet et al., 2008).
Thaumarchaeota are more abundant below the base of the
epipelagic zone and in the meso- and bathypelagic (Karner et al.,
2001; Mincer et al., 2007; Brown et al., 2009; Church et al.,
2010). The two other most abundant planktonic archaeal groups
belong to the Thermoplasmatota (formerly Thermoplasmatales
in Euryarchaeota, Rinke et al., 2019), and include MGII
Archaea (DeLong, 1992), which are more abundant in the
surface and in the deep chlorophyll maximum (DCM) (Massana
et al., 2000; DeLong et al., 2006; Mincer et al., 2007; Hugoni
et al., 2013); and MGIII Archaea (Fuhrman and Davis, 1997),
which can be detected throughout the water column but
are found more frequently in deeper waters (Massana et al.,
1997; DeLong et al., 2006; Haro-Moreno et al., 2017). To
date, only the Thaumarchaeota have been cultivated, and all
cultivars are chemolithotrophic ammonia oxidizers (Könneke
et al., 2005; Kim et al., 2016; Qin et al., 2017). Some deeply
branching lineages affiliated with Thaumarchaeota pSL12-like
clade however (Mincer et al., 2007; Church et al., 2010), appear
to be capable of heterotrophic growth (Aylward and Santoro,
2020; Reji and Francis, 2020). Symbiotic or cultured MGI
Thaumarchaeota synthesize glycerol dialkyl glycerol tetraethers
(GDGTs) with zero through four cyclopentane rings (DeLong
et al., 1998; Schouten et al., 2008) and crenarchaeol, a distinct
GDGT containing four cyclopentane and one cyclohexane ring
(Schouten et al., 2008). Among isolated Archaea, crenarchaeol
is unique to Thaumarchaeota and is also ubiquitous within this
group. As such, crenarchaeol is used extensively as a biomarker
for ammonia-oxidizing Archaea (AOA) (Schouten et al., 2008,
2013; Qin et al., 2015; Kim et al., 2016). The other GDGTs
with cyclopentane rings are also synthesized by other archaea
including members of the Crenarchaeota and Euryarchaeota
(Pearson and Ingalls, 2013).

Glycerol dialkyl glycerol tetraethers produced by planktonic
Thaumarchaeota within and below the DCM (primarily between
80 and 250 m) are incorporated into sinking particles, and
accumulate in sediments (Hurley et al., 2018). Intact polar
lipids (IP-GDGTs), core lipids (C-GDGTs) with one to two
phosphatidic, glycosidic, or glycophosphatidic head groups
attached, are assumed to rapidly degrade with cleavage of
polar head groups after cell death (White et al., 1979; Harvey
et al., 1986), and are used as quantitative indicators of living
AOA in the marine water column (Schubotz et al., 2009;
Pitcher et al., 2011; Ingalls et al., 2012; Basse et al., 2014).
C-GDGTs are more recalcitrant to degradation and can be
preserved in sediments over millions of years, which enables
the application of these lipids in paleoenvironmental studies
(Kuypers et al., 2001; Pearson et al., 2001). The sediment core-
top TEX86 proxy, based on the ratio between C-GDGTs with
one to three cyclopentane moieties and the crenarchaeol isomer,
is observed to correlate with sea surface temperature (SST)
(Schouten et al., 2002; Kim et al., 2010). This proxy is used

to reconstruct the paleotemperature of the sea surface (Zachos
et al., 2006; Tierney et al., 2010; Schefuß et al., 2011). MGI
Thaumarchaeota and their lipids occur preferentially in the
subsurface and deeper, however, where temperatures are much
lower than SST, especially from the tropical to subtropical regions
(∼30◦N–30◦S) (Ho and Laepple, 2016; Hurley et al., 2018;
Zhang and Liu, 2018).

The mismatch between the habitat and depth profiles
of known GDGT producing Thaumarchaeota and the use
of GDGTs as a proxy of SST, has led to speculation
that other planktonic archaeal groups, in particular the
Thermoplasmatota, may also produce GDGTs in surface waters
and contribute to sedimentary GDGTs (Lincoln et al., 2014;
Ma et al., 2020). It was proposed that the prevalence of
MGII Archaea at the ocean’s surface might help explain
why surficial sediment TEX86 values reflect SST temperatures,
even though most modern-day Thaumarchaeota do not reside
in the sea surface and their lipids are only present in
trace quantities. The TEX86 signatures of Thaumarchaeota
could also be influenced by oxygen availability (Qin et al.,
2015) and ammonia oxidation rate (Hurley et al., 2016).
Environmental metagenome assembly data show that genomes
of MGII/III Archaea harbor genes coding for catalysis of ether
bond formation (i.e., geranylgeranylglyceryl phosphate synthase,
GGGP; digeranylgeranylglyceryl phosphate synthase, DGGGP),
and that these groups of archaea may have the genetic potential
to synthesize GDGTs (Iverson et al., 2012; Deschamps et al., 2014;
Villanueva et al., 2017). Station ALOHA offers an opportunity
to use a well-stratified water column to directly compare
lipids and genes.

Current best estimates for the origin of the TEX86 proxy
indicate that archaeal lipids produced at or near the base of
the euphotic zone are the major contributors to sedimentary
GDGTs (Hurley et al., 2018). This also often corresponds with
the base of the nitrite maximum. The euphotic layer of the
North Pacific Subtropical Gyre (NPSG) is on average at ∼173 m
(±7 m) (Letelier et al., 1996; Karl and Church, 2017). The
upper primary nitrite maximum is located within the DCM
or just below it, i.e., near the base of the euphotic layer
(Dore and Karl, 1996). To further investigate the contribution
of MGI Thaumarchaeota and MGII/III Thermoplasmatota to
the production of ether lipids in the euphotic zone, we
examined planktonic archaeal community profiles determined
by amplicon sequence analyses, and the distribution of ether
lipids (i.e., GDGTs and archeol) in high resolution depth
profiles (between 0 and 200 m) in the NPSG (Figure 1
and Supplementary Table 1). Amplicon sequencing, and
droplet digital Polymerase Chain Reaction (ddPCR) analyses
of small subunit ribosomal RNA (SSU rRNA) genes, were
used to determine archaeal community profiles in the upper
200 m. Using the same filter samples, we measured in
parallel ether lipids including C-, monohexose- (MH-GDGTs),
dihexose- (DH-GDGTs), phosphohexose- (PH-GDGTs), and
hexose-phosphohexose-GDGTs (HPH-GDGTs), and C-archeol
(see structures in Supplementary Figure 1). We explore the
relationship between GDGT occurrence and planktonic archaeal
communities found at the same depths.
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FIGURE 1 | Distribution and abundance of different archaeal groups and Chl a in the water column as a function of depth. The line plots (left) show distribution
patterns of Chl a and absolute archaeal rRNA gene abundances as a function of depth. The bar plots (right) show the relative abundance of the different archaeal
lineages as a function of depth.

MATERIALS AND METHODS

Sampling and Water Parameters
Seawater samples from the euphotic zone (between surface and
200 m) were collected at the Hawaii Ocean Time-Series Station
ALOHA [Station 2 (S2)] during HOT cruise 296 (October 5–8,
2017), and at the center of a cyclonic eddy [Station 16 (S16)]
during the MESO-SCOPE cruise KM1709 (June 26 to July 15,
2017) (Supplementary Figure 2 and Supplementary Table 1).
The filtration was subsequently conducted through 0.22 µm
Durapore PVDF membrane filters with 25 mm diameter for
DNA sample collection and 47 mm diameter for lipid sample
collection (EMD Millipore, Billerica, MA, United States) (see
detailed information in Supplementary Table 1). Samples of 2 L
were collected for DNA analysis whereas samples of 20–30 L
from the remaining water were collected for lipid analysis. After
filtering was completed, DNA filter samples were immediately
placed in RNAlater stabilization solution (Ambion, Carlsbad, CA,
United States). All filters were frozen at −80◦C on board, then
transported to lab using dry ice and preserved at −80◦C prior to
extraction of DNA and lipids.

Environmental parameters such as temperature, salinity,
density and Chl a were retrieved from CTD data available on
the HOT-DOGS website http://hahana.soest.hawaii.edu/hot/
hot-dogs/ for station HOT296_S2 and on the SCOPE website

http://scope.soest.hawaii.edu/data/mesoscope/mesoscope.html
for KM1709_S16.

DNA Extraction, Sequencing and
Quantification
DNA was extracted using the PowerBiofilm DNA Isolation
kit (MO BIO, Carlsbad, CA, United States) according to the
manufactures protocol after RNAlater was removed. The V4
region of the SSU rRNA gene was amplified with universal
primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′, Parada
et al., 2016) and 806RB (5′-GGACTACNVGGGTWTCTAAT-
3′, Apprill et al., 2015), modified from Caporaso et al. (2011).
PCR amplification procedures were modified from the SSU rRNA
illumina amplicon protocol of Earth Microbiome Project (2018).
Cycling conditions are as follows: 94◦C for 3 min; 28 cycles of
94◦C for 45 s, 50◦C for 60 s, and 72◦C for 90 s; followed by
72◦C for 10 min. Amplicons were purified with AMPure XP
beads (Beckman Coulter, Brea, CA, United States) and their
size was verified using agarose gel electrophoresis. Following
this step, all purified PCR products were pooled together and
sequenced on the illumina MiSeq platform using the MiSeq
Reagent Kits v2 300-cycles chemistry (Illumina, San Diego, CA,
United States). All SSU rRNA amplicon sequencing data have
deposited in the NCBI Sequence Read Archive under project
number PRJNA614540.
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The ddPCR assays were performed with the same barcoded
primers. Briefly, the reaction mixtures contained 1 × EvaGreen
ddPCR Supermix (Bio-Rad, Hercules, CA, United States),
100 nM of each primer and 0.03 ng of template DNA in 20 µL
volume. Control reactions replaced the DNA template with
nuclease-free water (Ambion, Austin, TX, United States). Each
reaction was mixed with 70 µL of droplet generation oil (Bio-
Rad) and partitioned into 14657–19526 droplets in a QX200
droplet generator (Bio-Rad). After processing, droplets were
transferred into a 96-well ddPCR plate (Bio-Rad) and heated-
sealed with pierceable foil (Bio-Rad). The PCRs were initiated at
95◦C for 5 min DNA polymerase activation, followed by 40 cycles
of a two-step thermal profile of 30 s at 95◦C for denaturation and
2 min at 54.6◦C for annealing and extension, and one cycle of
4◦C for 5 min and 90◦C for 5 min for droplet stabilization. After
amplification, the fluorescence intensity of individual droplets
was detected with QX200 droplet reader (Bio-Rad). Data were
analyzed with QuantaSoft droplet reader software (Bio-Rad).
Positive and negative signals were detected automatically or
manually and the target DNA concentrations were calculated.
Nothing was obtained in control reaction.

Processing of Sequence Data
Illumina pair-end sequences were processed with Trimmomatic
v0.36 (Bolger et al., 2014), QIIME 1.9.1 (Caporaso et al., 2010),
and DADA2 v1.6 (Callahan et al., 2016). Trimmomatic was
used to remove adapters and trim low quality bases using
the associated threshold parameters: the minimum leading
quality = 3, the minimum trailing quality = 3, the number of
bases within sliding window = 4, the average quality required
for sliding window = 15, the minimum length = 100. The
trimmed reads were demultiplexed and split into individual
sample files with QIIME. After trimming and demultiplexing,
amplicon sequences were further processed using the R package
DADA2. We removed any sequences with length shorter than
110 or longer than 220, with ambiguous nucleotide assignment,
or with greater than 2 expected errors. All identical sequences
were combined into unique sequences through the step of
dereplication. An error model was generated to evaluate the
probability of each unique sequence being a real sequence
versus an artifact sequence produced from PCR or sequencing.
The error model was subsequently parameterized and applied
for denoising forward and reverse reads independently. The
denoised forward and reverse reads were merged together with
overlap by at least 12 bases. Amplicon sequence variants (AASVs)
were constructed based on exact sequence variants inferred
from merged sequences, and then chimeras were removed.
The taxonomy was assigned to individual AASVs using the
SILVA v132 database. Only sequences restricted to Archaea were
included for the following analysis and discussion in this study.

Phylogenetic Analysis
BLASTP searches of archaeal GDGT ring synthases GrsA
(Saci_1585) and GrsB (Saci_0240), and Saci_1785 (as an
outgroup) homologs from archaeal isolates in Supplementary
Table 1 of Zeng et al. (2019) was performed against the Genome
Taxonomy Database using an e-value cutoff of ≤1e−5 and amino

acid identity cutoff of ≥20%. Hits against reference MGII and
MGIII genomes were collected. In addition, the ALOHA gene
catalog (Mende et al., 2017) was searched for putative GrsA
and GrsB homologs from MGII and MGIII with an amino acid
identity cutoff of ≥90%.

The Grs homologs from MGII and MGIII metagenome
assembled genomes (MAGs) in GTDB and the ALOHA
gene catalog, and from the archaeal isolates were filtered
by length (≥400 aa) and aligned using mafft v7.407 with
the–auto function and the alignment trimmed using trimal
v1.41 “-automated1” option. A phylogenetic tree was constructed
using FastTree V. 2.1.10 with the LG + GAMMA models
and rooted by midpoint. Bootstrap values were calculated via
non-parametric bootstrapping with 100 replicates. The tree was
visualized using the Interactive Tree of Life (iTOL) online tool2

(Letunic and Bork, 2016).
The metagenomic sequence read coverage value for the

putative Grs homologs of MGII/III from the ALOHA gene
catalog 2.0 was estimated using coverM 0.3.1 with the -m
trimmed_mean –min-read-percent-identity 0.95 –min-read-
aligned-percent 0.75 option. The coverage profile was reported
here with the cutoff of 1.

Lipid Extraction and Analysis
Lipids were ultrasonically extracted from filters using a modified
Bligh-Dyer method with a solvent mixture of methanol,
dichloromethane and aqueous buffer (2:1:0.8) (Sturt et al., 2004).
Phosphate buffer (50 mM) was used for the first two extractions
and trichloroacetic acid buffer (50 mM) was used for the
remaining two extractions (Sturt et al., 2004). The total lipid
extracts (TLEs) were dried under a stream of N2, dissolved in
methanol with the addition of the internal standard C46 and then
split into two equal aliquots. One aliquot was subjected to acid
hydrolysis with 5% HCl in methanol at 100◦C overnight to cleave
polar head groups.

Both non-hydrolyzed and hydrolyzed aliquots were
analyzed with a Waters I-class Acquity ultra-high performance
liquid chromatograph (Waters, Milford, MA, United States)
coupled to a Q Exactive HF Orbitrap mass spectrometer
(UHPLC-ESI-MSQ Exactive Thermo Fisher Scientific, Waltham,
MA, United States) equipped with an electrospray ionization
source. Samples were run with the mass spectrometer in full scan
mode (450–1800 m/z) and again in selected ion monitoring (SIM)
mode in order to enhance sensitivity for very low abundance
lipids detected in the full scan mode. Analyte separation was
achieved on an ACE 3 C18 column (2.1× 150 mm, 3 um particle
size, Advanced Chromatography Technologies Ltd., Aberdeen,
Scotland) maintained at 45◦C with a flow rate of 0.2 mL/min
(Zhu et al., 2013). Solvent A was methanol, formic acid, and
ammonia (100/0.04/0.10) and Solvent B was Isopropyl alcohol,
formic acid, ammonia (100/0.04/0.10). In brief, GDGTs were
eluted with the following gradient: 100% A for 1 min, followed
by a gradient to 24% B over 5 min and a gradient to 65% B over

1https://github.com/scapella/trimal
2http://itol.embl.de/
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55 min. The column was flushed with 75% B for 5 min and
re-equilibrated with 100% A for 8 min.

In order to minimize the noise and collect enough data
points per peak based on the Q Exactive resolution, multiple
time windows related to each lipid class were applied in
the selected ion monitoring (SIM), with each time window
having the maximum of 20 compounds targeted using the scan
mass point of 0.5 Da. Target lipids (Supplementary Figure 1)
were determined with SIM [i.e., ammoniated ([M + NH4]+),
sodiated ([M + Na]+), and protonated ([M + H]+) molecules].
The further MS/MS fragmentation was carried out only for
[M+NH4]+ and [M+H]+ molecules on selected samples using
collision energy 20 or 25.

Glycerol dialkyl glycerol tetraethers and archeol were
identified by retention time, molecular mass and MS/MS
fragmentation patterns. Corresponding core lipids before and
after acid hydrolysis were quantified relative to the response of the
internal standard C46. A standard mix solution was constructed
with C46, the purchased archeol standard (1,2-di-O-phytanyl-sn-
glycerol from Avanti Lipids, Alabaster, AL, United States), and
crenarchaeol which was purified from a marine sediment extract
in Ann Pearson’s lab in Harvard University. Dilution series of the
standard mix solution ranged in concentration from 1 to 5 ng
of each standard. Response factors of 1.5 for crenarchaeol and
4.0 for archeol were applied to core lipids, based on the averaged
relative response of crenarchaeol and archeol relative to the C46
internal standard, respectively.

Only compounds with signal to noise ratio (SN) ≥ 5
(calculated automatically in the Xcalibur with the algorithm
ICIS) were reported. Due to the lack of authentic internal
standards, absolute quantification of MH-, DH-, PH-, and HPH-
GDGTs can’t be calculated. Instead, relative distribution of these
GDGTs in individual intact polar lipid forms was reported
separately here based on the peak area. Abundances of IP-
GDGTs and -archeol were obtained by subtraction of core
lipids between non-hydrolyzed and hydrolyzed fractions (Ingalls
et al., 2012). When using this hydrolysis method, negative
calculated values of intact polar lipids were obtained in the
surface, likely due to differences in matrix effects related to
variability in sample preparation. We treated the negative value
as zero for individual IP-ethers when calculating the sum of IP-
ethers, and only reported the concentration of total IP-ethers
for each sample when comparing with the archaeal biomass (see
Supplementary Table 1).

RESULTS

Water column profiles in the epipelagic zone in the NPSG were
investigated from the HOT Station ALOHA (S2) during HOT
cruise 296 and from the center of a cyclonic eddy (S16) during
the MESO-SCOPE cruise KM1709 (Supplementary Figure 2).
The hydrographic features (temperature, salinity, density, and
chlorophyll a) were in general similar between the two samplings
(Supplementary Figure 2). Station HOT296_S2 had a shallow
salinity maximum at around 140 m, due to the subduction of
high salinity waters into the pycnocline (Lukas, 2001). The DCM

occurred at 120 m in station HOT296_S2, and at 125 m in station
KM1709_S16 (Supplementary Figure 2).

Vertical Profiles of the Archaeal
Community Based on Investigation of
the SSU rRNA Gene
A total of 162,748 high-quality archaeal sequences were recovered
from the two vertical profiles at stations HOT296_S2 and
KM1709_S16, which ranged from 1,695 to 40,915 sequences per
sample, with an average of 9,573 per sample (Supplementary
Table 2). Rarefaction curves of archaeal AASVs detected
relative to sequencing effort, displayed clear signs of saturation,
suggesting that archaeal diversity was adequately sampled
(Supplementary Figure 3). In all, 231 AASVs were identified,
which ranged from 18 to 23 AASVs per sample (a mean value
of 21) above DCM of HOT296_S2 and from 9 to 18 (a mean
value of 14) above DCM of KM1709_S16 (Supplementary
Figure 4A). The richness observed within and below DCM varied
between 33 and 78 AASVs per sample (a mean value of 52)
in HOT296_S2, and 48–154 (a mean value of 105) AASVs in
KM1709_S16 (Supplementary Figure 4A). The Shannon index
estimated alpha diversity ranged from 2.34 to 2.82 (a mean
value of 2.54) above the DCM in HOT296_S2, and from 1.82
to 2.40 (a mean value of 2.04) in KM1709_S16 (Supplementary
Figure 4B). Within and below DCM, the Shannon index varied
between 2.33 and 3.14 (a mean value of 2.66) in HOT296_S2 and
between 2.82 and 4.08 (a mean value of 3.63) in KM1709_S16
(Supplementary Figure 4B). Diversity estimates of richness and
Shannon index both were generally lower above DCM, relative to
those within and below DCM.

Archaeal community structure varied with depth. Above
the DCM, Thermoplasmatota were by far the predominant,
if not exclusive, planktonic archaeal group present by several
orders of magnitude. Thaumarchaeota represented less than 0.5%
Archaea at 100 m at both stations, Halobacterota [the phylum
proposed based on genome phylogenies (Parks et al., 2018)3]
represented less than 0.4% Archaea at 75 and 100 m at the
HOT296_S2 station and Nanoarchaeota represented less than
0.1% of Archaea at 25 and 45 m at the HOT296_S2 station
(Figure 1 and Supplementary Table 2). Within and below
the DCM, planktonic Thermoplasmatota accounted for 53.3–
67.2% of the total Archaea in HOT296_S2 and 43.9–71.8% in
KM1709_S16. Thaumarchaeota were significantly enriched in
and below the DCM, comprising 32.2–46.1% of archaeal rRNAs
in HOT296_S2, and 28.2–55.2% in KM1709_S16 (Figure 1 and
Supplementary Table 2). Planktonic Thermoplasmatota were
dominated by MGII (51.9–93.9% Archaea above DCM, and 26.4–
51.0% Archaea within and below DCM) being relatively more
abundant, compared to MGIII (6.1–48.1% Archaea above DCM,
and 17.6–30.0% Archaea within and below DCM) (Figure 1 and
Supplementary Table 2).

Non-metric multidimensional scaling (NMDS) analysis was
used to visualize Bray-Curtis dissimilarity profiles of AASV
distributions among the different samples. NMDS plots showed

3http://gtdb.ecogenomic.org/tree
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the tendency of samples within and below the DCM to be
more tightly clustered, and separated from samples above the
DCM (Figure 2A).

Depth Distribution of Archaeal Ether
Lipids
Hexose- phosphohexose-, PH-, DH-, MH-, and C-GDGTs
and C-archeol (Supplementary Figure 1) were identified
here and their structures were confirmed by MS/MS analysis
(see Supplementary Text and Supplementary Figures 5–
10). Although we did not determine a limit of detection or
quantification for each GDGT, a peak that was five times the
noise (a reasonable value for a limit of quantification using SIM)
was estimated to be 0.00060 ng/L (crenarchaeol isomer in the
acid-hydrolyzed fraction at 100 m in KM1709_S16) and was
the lowest concentration we calculated. The quantification limit
was applied to core lipids of GDGTs detected in hydrolyzed and
non-hydrolyzed fractions. The peak for GDGT-1 at 20 m in
KM1709_S16 had a SN close to 5 and was therefore less than the
limit of quantification of 0.0006 ng/L. This compound however,
was likely a real peak showing the presence of GDGT-1, and thus
was reported here. All sampling depths showed the existence of
GDGTs, except the 45 m station of HOT296_S2 where GDGTs
were below the quantification limit (0.00060 ng/L) (Figure 3 and
Supplementary Figure 5). In this sample, a mass feature with the
same exact mass as GDGT-0 was detected after acid hydrolysis
of the sample, but it could not be differentiated from noise
(signal to noise ratio = 2, Supplementary Figure 5). This lipid
sample could be treated as the control collected in situ, compared
to other lipid samples. Subsequent GDGT analyses discussed
here therefore refer to all but this one sample. The identity of
core and intact polar lipids within shallow depths (≤40 m) was
validated by detection of characteristic fragment ions in MS/MS
spectra (see Supplementary Figures 11–14). The intensity of
the mass spectral signal was lower in shallow samples compared
to deep ones (e.g., those below DCM), but dominant product
ions were still observed in near-surface samples (Supplementary
Figures 11–14).

Hexose- phosphohexose-, PH-, DH-, MH-, and C-GDGTs
and C-archeol were detected in the non-hydrolyzed fractions
while total GDGTs and total archeol were detected in acid
hydrolyzed fractions (Figure 3). Above the DCM, concentrations
of total GDGTs were very low, ranging from 0.015 to
0.077 ng/L in HOT296_S2 and from 0.0058 to 0.19 ng/L
in KM1709_S16 (Figure 3, Supplementary Table 1, and
Supplementary Figure 15). GDGTs under the quantification
limit (0.00060 ng/L) would not have a significant impact on
the GDGT distributions at the surface (see the measured
concentrations of individual total GDGTs compared to the limit
in Supplementary Table 1). Within and below the DCM, total
GDGT concentrations increased greatly by 100–1000 fold, and
varied between 6.73 and 11.32 ng/L in HOT296_S2, and 9.22–
18.59 ng/L in KM1709_S16 (Figure 3, Supplementary Table 1,
and Supplementary Figure 15). Along depth profiles, the total
GDGTs reached maximum values at 175 m at the HOT296_S2
station, and at 160 m at the KM1709_S16 station (Figure 3,

Supplementary Table 1, and Supplementary Figure 15). Profiles
of total archeol showed the same pattern in depth profiles at
both stations, except that the maximum value at the KM1709_S16
station was at 180 m (Figure 3, Supplementary Table 1, and
Supplementary Figure 15). Archeol was either undetectable, or
accounted for only a minor fraction of archaeal lipids (mostly
less than 5%), at all depths except 75 m of HOT296_S2, where
the diethers comprised 78% of all archaeal ether lipids (Figure 3,
Supplementary Table 1, and Supplementary Figure 15). For the
intact polar counterparts of archeol, only monohexose-archeol
was detected in our samples.

In the total GDGT pool and in the C-, HPH-, and MH-
GDGTs pools, crenarchaeol was either the only compound,
or the predominant compound detected above the DCM in
HOT296_S2. Other GDGTs were present in lesser abundance, or
below detection limits. For example, GDGT-2 from hydrolyzed
fractions and GDGT-0 in the HPH-GDGTs were at lower
abundance at 5 m depth (Figure 3). The distributional patterns
of GDGTs above DCM in KM1709_S16 were more complex.
In the total GDGTs and in C-GDGTs, GDGT-0 was the most
abundant molecule at 20 and 40 m, whereas samples at 60, 80, and
100 m were dominated by GDGT-0 and crenarchaeol (Figure 3).
In the HPH-GDGT fraction, crenarchaeol was the only lipid
detected at 20 m, GDGT-1 was predominant at 80 and 100 m,
and samples at 40 and 60 m were composed of almost equal
GDGT-1 and crenarchaeol (Figure 3). GDGT-2 and crenarchaeol
isomer were observed abundantly at 60 m in the DH-GDGT
fraction (Figure 3). The MH-GDGT patterns above the DCM
were more similar to those found at the HOT296_S2 station, and
were dominated by crenarchaeol (Figure 3).

Within and below the DCM, GDGTs at the HOT296_S2
station closely resembled those of KM1709_S16, and contained
a high abundance of GDGT-0 and crenarchaeol in the total
GDGTs and in C-, HPH-, and MH-GDGT fractions, with
GDGT-2 and the crenarchaeol isomer dominating the DH-
GDGTs, and GDGT-0 being the most abundant lipid in PH-
GDGTs (Figure 3).

Non-metric multidimensional scaling analyses of the depth
distributions of GDGTs and archeol in the total lipids, in core
lipids, and in HPH-, MH-, DH-, and PH-GDGT fractions were
performed (Figure 3). Similar to the NMDS results from AASV
analyses, samples within and below DCM were clustered together
and were well separated from samples above the DCM, but
grouped together less tightly (Figure 2B).

A non-targeted full scan analysis was also applied here,
as well as targeted screening method for the derivatives of
GDGTs and archeol including unsaturated, hydroxy and methoxy
counterparts as reported in Elling et al. (2014, 2017), with
one exception for unsaturated archeol which was not targeted.
This lipid class was not identified in our samples from full
scan method. And none of these derivatives or lipids related
to the production from Archaea were detected in surface
water. Only Glycerol Dibiphytanol Diethers (GDDs) were
observed at and below 100 m in KM1709_S16 and within
and below the DCM in HOT296_S2, which were reported
to be components of membrane lipids in Thaumarchaeota
(Elling et al., 2014, 2017).
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FIGURE 2 | Non-metric multidimensional scaling plots of archaeal rRNA and lipid abundance patterns. Bray-Curtis distance matrices generated from relative
abundances of archaeal ASVs (A) and ether lipids (B). Both stress values (0.063 for archaeal ASVs and 0.055 for archaeal GDGTs) are less than 0.1, indicating that
each of the NMDS ordinations significantly represents the configuration of samples.

FIGURE 3 | Archaeal lipid distributions and concentrations in the water column. Total GDGTs (the sum of C- and IP-GDGTs) and archeol (the sum of C- and
IP-archeol) from acid-hydrolyzed fraction, and relative abundances of individual GDGTs in total lipids and in C-, HPH-, DH-, MH-, and PH-GDGTs along depths.

Detection and Analyses of the Putative
Homologs of Archaeal GDGT Ring
Synthases (GrsA and GrsB) in MGII/III
Archaea, and Their Distributions With
Depth
The radical S-adenosylmethionine (SAM) genes encoding
GrsA and GrsB in Sulfolobus acidocaldarius were recently

experimentally verified as having authentic archaeal GDGT ring
synthase activity in this archaeal thermophile, and homologs
were identified in Thaumarchaeota genomes (Zeng et al.,
2019). We therefore used these genes to identify candidate
homologous proteins from planktonic MGII/III Archaea. A total
of 120 homologous sequences from MGII/III Archaea were
detected in the GTDB database (Parks et al., 2018) and 52
representatives of putative proteins were in the Station ALOHA
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gene catalog, at the identity of 20–35% with Grs sequences
from S. acidocaldarius (Figure 4, Supplementary Figure 16,
and Supplementary Table 3). An E-value cutoff of ≤1e−5

was used here for retrieving homologs at low stringency, since
mesophilic archaeal proteins may be only distantly related to
(hyper)thermophilic GrsA and GrsB proteins identified in Zeng
et al. (2019). Consistent with our results in Station ALOHA
surface waters (data not shown), Zeng et al. (2019) reported
the near absence of Thaumarchaeota GrsA/B homologs in
surface waters in Station ALOHA metagenomes, with the vast
majority of Thaumarchaeota GrsA/B homologs appearing within
and below the DCM.

To further explore the phylogenetic relationships among
GrsA and GrsB protein homologs, we constructed a rooted
phylogenetic tree that included inferred protein sequences from
MGI, II, and III and other archaeal isolates, as described in
Supplementary Table 1 of Zeng et al. (2019) and retrieved from
the GTDB database and ALOHA gene catalog. The phylogenetic
tree showed that GrsA and GrsB clades consisted exclusively of
putative homologs from thermophilic isolates that are known to
produce cyclized GDGTs (Figure 4A). The putative homologs
from MGI grouped together, and were only distantly related to
archaeal thermophile GrsA and GrsB (Figure 4A). Compared
to the outgroup of Saci_1785 radical SAM homologs, all of the
putative MGII/III homologs clustered together as an ingroup,
although they were more distantly related to clades of GrsA
and GrsB from known and cultivated Archaea (Figure 4A and
Supplementary Figure 16).

The metagenomic sequence read coverage of putative
homologs from MGII/III was calculated for each sample from
different depths within the euphotic zone at Station ALOHA
collected during November 2014 to March 2015. The coverage
values for each homolog per sample were lower above DCM,
ranging between 1 and 5.22X coverage with an average of 1.86X,
and were slightly elevated within and below the DCM, ranging
between 1.01X and 6.43X coverage, with an average of 2.32X
(Figure 4B). Since multiple GrsA/B copies have been found
in a variety of Archaea (Zeng et al., 2019 and Figure 4 and
Supplementary Table 3 in this study), we did not attempt to
estimate the abundance of MGII/III Archaea based on the Grs
homolog abundances.

Calculation of Possible Cellular GDGTs
and Archeol for Planktonic
Thermoplasmatota
Quantitative estimates of Archaea, Thermoplasmatota, and
Thaumarchaeota SSU rRNA gene abundances were obtained
via ddPCR assays, using universal SSU rRNA primers, in
combination with microbial community structure analyses
achieved by high-throughput sequencing of the same PCR
products. The absolute abundance of Thaumarchaeota changed
markedly in depth profiles (ranging between 0 and 6.42 × 106

SSU rRNA copies/L), whereas total archaeal SSU rRNA
genes (ranging between 2.11 × 106 and 1.22 × 107 SSU
rRNA copies/L) and total Thermoplasmatota SSU rRNA
genes (ranging between 2.11 × 106 and 8.55 × 106 SSU

rRNA copies/L) varied much less with depth (Figure 1 and
Supplementary Table 1).

At depths shallower than 45 m at HOT296_S2 and 100 m at
KM1709_S16, only Thermoplasmatota rRNAs were detectable,
and their abundances ranged from 2.11 × 106 to 6.02 × 106

SSU rRNA copies/L (Figure 1 and Supplementary Table 1).
Within these depths, concentrations of total IP-ethers ranged
from 0.0010 to 0.015 ng/L (Figure 5A and Supplementary
Table 1). We estimated the potential cellular ether lipid content
of Thermoplasmatota, assuming they were the origin of the co-
occurring ether lipids. The large majority of marine planktonic
Bacteria and Archaea are considered to contain one to two
copies of SSU rRNA gene per cell (Brown and Fuhrman, 2005;
Needham et al., 2018), which may be their ecological strategies
to grow in the oligotrophic environments (Klappenbach et al.,
2000). Pure cultures of marine Thaumarchaeota, Nitrosopumilus
maritimus, contain only one copy in the genome (Spang et al.,
2010). Here, one copy was used for Thermoplasmatota and
Thaumarchaeota. Using the ratio of total IP-ethers to total
SSU rRNA gene abundance of Thermoplasmatota, the lipid
content was 2.5 × 10−10 to 3.34 × 10−9 ng/cell, with an
average of 1.21 × 10−9 ng/cell (Figure 5B and Supplementary
Table 1). Lipids in Archaea with a cell diameter of 500 nm
are estimated to be 1.4 × 10−6 ng/cell (Lipp et al., 2008).
Based on this assumption, GDGTs appeared to comprise only
0.017–0.22% of the expected intact polar lipid content per
Thermoplasmatota cell, while archeol constituted 0–0.019%
(Figure 5C and Supplementary Table 1).

To estimate the abundance of IP-ethers derived from
the biomass of MGII/III Thermoplasmatota and MGI
Thaumarchaeota within and below DCM in comparison
with the measured counter parts, we used the conversion
factor for Thermoplasmatota ethers in the upper water
column (1.21 × 10−9 ng/cell), and the published value for
Thaumarchaeota ethers (1.27 × 10−6 ng/cell; Elling et al.,
2014). Halobacterota probably contributing to the intact polar
lipid pool within and below the DCM, only constituted less
than 1% of archaeal populations, and thus their producing
IP-ethers were not considered here. Within and below DCM,
the estimated IP-ethers derived from MGII/III Archaeal biomass
ranged between 5.18 × 10−3 and 1.03 × 10−2 ng/L, and
estimated thaumarchaeotal IP-ethers were between 3.57 and
8.15 ng/L (Figure 5D and Supplementary Table 1). Hence,
less than 1% of estimated total IP-GDGTs/ethers could be
attributable to MGII/III Archaea within and below the DCM
if Thermoplasmatota are in fact a source of these ether lipids.
Within the same depths, the estimated abundances of total
IP-ethers from all sources varied from 4.53–6.64 ng/L in
HOT296_S2, and from 3.57 to 8.16 ng/L in KM1709_S16;
whereas the measured total IP-ethers ranged between 6.18 and
10.21 ng/L in HOT296_S2 and between 7.54 and 16.92 ng/L
in KM1709_S16 (Figure 5D and Supplementary Table 1).
The measured concentrations of the total IP-ethers were about
two to three-fold greater than expected. Here, we estimated
the cellular content of ether lipids for Thaumarchaeota based
on the concentration of IP-ethers relative to the SSU rRNA
gene abundance of Thaumarchaeota detected within and
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FIGURE 4 | Putative Grs homologous proteins from MGII/III and their distributions in Station ALOHA. (A) The phylogenetic relationships of archaeal Grs homologs,
and their correspondence to GDGT membrane compositions of known cultivars. The Grs homologs grsA and grsB whose function was experimentally verified in
Zeng et al. (2019) are colored in red. The MGII/III Thermoplasmatota clade is shown in further detail in Supplementary Figure 16. (B) The metagenomic sequence
read coverage profile of putative Grs homologs in the euphotic zone at Station ALOHA.

below the DCM. This value ranged between 1.74 × 10−6 and
2.93× 10−6 ng/cell with an average of 2.31× 10−6 ng/cell.

DISCUSSION

The Near-Exclusive Presence of
Thermoplasmatota in Oligotrophic
Surface Waters
The NPSG occupies ∼40% of the Earth’s surface and represents
the largest circulation feature on Earth (Karl and Church,
2014), characterized by near-permanent stratification and low
seasonality (Bingham and Lukas, 1996; Bryant et al., 2016;
Karl and Church, 2017). The general characteristics of the
NPSG generate strong depth structuring of microbial community
composition in the water column, with most near-surface
variability attributable to seasonal changes in day-length and
light, and sporadic wind speed variation (DeLong et al., 2006;
Bryant et al., 2016).

To better understand the ecology and biogeochemistry
of planktonic archaeal populations, we performed synoptic
measurements of their abundance patterns and membrane
ether lipid distributions in the epipelagic zone of the NPSG.
Planktonic Thermoplasmatota and planktonic Thaumarchaeota
were confirmed as the two main groups of Archaea in the
water column. Thermoplasmatota were abundant at all depths,
while Thaumarchaeota increased in abundance within and just

below the DCM. These observations are generally consistent with
previous reports in the NPSG (DeLong et al., 2006; Brown et al.,
2009; Church et al., 2010) and other oceanic regions (Massana
et al., 1997, 2000; Mincer et al., 2007; Hugoni et al., 2013; Parada
and Fuhrman, 2017).

The archaeal communities observed within the samples
collected tended to separate into two general clusters, one
above the DCM and one within and below the DCM.
Thermoplasmatota (MGII and MGIII) dominated above the
DCM, while within and below the DCM both Thermoplasmatota
and MGI Thaumarchaeota were prevalent. Thaumarchaeota were
not detected at depths shallower than 45 m at HOT296_S2 and
100 m at KM1709_S16 (Figure 1), again consistent with previous
reports in this region (Brown et al., 2009). Based on Station
ALOHA gene catalog data, the analysis of ribosomal protein
S3 (RpS3) showed no presence of MGI Thaumarchaeota from
samples shallower than 45 m during November 2014 to April
2016 (Supplementary Table 4). One reason may be the inhibitory
influences of sunlight on growth of nitrifying Thaumarchaeota
in surface waters (Church et al., 2010; Merbt et al., 2012;
Horak et al., 2018).

The universal SSU rRNA gene PCR primers used here
have been reported to remove biases against Thaumarchaeota
(Parada et al., 2016). Based on ddPCR and sequencing using
this universal primer set, MGI Thaumarchaeota abundances
were approximately 106 SSU rRNA copies/L within and below
DCM (Figure 1 and Supplementary Table 1), similar to
amoA gene densities reported at these depths in the same
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FIGURE 5 | The estimates of cellular content of GDGTs and archeol from Thermoplasmatota and their contribution to the intact polar lipid pool. (A) The measured
abundances of total IP-GDGTs at the surface. (B) The cellular content of GDGTs and archeol estimated for Thermoplasmatota. (C) The relative abundance of GDGTs
and archeol in cellular membrane lipids of Thermoplasmatota. (D) The comparison of measured and estimated intact polar ether lipids within and below DCM,
showing the latter IP-ethers are dominantly from Thaumarchaeota.

oceanic region (Church et al., 2010). These observations
were also supported using an archaeal-specific primer set
(ARC344FB/ARC519R; Raskin et al., 1994; Sørensen and Teske,
2006; Teske and Sørensen, 2008). These archaeal-specific primers
also showed the complete absence of Thaumarchaeota in NPSG
surface waters (Supplementary Figure 17). In general, total
archaeal SSU rRNA amplicon-based richness and Shannon
indices were much lower above the DCM in both stations
(Supplementary Figure 4), compared to those within and below
the DCM. The rarefaction curves also reached an asymptote
(Supplementary Figure 3).

The MGIII planktonic Archaea detected in this study
accounted for an average of approximately 30% of total archaeal
sequences recovered, with a maximum abundance of 48.1% at
60 m of KM1709_S16 (Figure 1). While few studies have reported
the presence of MGIII Archaea in the euphotic zone (Brown
et al., 2009; Galand et al., 2010; Haro-Moreno et al., 2017), they
represented up to 10% of all archaeal sequences in samples from
the Mediterranean DCM (Galand et al., 2010), and 11.8% at
10 m depth at station ALOHA from HOT cruise 169 (Brown

et al., 2009). Haro-Moreno et al. (2017) reconstructed epipelagic
MGIII genomes by binning the assembled fragments, which
contained numerous photolyase and rhodopsin genes as well as
genes coding for degradation and uptake of protein and lipids.
These metabolic features seem complementary to oligotrophic
conditions found in surface waters, and may allow MGIII with
photoheterotrophic lifestyles to thrive, like their MGII relatives,
in the ocean’s euphotic zone (Brown et al., 2009; Galand et al.,
2010; Haro-Moreno et al., 2017). MGIII Archaea therefore appear
to have the potential to live in the euphotic zone, and they may at
times be comparable in abundance to MGII Archaea.

Planktonic Thermoplasmatota
Contributions to Surface Water GDGTs
From larger volumes of seawater (>3000 L/sample), Hurley
et al. (2018) reported HPH-, PH-, DH-, MH-, and C-GDGT
distribution patterns along depth profiles between 0 and 1000 m.
The total lipid concentration reported by Hurley et al. (2018)
exhibited a similar pattern to those found here with low
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concentrations detected above the DCM (minimum 0.0015 ng/L
at 5 m) and high concentrations within and below the DCM
(maximum 11.84 ng/L at 158 m) (Supplementary Figure 18).
Meanwhile, concentrations of the total intact polar lipids also
showed the minimum (0.00021 ng/L) and maximum (8.94 ng/L)
values at these same depths (Hurley et al., 2018). GDGT
compositions within and below the DCM in our study here
resembled those of Hurley et al. (2018) whereas above the DCM,
similarities were seen mainly in HPH- and MH-GDGTs from
HOT296_S2, and in DH- and MH-GDGTs in KM1709_S16
(Supplementary Figure 18). Compared to the study in Hurley
et al. (2018), the depth profiles of GDGTs in our study showed
a larger difference, likely due to the oligotrophic condition and
near-permanent stratification in our stations. We used NMDS
analysis to decipher the relationship of the GDGT distribution
among the different samples reported by Hurley et al. (2018)
and found the same clustering patterns as we report here,
except that all their samples at Station 2 grouped together
(Supplementary Figure 19). In depth profiles of the relative
distributions of different GDGT classes (see the last plot for
each station in Supplementary Figure 18), C-GDGTs were much
more abundant above, than within and below the DCM in Station
2, which was also observed for their Stations 7, 15, and 23
(Hurley et al., 2018).

A Mantel test was conducted to explore the correlation
between the compositions of the archaeal community (based
on AASVs) and ether lipid distribution (based on all lipids)
by Bray-Curtis distance, with 999 permutations. The significant
relationship identified (significance = 0.001) suggests that the
biosynthesis of GDGTs and archeol is attributable to specific
archaeal populations, as reported in previous studies (Pearson
and Ingalls, 2013; Schouten et al., 2013; Lincoln et al., 2014;
Sollai et al., 2018). MGII and MGIII planktonic Archaea are
therefore still potentially a source of these lipids in shallow
open ocean waters, consistent with the findings of Ma et al.
(2020) in Northwestern Pacific Ocean surface water. The different
depth profiles of GDGTs observed in the surface water between
two stations are probably due to the divergent phylogenies
in Thermoplasmatota (Rinke et al., 2019), which could also
be seen in the distant relationships of archaeal ASVs detected
at these two sites (Figure 2). Our results contrast with a
recent report by Besseling et al. (2020) in surface waters of
the coastal North Sea and the North Atlantic Ocean, where
MGII/III Thermoplasmatota dominated. However, the threshold
of detection for archaeal IP-GDGTs using their analytical
methods was reported to be about 7 × 106 Thaumarchaeota
SSU rRNA copies/L (Besseling et al., 2020. In our study
here, IP-GDGTs were detected in surface waters where MGI
Thaumarchaeota were absent and MGII/III Thermoplasmatota
were very abundant. The potential for Thermoplasmatota
tetraether lipid production was also supported by the presence
of genes encoding enzymes associated with ether bond formation
and isoprenoid saturation in MAGs of representatives of these
two archaeal groups (Iverson et al., 2012; Deschamps et al.,
2014; Villanueva et al., 2017). While a small SSU rRNA signal
was detected from Woesearchaeota in surface waters on the
HOT296_S2 cruise (Figure 1), no ether bond formation genes

have yet been reported in MAGs from this group of Archaea
(Villanueva et al., 2017).

Detection of GDGT Ring Synthase
Homologs in Planktonic
Thermoplasmatota
Zeng et al. (2019) recently identified two GDGT ring synthases
in S. acidocaldarius, GrsA and GrsB (having similarity of 31%),
which were found to introduce rings separately at the C-
7 and C-3 positions of the core GDGT lipids, with GrsB
preferring substrates with existing C-7 rings. Phylogenetic
analysis indicates that GrsA and GrsB clades are found
predominantly in (hyper)thermophiles, with a few sequences
from mesophilic Archaea that mostly belonged to Bathyarchaeota
and Thermoplasmatales, and many of them contain the two
paralogs (Zeng et al., 2019). The putative homologs from
planktonic Thaumarchaeota clustered into a group separate from
(hyper)thermophilic archaeal GrsA and GrsB clades (Zeng et al.,
2019). Given that Thaumarchaeota are phylogenetically affiliated
with the Crenarchaeota, it is perhaps not surprising that their
Grs homologs share significant protein sequence identity, even
though these genes originate from mesophiles or psychrophiles.

Our phylogenetic observations are consistent with those
of Zeng et al. (2019), and we report here additionally that
GrsA homologs are also found in planktonic Thermoplasmatota
(Figure 4B, Supplementary Figure 16, and Supplementary
Table 3). It is possible that since MGII/III Thermoplasmatota
are mesophilic organisms in ocean surface waters, they do
not produce multiple cyclopentane rings (i.e., five cyclopentane
rings or more) that are characteristic of membrane lipids in
acidophiles, halophiles, and thermophiles (Pearson and Ingalls,
2013; Schouten et al., 2013). The planktonic Thermoplasmatota
ring synthase homologs belonged to the Grs clade, and were more
closely related to GrsA and GrsB clades, than some other archaeal
homologs, for example those from extremely thermophilic
isolates Methanopyrus kandleri and Ignisphaera aggregans (also
known to produce cyclized GDGTs) which although have not
been tested yet for the same function as GrsA and GrsB
(Figure 4A). The catalytic properties of mesophilic MGII/III
Thermoplasmatota ring synthase may be distinct from GrsA and
GrsB of (hyper)thermophiles identified in Zeng et al. (2019),
since their candidate homologs exhibit only distant relationships
to GrsA and GrsB families. Future studies need to put more
focus on the distribution and function of GDGT synthases
from mesophiles. At present however, we cannot exclude
the possibility that the putative MGII/III Thermoplasmatota
homologs identified here are other radical SAM proteins.

Cellular Content of Ether Lipids in
Planktonic Thermoplasmatota
While we assumed that trace MGI Thaumarchaeota would exist
and be contributor to the IP-ether pools within depths shallower
than 45 m at HOT296_S2 and 100 m at KM1709_S16, the surface
MGI thaumarchaeotal abundance estimated would range from
7.87 × 102 to 1.17 × 104 SSU rRNA copies/L with an average
of 4.03 × 103 SSU rRNA copies/L, based on concentrations of
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the total IP-ethers measured and the thaumarchaeotal cellular
content (1.27 × 10−6 ng/cell, Elling et al., 2014) of GDGTs
and archeol (Supplementary Table 1), Therefore, the estimated
abundance of Thaumarchaeota relative to the total archaeal
biomass detected would vary between 0.020 and 0.26% (a mean
value of 0.10%), which exceeds the theoretical detection limit of
our method (approximately 0.021–0.059% with a mean value of
0.038%) using the universal PCR primers. Similarly, the archaeal-
specific primer set yielded 90,104–127,794 high-quality reads
per sample (a mean value of 107,817) at the surface, with a
detection limit of approximately 0.00078–0.0011% (a mean value
of 0.00094%). Therefore, if Thaumarchaeota SSU rRNA genes
were present in surface waters, they should have been detectable,
yet they were not.

We also calculated the cellular content of ether lipids in
planktonic Thermoplasmatota inhabiting the surface or MGI
Thaumarchaeota within and below the DCM, assuming the
ether lipids originate from these groups of Archaea. The average
value of 1.21 × 10−9 ng/cell for Thermoplasmatota in surface
waters, was three orders of magnitude lower than reported
cellular ether content for cultivated MGI Thaumarchaeota
(1.27 × 10−6 ng/cell, Elling et al., 2014). Subsurface MGI
Thaumarchaeota had a mean lipid content of 2.31× 10−6 ng/cell,
two fold higher than the culture estimate, suggesting the need
to derive more accurate lipid/cell conversation factors in future
studies. Another explanation would be that cell diameters of
Thaumarchaeota within and below the DCM in Station ALOHA
may be larger than the cultivated one in Elling et al. (2014). The
difference in the analytical procedures used in our study and in
Elling et al. (2014) may also be responsible.

Ecological and Geological Implications
There are several potential explanations for the combined
absence of Thaumarchaeota rRNA-genes in surface waters,
along with low estimated cellular IP-ether lipids in MGII/III
Thermoplasmatota found in the same habitat. It is possible that
small numbers of Thaumarchaeota cells may be transported
upward, either by mixing of thaumarchaeotal cells into surface
waters, by vertical migrators or buoyant transport from greater
depths (Yayanos and Nevenzel, 1978; Smith et al., 1989;
Sommer et al., 2017). In inhospitable surface waters, upwardly
transported thaumarchaeotal cells may not survive, and their
nucleic acids might decay more rapidly than their lipids.
This could explain the absence of thaumarchaeotal SSU rRNA
genes in surface waters, while small traces of their lipids
remain. A related scenario invokes surface water GDGTs as
thaumarchaeotal membranes or micelles, upwardly transported
in similar ways. Cultured MGI Thaumarchaeota have been
reported to synthesize crenarchaeol as their major membrane
lipid with lower abundances of GDGTs-0 to 3 (Sinninghe Damsté
et al., 2002; Elling et al., 2014, 2015, 2017), consistent with the
GDGT distributions within and below the DCM in our samples.
At 5 and 25 m in HOT296_S2, crenarchaeol was determined
to be 12-fold greater than GDGT-2 and at least 23-fold greater
than the remaining GDGTs (calculated based on the estimated
quantification limit of 0.00060 ng/L); whereas GDGT-0 was at
least 6- or 9-fold greater than crenarchaeol at 20 and 40 m

in KM1709_S16 (Figure 3 and Supplementary Table 1). The
GDGT profiles observed in the surface water samples are quite
distinct from those produced by cultured MGI Thaumarchaeota
however, so potential explanations invoking upward transport
of Thaumarchaeota cells or lipids to the surface waters seem
unlikely, or would have to include a mechanism for selectively
transporting a structural subpopulation of the lipid pool.

The possibility still remains then, that planktonic
Thermoplasmatota were the sole source of surface water
GDGTs we report here in the NPSG samples. The facts that
planktonic Thermoplasmatota were the only detectable Archaea
in surface waters, and that their genomes encoded ether lipid
biosynthetic gene homologs (Iverson et al., 2012; Deschamps
et al., 2014; Villanueva et al., 2017) as well as GrsA homologs
(this study), support this hypothesis.

If planktonic Thermoplasmatota were the source of surface
water GDGTs and archeol, why did these lipids comprise less than
an estimated 0.3% of their cellular lipids (Figure 5C)? This could
be explained by the presence or predominance of lipids other
than GDGTs or archeol that were not measured in our study, in
keeping with a recent study of Besseling et al. (2020). It is possible
that other common archaeal lipids such as other phytanyl ether
lipids comprise the dominant components of MGII and MGIII
planktonic archaeal membrane lipids (Villanueva et al., 2017).

With respect to implications for archaeal lipid export flux,
the surface ocean is characterized by higher particle density and
enhanced rates of protistan grazing and mesoplankton packaging,
which could increase the incorporation of prokaryotic biomass
into sinking flux (Richardson and Jackson, 2007; Close et al.,
2013). The particle sinking rates reported can be as great as
820 m/d at Station ALOHA (Trull et al., 2008). Phytoplankton in
the surface ocean have rapid growth and short generation times.
Under these conditions, the contribution of surface MGII/III
to subsurface and deeper water GDGTs could not be ignored.
This may be part of reason that the estimated cellular content
of ether lipids in Thaumarchaeota within and below the DCM
is two-fold higher than the corresponding culture estimates.
The biological origins of GDGTs exported to sediments have
to be interpreted with caution. If MGII/III Thermoplasmatota
are the source of surface water GDGTs, this implies that they
are also a source of crenarchaeol, challenging the assumption
that crenarchaeol is a biomarker of Thaumarchaeota, which
until recently were thought to be exclusively ammonia oxidizing
chemoautotrophs (Aylward and Santoro, 2020). If this was in
fact true, our understanding of nitrogen cycling processes or
the activity of Thaumarchaeota reconstructed using crenarchaeol
in paleo studies (Dong et al., 2019; Elling et al., 2019), may be
more complex than current models would suggest. Future efforts,
including the investigation of Thermoplasmatota growth and
lipid content, as well as processes such as grazing, packaging, and
export from surface waters, may better constrain the biological
origins of sedimentary archaeal lipids. The enrichment and
isolation of representatives of MGII/III Thermoplasmatota as
well as approaches like BONCAT (Dieterich et al., 2006), isotope
labeling experiments and natural carbon isotope ratio detection
have potential to further improve our understanding of ecological
and physiological functions of planktonic archaeal groups.
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Supplementary Figure 1 | Structures of core and intact polar GDGTs.
Crenarchaeol isomer has a different stereochemistry in one of cyclopentane rings,
compared to crenarchaeol (Sinninghe Damsté et al., 2018).

Supplementary Figure 2 | Sampling locations and associated hydrographic
data. Hydrographic data is displayed along depth profiles with an interval of 1 m
for HOT206_S2, and similarly for KM1709_S16.

Supplementary Figure 3 | Rarefaction curves of rRNA gene recoveries. The
collectors curve derived for each sample was based on PCR reactions using
universal primers (A); or archaeal specific primers (B). Archaeal specific primers,
ARC344FB (5′-ACGGGGCGCAGCAGGCGCGA-3′, Raskin et al., 1994) and

ARC519R (5′-GGTDTTACCGCGGCKGCTG-3′, Sørensen and Teske, 2006), were
used to target the V3 region of the SSU rRNA gene.

Supplementary Figure 4 | Archaeal community diversity and richness.
Community metrics were calculated as richness (A) and Shannon index (B) along
depths in both stations.

Supplementary Figure 5 | Fragmentation patterns of protonated and
ammoniated acid-hydrolyzed C-GDGT archaeal lipid fractions for the 140 m depth
sample in KM1709_S16 and the extracted ion chromatograms for the 45 m depth
sample in HOT296_S2. LC-MS chromatograms show distributions of and MS/MS
spectra show characteristic fragment ions of protonated (A) and ammoniated (B)
C-GDGTs from acid-hydrolyzed fraction of sample at 140 m of KM1709_S16. The
retention time for each C-GDGTs is also shown in panel (A). (C) Enlarged MS/MS
spectra of protonated C-crenarchaeol from panel (A). (D) The extracted LC-MS
chromatograms of C-GDGTs from both non-hydrolyzed and acid-hydrolyzed
fractions of sample at 45 m of HOT296_S2. Three compound peaks are labeled
here for the potential assignment to GDGTs. The green colored one with m/z 1302
has the same retention time as protonated GDGT-0. The dark red colored one
with m/z 1318 has the retention time very close to sodiated GDGT-3. The MS/MS
spectra however, are not able to show the characterized fragmentation pattern of
sodiated GDGT-3, which would be dominated by the precursor ion [M + Na]+

(m/z 1318), since this GDGT cannot be fragmented by our MS/MS method. The
dark yellow colored one with m/z 1314 is eluted 1 min later than sodiated
crenarchaeol.

Supplementary Figure 6 | Fragmentation patterns of protonated and
ammoniated acid-hydrolyzed archeol. LC-MS chromatograms show distributions
of and MS/MS spectra show characteristic fragment ions of protonated and
ammoniated archeol from acid-hydrolyzed fraction of sample at
120 m of KM1709_S16.

Supplementary Figure 7 | Fragmentation patterns of protonated and
ammoniated non-hydrolyzed HPH-GDGT archaeal lipid fractions. LC-MS
chromatograms show distributions of and MS/MS spectra show characteristic
fragment ions of protonated (A) and ammoniated (B) HPH-GDGTs from
non-hydrolyzed fraction of sample at 175 m of HOT296_S2. (C) Enlarged MS/MS
spectra of ammoniated HPH-GDGT-0 from panel (B).

Supplementary Figure 8 | Fragmentation patterns of protonated
non-hydrolyzed PH-GDGT archaeal lipid fractions. (A) LC-MS chromatograms
showing distributions of and MS/MS spectra showing characteristic fragment ions
of protonated PH-GDGTs from non-hydrolyzed fraction of sample collected from a
sediment trap at 4000 m in station ALOHA (Boeuf et al., 2019). (B) Enlarged
MS/MS spectra of protonated PH-GDGT-0 from panel (A). (C) LC-MS
chromatograms and MS/MS spectra of protonated PH-GDGTs from
non-hydrolyzed fraction of sample at 175 m of HOT296_S2.

Supplementary Figure 9 | Fragmentation patterns of ammoniated DH-GDGT
archaeal lipids. (A) LC-MS chromatograms showing distributions of and MS/MS
spectra showing characteristic fragment ions of ammoniated DH-GDGTs from
non-hydrolyzed fraction of sample at 175 m of HOT296_S2. (B) Enlarged MS/MS
spectra of ammoniated DH-crenarchaeol from panel (A).

Supplementary Figure 10 | Fragmentation patterns ammoniated non-hydrolyzed
MH-GDGT archaeal lipid fractions. (A) LC-MS chromatograms showing
distributions of and MS/MS spectra showing characteristic fragment ions of
ammoniated MH-GDGTs from non-hydrolyzed fraction of sample at 175 m of
HOT296_S2. (B) Enlarged MS/MS spectra of ammoniated MH-crenarchaeol from
panel (A).

Supplementary Figure 11 | Fragmentation patterns of C-GDGT and HPH-GDGT
archaeal lipids from 5 m depth. LC-MS chromatograms showing distributions of
and MS/MS spectra showing characteristic fragment ions of C-GDGTs (A) and
HPH-GDGTs (B) on sample at 5 m of HOT296_S2.

Supplementary Figure 12 | Fragmentation patterns of HPH-GDGT archaeal
lipids from 25 m depth. LC-MS chromatograms showing distributions of and
MS/MS spectra showing characteristic fragment ions of HPH-GDGTs on sample
at 25 m of HOT296_S2.

Supplementary Figure 13 | Fragmentation patterns of C-GDGT and HPH-GDGT
archaeal lipids from 20 m depth. LC-MS chromatograms showing distributions of
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and MS/MS spectra showing characteristic fragment ions of C-GDGTs (A) and
HPH-GDGTs (B) on sample at 20 m of KM1709_S16.

Supplementary Figure 14 | Fragmentation patterns of C-GDGT, HPH-GDGT,
and MH-GDGT archaeal lipids from 40 m depth. LC-MS chromatograms showing
distributions of and MS/MS spectra showing characteristic fragment ions of
C-GDGTs (A), HPH-GDGTs (B) and MH-GDGTs (C) on sample at
40 m of KM1709_S16.

Supplementary Figure 15 | Concentrations of individual GDGTs and archeol in
total lipids from acid-hydrolyzed fraction along depths at both sampling stations.

Supplementary Figure 16 | The cluster of Grs homologs originating from MGII/III
as identified in Figure 4. Putative homologs from Station ALOHA
are labeled in red.

Supplementary Figure 17 | Abundance of specific archaeal groups as a function
of depths. The relative distribution of archaeal community was estimated by
amplicon sequencing of ddPCR products using archaeal specific primers.

Supplementary Figure 18 | Concentrations of total GDGTs and relative
abundances of GDGTs from Hurley et al. (2018). The sum of C-, HPH-, DH-, and

MH-GDGTs, and C-, HPH-, DH-, MH-, and IP-GDGTs, as well as relative
abundances of different classes of GDGTs at different depths as reported in data
in Hurley et al. (2018). The DCM occurred at 50–75 m in Station 2, at 125 m in
Station 7, at 60–70 m in Station 15, and at 70 m in Station 23.

Supplementary Figure 19 | Non-metric multidimensional scaling plots of
archaeal GDGT relative abundances from Hurley et al. (2018). Based on
Bray-Curtis distance matrices generated from the relative abundances of archaeal
GDGTs, as reported in data in Hurley et al. (2018). The DCM depths for each
station were described in Supplementary Figure 18.

Supplementary Table 1 | Sampling, hydrographic data, archaeal abundance
estimates, estimated cellular ether lipid content for Thermoplasmatota, estimated
and measured ether lipid concentrations.

Supplementary Table 2 | High quality reads of the archaeal community.

Supplementary Table 3 | The Grs homologs in MGII/III from the Genome
Taxonomy Database and ALOHA gene catalog.

Supplementary Table 4 | The count profile of Rps3 sequences from the ALOHA
gene catalog at the surface of Station ALOHA.
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Archaea are differentiated from the other two domains of life by their biomolecular
characteristics. One such characteristic is the unique structure and composition of their
lipids. Characterization of the whole set of lipids in a biological system (the lipidome)
remains technologically challenging. This is because the lipidome is innately complex,
and not all lipid species are extractable, separable, or ionizable by a single analytical
method. Furthermore, lipids are structurally and chemically diverse. Many lipids are
isobaric or isomeric and often indistinguishable by the measurement of mass or even
their fragmentation spectra. Here we developed a novel analytical protocol based on
liquid chromatography ion mobility mass spectrometry to enhance the coverage of
the lipidome and characterize the conformations of archaeal lipids by their collision
cross-sections (CCSs). The measurements of ion mobility revealed the gas-phase
ion chemistry of representative archaeal lipids and provided further insights into their
attributions to the adaptability of archaea to environmental stresses. A comprehensive
characterization of the lipidome of mesophilic marine thaumarchaeon, Nitrosopumilus
maritimus (strain SCM1) revealed potentially an unreported phosphate- and sulfate-
containing lipid candidate by negative ionization analysis. It was the first time that
experimentally derived CCS values of archaeal lipids were reported. Discrimination
of crenarchaeol and its proposed stereoisomer was, however, not achieved with the
resolving power of the SYNAPT G2 ion mobility system, and a high-resolution ion
mobility system may be required for future work. Structural and spectral libraries of
archaeal lipids were constructed in non-vendor-specific formats and are being made
available to the community to promote research of Archaea by lipidomics.

Keywords: archaea, thaumarchaeota, Nitrosopumilus maritimus, lipidomics, ion mobility mass spectrometry

INTRODUCTION

Lipids are conventionally defined as organic molecules insoluble in water, but highly soluble in
organic solvents. However, there are examples of lipids that do not adhere to this rudimentary
definition. Biogenic lipids are now defined based on their biosynthetic origin and chemical
structures (Brown and Murphy, 2009) as hydrophobic or amphiphilic small molecules that
originate entirely or in part from two different types of biochemical building blocks: Ketoacyl
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groups and isoprene units (Fahy et al., 2005, 2009). The former
categorize diverse classes of lipids that contain fatty acyl chains,
whereas the latter cover all lipid species identified in Archaea
as well as several species in the Bacteria and Eukarya (Brown
and Murphy, 2009). Based on the chemical composition, lipids
are classified by this system into eight major categories: fatty
acyls, glycerolipids, glycerophospholipids, sphingolipids, sterols,
prenols, saccharolipids (glycolipids), and polyketides, each of
which is subdivided into classes and subclasses.

The structural diversity of lipids results in a range of
physicochemical properties essential for their functions in
biological processes, including structural components of cell
membranes (Van Meer et al., 2008), energy storage molecules
(Nakamura et al., 2014), signaling molecules (Wymann and
Schneiter, 2008; Rangholia et al., 2021), protein recruitment
platforms (Saliba et al., 2015) and substrates for post-translational
protein-lipid modification (Resh, 2016; Eichler and Guan,
2017). While the structural or chemical diversity confers
specific properties on lipids, the compositional diversity of
lipids in a biological system affects the collective behavior
of lipids in membranes (Harayama and Riezman, 2018). Due
to their amphiphilic nature and their near cylindrical shape,
glycerophospholipids are the main components of cellular
membranes in the three domains of life (López-Lara and Geiger,
2017). Nevertheless, physicochemical properties of membrane
glycerophospholipids vary significantly between the domains
of organisms. The differences between bacterial/eukaryotic and
archaeal lipids are thought to enable Archaea to survive in
inhospitable environments (Oger and Cario, 2013) and are
the basis of the “lipid divide” (Koga, 2011; Exterkate et al.,
2021; Sohlenkamp, 2021). Comprehensive characterization of the
lipidome of archaea and the genetically modified or synthetic
organisms (Villanueva et al., 2020; Exterkate et al., 2021) may
provide us insights into an enigma of microbial evolution assisted
by membrane functions (Villanueva et al., 2017).

Thaumarchaeota (Brochier-Armanet et al., 2008) were initially
observed in temperate marine environments and classified as
a sister group of hyperthermophilic Crenarchaeota (DeLong,
1992; Fuhrman et al., 1992). Subsequent studies showed that
Thaumarchaeota are widespread and abundant across a great
variety of ecosystems (Schleper and Nicol, 2010; Stahl and
Torre, 2012; Stieglmeier et al., 2014). The two major groups
of Thaumarchaeota are group I.1a that encompass mainly
sequences from marine habitats and group I.1b that contain
sequences mainly from freshwater or soil habitats (DeLong,
1998). Phylogenomic analysis suggested that Thaumarchaeota
evolved from geothermal environments and gradually migrated
into mesophilic soil before diversifying into marine settings
(Yang et al., 2021). A distinctive feature of Thaumarchaeota
is that the majority of them grow chemolithoautotrophically
and gain energy by aerobic oxidization of ammonia, urea, or
cyanate to nitrite (Könneke et al., 2005; Schleper and Nicol,
2010; Alonso-Sáez et al., 2012; Stahl and Torre, 2012; Tolar
et al., 2017; Kitzinger et al., 2019). The high abundance of
Thaumarchaeota in many different environments has led to the
proposition that they play a critical role in the global nitrogen and
carbon cycles (Schleper and Nicol, 2010; Stahl and Torre, 2012).

Nitrosopumilus maritimus (strain SCM1) was the first isolated
representative of planktonic Thaumarchaeota (Könneke et al.,
2005) with its genome sequenced in 2010 (Walker et al., 2010).
It has since become a model organism of chemoautotrophic
Thaumarchaeota for the studies of their specific metabolism and
physiological responses.

The lipidome of N. maritimus was first characterized by high-
performance liquid chromatography-mass spectrometry (HPLC-
MS), which detected the presence of glycerol dialkyl glycerol
tetraethers (GDGTs) with 0–4 cyclopentane rings, a unique lipid
marker, crenarchaeol, and glycerol trialkyl glycerol tetraethers
(GTGTs). The intact polar lipids of these compounds consist
of monohexose, dihexose, and phosphohexose (Schouten et al.,
2008; Figure 1). A more sophisticated examination of the
lipid composition of N. maritimus cultures was performed
using reverse-phase liquid chromatography coupled to a high-
resolution quadrupole time-of-flight mass spectrometer (RPLC-
HR-QToF-MS), which identified a total of 68 isoprenoid
diether or tetraether lipids as well as two isoprenoid quinones
(menaquinones) (Elling et al., 2014, 2016). 1G-GDGTs, 2G-
GDGTs, 1G-OH-GDGTs, 2G-OH-GDGTs, archeol, methoxy-
archeol, and HPH-GDGTs were the most abundant lipids of
N. maritimus, which contained minor proportions of GTGT and
monounsaturated GTGT detected using the normal phase liquid
chromatography coupled to APCI-MS (Elling et al., 2014). These
studies have further revealed that the changes of the membrane
lipid composition can be a result of different growth rates,
rather than pH or temperature, questioning the fundamental
assumptions of a GDGT-based paleotemperature proxy, TEX86
(TetraEther indeX of 86 carbons). Particularly, the degree
of GDGT cyclization, measured by the ring index, increases
during later growth phases (Elling et al., 2014), at reduced
oxygen concentrations (Qin et al., 2015), or lower ammonia
oxidation rates (Hurley et al., 2016), either in batch or isothermal
continuous culture experiments, suggesting that mesophilic
Thaumarchaeota modulate their membrane composition to
cope with bioenergetic stress, similar to other extremophilic
Crenarchaeota and Euryarchaeota (Valentine, 2007).

With the use of LC-MS-based methodologies, the chemical
diversity of the membrane lipids of N. maritimus (Elling
et al., 2014, 2015, 2016), as well as its homeostatic membrane
regulation to resist chronic energy stress (Qin et al., 2015;
Hurley et al., 2016) have been revealed. However, much of
the attention of the previous works was paid to a unique
feature of the lipidome of N. maritimus, specifically, the
cyclization in the GDGT membrane lipids since this could
have been a prominent biosignature or palaeotemperature proxy
observed in the sedimentary fossils in marine ecosystems
(Schouten et al., 2002). However, the physiological responses to
environmental stimuli, the membrane dynamics and structure,
and the molecular interactions between membrane lipids and
membrane-associated proteins are collective behavior of lipids,
and are not restricted to the cyclization of GDGTs, or more
accurately, incomplete saturation of the double bonds of the
isoprenoid lipid precursors. These fundamental biomolecular
mechanisms in archaea potentially manifest in the chemical and
compositional diversity of their lipidome but have not been
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FIGURE 1 | Structures of common lipids found in N. maritimus. These lipids are typically composed of a diether or tetraether isoprenoid core with one or two
headgroups linked to the terminal hydroxyl moieties. Correct stereochemical form was drawn for crenarchaeol (as it is a unique GDGT compound) but not for all
other compounds to avoid exhaustive use of space.
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fully explored (Horai et al., 2019; Law and Zhang, 2019). While
advances in chromatographic techniques and high-resolution
mass spectrometers have contributed to the recent discoveries,
deciphering the molecular puzzle of the lipidome necessitates
further technological advances.

In recent years, ion-mobility spectrometry (IMS) technologies
have emerged as a promising technique for lipid analysis (Kliman
et al., 2011; Paglia et al., 2015b; Zheng et al., 2018; Harris et al.,
2019; Tu et al., 2019) and could facilitate mass spectrometric
analysis of the unique lipids from archaea. IMS is a gas-phase
electrophoretic technique that separates ions based on their
mobility in a chamber filled with a neutral buffer gas and
subjected to an electrical field (Paglia et al., 2021). Because the
mobility of an ion in the buffer gas depends not only on the ion’s
mass and charge but also its shape and size, and the nature of
the buffer gas, the technique has the potential to discriminate
isomeric compounds that have the same mass-to-charge ratio
but differ in their gas-phase geometries or conformations, as
denoted by collision cross sections (CCSs) (Wu et al., 2020). CCS
represents the rotationally averaged surface area of the ion which
is available for interaction with the buffer gas (Pukala, 2019).
Although the CCS value is not an intrinsic physicochemical
property of the analyte ion but a quantity specific to the
identity of the buffer gas, temperature, and electric field used
for the measurement, it can be used as an additional molecular
descriptor together with other orthogonal coordinates acquired
by LC-MS to increase the specificity of compound identification
(May et al., 2017).

While IMS can operate alone, it often interfaces with MS.
Traveling wave ion mobility spectrometry mass spectrometry
(TWIMS-MS) (Shah et al., 2013; Damen et al., 2014; Paglia
et al., 2015a; Hankin et al., 2016; Hines et al., 2017; Sarbu
et al., 2017; Hines and Xu, 2019; George et al., 2020; King
et al., 2020) and drift-tube ion mobility spectrometry mass
spectrometry (DTIMS-MS) (Kyle et al., 2016, 2018; Blaženović
et al., 2018; Hinz et al., 2019; Leaptrot et al., 2019) systems
are the most popular instrumental platforms for lipidomics.
Nevertheless, there are still significant bottlenecks related to
the resolving power of these IMS systems. These instrumental
platforms have relatively low resolving power (R = 40–60), which
is only sufficient for resolving ions differing in CCS values by
∼2-3%, including different classes of lipids, but not for most
stereoisomers (1CCS < 1%) and enantiomers (1CCS ∼0.1%)
(Masike et al., 2021). Recent technological advances in trapped
ion mobility spectrometry (TIMS) (Vasilopoulou et al., 2020),
structures for lossless ion manipulations (SLIM) (Wojcik et al.,
2017), and cyclic ion mobility (cIM) systems (Colson et al., 2019)
have shown promise for more demanding analysis. It has been
demonstrated that at the expense of scanning rate and sensitivity,
the resolving power of TIMS can be optimized up to∼410, which
is sufficient for the discrimination of the isomeric lipid species
with 1CCS < 1% (Jeanne Dit Fouque et al., 2019). Separation of
isomeric phospholipids and glycolipids (gangliosides) have also
been reported using the SLIM platform (Wojcik et al., 2017).

This work aimed to develop a novel analytical protocol
using a popular TWIMS-MS platform for the analysis of
isoprenoid lipids of marine archaea. It demonstrated a significant

improvement upon an existing HPLC-Q-ToF-MS protocol that
had already produced excellent results in the previous studies
(Zhu R. et al., 2013; Elling et al., 2014, 2015, 2016). This
novel approach allowed us to gain a deeper insight into the
chemistry and diversity of archaeal lipids from N. maritimus.
Gas-phase conformational properties of purified reference
lipids encompassed the unique characteristics of archaeal
isoprenoid lipids, such as methyl branching and cyclization,
were investigated. The IM-MS measurement resulted in the
first CCS library of archaeal lipids from N. maritimus. Our
results demonstrated that the application of IM-MS was not only
advantageous to lipidomics in biomedical science but potentially
a viable approach to examining the lipidome of environmentally
relevant microbes.

MATERIALS AND METHODS

Study Design
To evaluate the overall performance of this approach, the
lipidome of a model marine group I Thaumarchaeoton, N.
maritimus was characterized. The enhancements brought by our
approach are summarized in Figure 2. For example, the lipidome
of N. maritimus was extracted by methanol and methyl tert-
butyl ether (MTBE) that substituted carcinogenic chloroform
or dichloromethane used in the Bligh and Dyer protocol. The
organic extracts containing the cellular lipids were characterized
by UPLC-IM-MS. Unlike the protocol previously reported, data
were acquired using a data-independent acquisition method
(HDMSE) in both positive and negative ion modes, with
methanol and ethanol (which is environmentally friendly) as
the UPLC’s mobile phase. An archaeal lipids database was
constructed for assisting spectral features annotation and is
being made available to the community. Detailed procedures are
described below.

Reagents
Solvents and buffers for mass spectrometry analysis and
lipid extraction were purchased from Merck (hyper grade
methanol, gradient grade ethanol, LC grade MTBE, and LC-
MS grade formic acid) or Fisher (optima grade acetonitrile, and
2-propanol). 1,2-diphytanoyl-sn-glycero-3-phosphocholine and
1,2-diarachidoyl-sn-glycero-3-phosphocholine were purchased
from Avanti Polar Lipids (Alabama, United States), beta-
L-gulopyranosyl-caldarchaetidyl-glycerol was purchased from
Matreya, LLC (Pennsylvania, United States), and C46 GTGT
was purchased from Pandion Laboratories LLC (Indiana,
United States). Other reagents used for cell culturing and
quantitative PCR assays have been described in our previous
report (Law et al., 2021).

Cell Culture, Treatment, and Lipid
Extraction
N. maritimus strain SCM1 was cultivated in HEPES-buffered
SCM (pH 7.5, 1 mM NH4Cl) as previously described in Könneke
et al. (2005) and Martens-Habbena et al. (2009) with an addition
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FIGURE 2 | The enhancements brought by the UPLC-IM-MS protocol developed in this work in comparison to the protocol used in previous studies. The panel in
the lower right corner is reproduced from Elling et al. (2016).
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of 1 mg/ml catalase solution. Cell growth was monitored by
nitrite production, and the purity of the culture was monitored
by quantitative real-time PCR (qPCR) analysis (Yu et al.,
2005). Further details have been given in Law et al. (2021)
previously. Cells were harvested by filtering through a 0.22 µm
Polyvinylidene Fluoride (PVDF) filter (Whatman) after reaching
the stationary phase. Filters were stored at –80◦C until extraction.
An MTBE-based lipid extraction procedure is used in this study
as it has superseded the chloroform-based approach commonly
used (Willers et al., 2015). MTBE is less toxic than chloroform. It
is less dense than water and the organic phase retaining the lipids
sits on the upper layer while hydrophilic compounds and salts are
enriched in the lower aqueous phase. This allows the collection of
the lipid-containing phase without contacting either the aqueous
phase or non-extractable residues at the bottom of the extraction
tube, and thus affording a contamination-free collection of the
two main liquid phases (Salem et al., 2016). The extraction
efficiency is comparable to the Bligh and Dyer protocol (Züllig
et al., 2020). A recent study, comparing MTBE and chloroform-
based protocols, suggests that the MTBE method is more efficient
for glycerophospholipids, ceramides, and unsaturated fatty acids,
while the chloroform protocol is superior for saturated fatty acids
and plasmalogens (López-Bascón et al., 2018), and thus meeting
the challenges and criteria of this work. One caveat of the MTBE
method is that MTBE is more polar than chloroform. As a result,
a carry-over of water is inevitable. It is recommended to use a
centrifugal concentrator to reduce the sample to dryness.

Lipids were extracted at room temperature as previously
described (Matyash et al., 2008). In the first step, biomass
captured on a PVDF membrane was extracted by 4 ml of MTBE
and 1.2 ml methanol (10:3; v/v) in a clean Teflon tube (Thermo
Scientific Nalgene Oak Ridge high-speed centrifuge tubes). The
tube was placed on a tube revolver (Thermo Fisher Scientific) and
rotated for an hour. Thereafter, 1 ml of water was added to the
extract to induce phase separation. The extract was vortexed and
centrifuged to allow the partition of polar metabolites and lipids
into the aqueous and organic phases. The upper organic phase
was collected in a clean Teflon tube, whereas the lower aqueous
phase and the biomass were re-extracted two additional times.
The combined organic fraction was reduced to dryness using a
centrifugal concentrator (Christ RVS 2-18 CD plus, Osterode am
Harz, Germany) and the dried samples were stored at –30◦C until
analysis. The aqueous fraction was discarded.

Liquid Chromatographic Ion Mobility
Mass Spectrometry Analysis
A reverse-phase liquid chromatographic method was adopted
from Zhu C. et al. (2013) with chromatographic gradient
modified to reduce analytical time. An analytical ACE
Excel 2 SuperC18 column from Advanced Chromatography
Technologies Ltd., Aberdeen, Scotland was used. It had been
demonstrated that this chromatographic method has higher
performance for archaeal ether lipid analysis relative to a normal-
phase chromatographic method based on a diol column (Zhu C.
et al., 2013). The SuperC18 column was also found to perform
better (lower back pressure) than a similar CORTECS C18

column from Waters despite having a slightly larger particle size.
As a result, an elevated column temperature was not required and
the chromatographic resolution was maintained by minimizing
longitudinal diffusion.

Methanol and ethanol were used as the eluents to minimize
interferences. This modification was essential as the use of
methanol-isopropanol mobile phase and aqueous ammonia
modifier as previously reported was found to extravagate
background interferences under ion mobility mode, especially
in the mass region 1,200–1,800 m/z. The reason for this was
not known although these interferences were a lot minor
in ToF mode when IMS was switched off. Moreover, an
ion mobility enhanced data-independent acquisition (DIA)
method (HDMSE) was chosen over data-dependent acquisition
(DDA) used in the previous studies, as HDMSE offered several
advantages over DDA, including the acquisition of fragmentation
spectra indiscriminately with the peak’s intensity. The spectral
quality of HDMSE spectra should be comparable with MS2

obtained by DDA.
Chromatographic separation was performed using an

AQUITY UPLC system (Waters, Manchester, United Kingdom)
equipped with an ACE Excel 2 SuperC18 column (2 µm,
2.1 × 150 mm). Solvent A was methanol and solvent B was
ethanol. Both solvents were modified with 0.1% aqueous
ammonia and 0.04% formic acid. The strong wash solvent was
2-propanol. The linear gradient started at 100% A, held for 4 min,
then increased to 50% B at 10 min, and further increased to 99%
B at 30 min and held for another 4 min. The gradient returned to
100% B at 34.1 min and re-equilibrated for 2 min. The flow rate
was 0.40 mL/min. The column temperature was maintained at
45◦C. The sample manager was maintained at 7◦C.

Mass spectrometry analysis was conducted on a Waters
Synapt G2-Si (Waters, Manchester, United Kingdom) equipped
with an electrospray ionization (ESI) source. Data acquisition
was performed with HDMS with extended dynamic range or
HDMSE operated in resolution mode (resolving power > 30,000).
The mass analyzer was mass calibrated with 2 µg/µL sodium
iodide solution. The ion mobility was calibrated with Waters
Major Mix IMS/Tof Calibration Kit according to the vendor’s
instructions. One ng/µL leucine-enkephaline was used as the
lockspray solution. The system was controlled via MassLynx
software, version 4.2 SCN 983.

Lipid extracts were analyzed with the following parameters:
The capillary voltage was 2.8 and 2.2 kV in positive and negative
ion mode, respectively. The sample cone was 40 V, source
temperature was 120◦C. Cone gas was 50 L/h, desolvatization gas
was 600 L/h and nebulizer gas was 6.5 Bar. Trap DC bias was
60 V, Trap DE exit was 3 V. IMS wave velocity was 500 m/s,
wave height was 40 V, transfer wave velocity was 179 m/s, and
wave height was 4 V. Samples were reconstituted in 150 µl of
methanol. Hundred microliter was transferred to a sample vial,
the remaining was pooled to prepare a QC sample. Ten microliter
of the sample was injected into the system. Data were acquired
in a continuum from 50 to 2,000 Da, from 3.5 to 34 min. The
transfer collision energy was ramped from 40 to 120 V. Scan
time was 0.4 s. Solvent blanks, extraction blanks, and QCs were
analyzed at the same time.
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FIGURE 3 | (A) EIC of a pair of isomeric lipids, 1,2-diphytanoyl-sn-glycero-3-phosphocholine (4ME 16:0 PC) and 1,2-diarachidoyl-sn-glycero-3-phosphocholine
(20:0 PC) analyzed under positive ion mode. Inserts are MS1 mass spectra of the isomeric lipid pair. (B,C) Arrival time distributions of the protonated form [M + H]+

of the isomeric pair. Inserts show their chemical structures. The arrival time distributions are almost identical, despite the differences in their hydrocarbon tails.
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Construction of Archaeal Lipid Structure
Database
An archaeal lipids database was constructed with Progenesis
SDF Studio ver. 1.0. A brief introduction was given in our
previous work (Law and Zhang, 2019). The library contained
a total of 953 structures, including 26 lipids from LipidMaps,
162 lipids from LipidBank, 121 lipids from PubChem, 24
lipids and lipid intermediates from MetaCyc, 64 lipids and
metabolites from ChEBI, 32 carotenoids from ChemSpider and
Carotenoids database, and 524 lipids were from literature or
speculated from literature data. Redundancy (repeated entries
of the same lipid from database sources) was kept. The
SDF library was subsequently used to identify compounds
by Progenesis QI.

Data Processing and Analysis
UNIFI software (Waters, Manchester, United Kingdom) ver. 1.9
SR4, was used to visualize the raw IM-MS spectra (Rosnack et al.,
2016). The raw spectra were further processed by Progenesis QI
(Non-linear Dynamics, Newcastle upon Tyne, United Kingdom)
ver. 2.4, and underwent automatic deconvolution and alignment.
Peak picking was set to default sensitivity with a minimum peak
width of 1.5 s. Data were normalized by the default method of the
software, normalize to all compounds.

Spectral features were annotated against an in-house Archaeal
Lipid Library (see the section above), LIPID MAP database
(release 20201001) (Schmelzer et al., 2007), and BioCyc
N. maritimus SCM1 library (ver. 24.0), using the Progenesis
MetaScope algorithm (version 1.0.6901.37313), with precursor
and theoretical fragmentation tolerance with a relative mass
error of 5 ppm. Spectral characteristics, including mass errors,
isotope similarities, and similarities between experimental and
in silico fragmentation spectra, were used for accessing the
confidence of the assignment, and a quantitative scoring
system was used to estimate the confidence of the metabolite
assignments (Creek et al., 2014). The software calculated
the similarity of each spectral characteristic and summed
them to an overall confidence score (maximum score 60).
Annotations of the spectral features were tentatively assigned
from lipid candidates with an overall score ≥ 47. Annotations
of the spectral features were therefore level 2b (probable
structures, with a unique lipid matched to the spectral
feature), or level 3 (tentative candidates, with two or more
isomeric lipids matched to the spectral feature and were
indistinguishable by MS2 or IMS) based on the revised reporting
standards proposed by Metabolomics Standards Initiative
(Schymanski et al., 2014).

RESULTS AND DISCUSSION

IM-MS Characterization of
Representative Archaeal Lipids
One of the main features distinguishing archaeal lipids from
bacterial and eukaryotic lipids is their hydrocarbon chains, which
are characterized by a repetition of a five-carbon unit with a

TABLE 1 | The CCS values of various adducts of the isomeric lipid pair.

Compound Retention
time (min)

Adduct Experimental
CCS (Å2)

Theoretical
CCS (Å2)*

1,2-Diphytanoyl-sn-
glycero-3-
phosphocholine

7.02 M + H 317.46 303.7

M + K 332.96 311.3

2M + H 473.90

2M + Na 476.33

1,2-Diarachidoyl-
sn-glycero-3-
phosphocholine

9.38 M + H 317.46 308.8

M + Na 320.88 308.1

M + K 331.24 314.9

2M + H 471.40

2M + Na 470.10

*Theoretical CCS values were predicted by CCSbase v1.1 using isomeric SMILES
codes from the PubChem database.

methyl group at every fourth carbon of a saturated isoprene
unit (Caforio and Driessen, 2017). These branched, saturated
structures are thought to enhance their chemical resistance
to hydrolysis and oxidation and permit archaea to withstand
extreme environmental conditions. However, how does this
unique feature modify the chemistry of the lipid molecules and
so regulate the collective behavior of the membrane?

A pair of isomeric diester lipids, 1,2-diphytanoyl-sn-glycero-
3-phosphocholine (4ME 16:0 PC) and 1,2-diarachidoyl-sn-
glycero-3-phosphocholine (20:0 PC), were chosen and analyzed
by LC-IM-MS. Their structures are shown in the inserts of
Figure 3. 20:0 PC was chosen to represent a typical linear
eukaryotic lipid, whereas 4ME 16:0 PC was chosen to represent a
typical branched isoprenoid diether lipid of archaea. It should be
stressed that while the isomeric pair was chosen because of their
hydrocarbon chains, the bond angle of ether and ester linkages
are not identical, ether lipids are slightly larger than ester lipids
with the same mass1.

The isomeric lipids were effectively separated by
chromatography with 20:0 PC stronger retained by the C18
chromatographic substrate (Figure 3A). On the other hand, the
HDMSE MS2 spectra of the isomer pair were almost identical
(Supplementary Figure 1). Distinguishing the isomeric lipids
had to rely on their chromatographic characteristics and hence
the availability of reference compounds analyzed under the same
experimental conditions.

The ion mobility characteristics of the isomeric pair were
further measured by IMS and the arrival time distributions
of the protonated form [M + H]+ of the ions are shown in
Figures 3B,C. The drift-times measured by IMS had only a minor
difference with < 0.1 ms under the instrumental parameters used,
although the isomeric lipids might still be discriminated by the
CCS values of the adducts or dimers (Table 1). For example, the
CCS values of the [2M+ Na]+ ion of the isomeric lipids differed
by observable 6 Å2.

1see later in Figure 13.
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FIGURE 4 | TIC of a commercially available tetraether monosaccharide phospholipid standard acquired under (A) positive and (B) negative ion modes. The
information provided by the vendor describes it contains a β-L-gulopyranosyl-caldarchaetidyl-glycerol, a glycerophosphate, and a gulosylpyranoside
monosaccharide linked via a tetraether chain. The phospholipid is synthesized by Thermoplasma acidophilum, with purity > 95%.

These results suggested that, in contrast to the straight-chain
diester lipids with the same number of carbons (20:0 PC), methyl
branching of the diester lipid (4ME 16: PC) reduces lateral
interactions with other lipid-like molecules in the membrane, as
they would have with the C18 chromatographic substrate, thereby
increasing the fluidity of lipid bilayers. However, as measured
by their ion mobility, the overall size of the gas-phase ions is
not significantly affected by methyl branching. This observation
offers an insight into the adaptability of the archaeal membrane

through the structural diversity of lipids. If the isoprenoid chain
of diether lipids of archaea are chemically similar to the branched
diester counterparts, the biosynthesis of both diphytanylglycerol
diether and dibiphytanylglycerol tetraether lipids (which are
the end-to-end coupling of two dibiphytanylglycerol diether
molecules) in archaea, allow them to have a wider range of
instruments to accommodate the environmental changes by
alternating the stiffness of the membrane without significantly
alternating the thickness of the membrane.
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FIGURE 5 | (A) Positive and (B) negative ion mass spectra of a commercially available intact polar GDGT reference standard that contains a mixture of at least five
β-L-gulopyranosyl-caldarchaetidyl-glycerols. Insert shows the chemical structure of the major component, which contains two cyclopentane rings. The number of
spectral features detected is typically a lot higher than the number of lipids in a sample. The challenges associated with the formation artifacts could also be avoided
or circumvented in negative mode, as uncomplicated mass spectra of intact GDGTs could be obtained.

A representative archaeal phosphoglycerol GDGT lipid,
β-L-gulopyranosyl-caldarchaetidyl-glycerol, obtained from a
commercial supplier, was initially chosen to optimize the IMS
parameters. The vendor described the product as a tetraether
monosaccharide phospholipid of high purity (>95%) and
is the main phospholipid of thermoacidophilic archaeon,
Thermoplasma acidophilum. It contains a glycerophosphate and
a gulosyl pyranoside monosaccharide linked via a tetraether
chain. Subsequent analysis revealed that the product contained
a mixture of β-L-gulopyranosyl-caldarchaetidyl-glycerols
with cyclopentane rings from 0 to 4, which were poorly

separated chromatographically, resulting in a relatively broad
chromatographic peak (Figure 4).

Intact GDGT lipids from archaeal cellular extracts are
typically analyzed using ESI in positive ionization mode.
However, background interferences are frequently encountered
and obscure the analysis (Figure 4A). These signals were
typically synthetic polymers and could not be completely avoided.
In addition to formation and various adducts, intact GDGT
lipids fragment extensively in positive mode, leading to many
degenerated features and artifacts (Figure 5A). As a result,
multiple signals derived from the same lipid are observed
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FIGURE 6 | The drift-time distribution of β-L-gulopyranosyl-caldarchaetidyl-glycerols measured in (A) positive and (B) negative ionization modes.

in the mass spectra, complicating automatic chromatographic
deconvolution and spectral annotation. Moreover, these artifacts
can cause other problems, especially when the fragment ions
correspond to isomeric species of other endogenous lipid species
in the samples and lead to incorrect annotation and/or false
identification (Hu et al., 2020). Owing to the presence of a
phosphate group, an option to mitigate these problems was to
analyze β-L-gulopyranosyl-caldarchaetidyl-glycerols in negative
ionization mode and to avoid the complications associated
with background interferences and in-source fragmentation
(Figures 4B, 5B). Furthermore, with the addition of the negative
data, annotated spectral features could be grouped manually to
circumvent the problems associated with the false identification
of fragment ions in the positive analysis (see the subsequent
analyses of the cell cultures).

In contrast to methyl branching, the cyclopentane rings
of GDGTs have a much greater influence on the overall
size of the molecule measured by ion mobility. The ion

mobility characteristics of β-L-gulopyranosyl-caldarchaetidyl-
glycerols were qualified under both positive and negative modes
(Figures 6A,B). Due to incomplete chromatographic separation,
a variety of adduct and isotopic peaks was observed in the
drift-time distribution plot. However, the lipids with a different
number of cyclopentane rings could still be distinguished by their
m/z. A noticeable feature was that the drift-time distributions
of polar GDGTs were much broader than typical ester lipids
(e.g., in contrast to 20:0 PC and 4ME 16:0 PC). This suggested
that the C40 isoprenoid chains of GDGTs are relatively elastic
and multiple gas-phase ion conformations exist. This was in
contrast to the conventional view that archaeal tetraether lipids
have higher chemical stability than diester lipids because of a
reduced segmental motion of tertiary carbon atoms (Albers et al.,
2006). The chemical stability of archaeal membrane is likely
owing to the collective thermodynamic behavior of isoprenoid
ether lipid molecules in a liquid-crystalline state, rather than
a specific chemical property of the isoprenoid ether molecules
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FIGURE 7 | (A) Ion mobility-mass correlation trendlines of β-L-gulopyranosyl-caldarchaetidyl-glycerols [M + H]+ and [M-H]− ions. The trendlines are linear fitted.
(B) Comparing the ion mobility-mass correlation trendlines of β-L-gulopyranosyl-caldarchaetidyl-glycerols with that of glycerophosphoethanolamines (PEs) [M + H]+

and [M-H]− ion, polyalanines [M + H]+ and [M-H]− ions, Ultramark [M + H]+ ions and PEGs [M + Na]+ ions. The trendlines are power fitted.
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(Chugunov et al., 2014; Pineda De Castro et al., 2016b,a; Vitkova
et al., 2020).

By plotting the CCS values of each ion peak against the m/z
values of β-L-gulopyranosyl-caldarchaetidyl-glycerols with core
GDGT-4 to GDGT-0, a linear correlation trendline was obtained
for both [M + H]+ and [M-H]− ions (Figure 7A). When the
gradients of the trendlines of β-L-gulopyranosyl-caldarchaetidyl-
glycerols were compared to other structural series of molecules,
such as polyalanines, polyethylene glycols (PEGs), and Ultramark
(fluorinated phosphazenes), and glycerophosphoethanolamines
(PEs), the trendlines of β-L-gulopyranosyl-caldarchaetidyl-
glycerols were much steeper than these classes of compounds
(Figure 7B). CCSs intrinsically correlate with molecular masses.
This characteristic leads to typically power-fitted regression
trendlines obtained with IM-MS analysis of a class of compounds.
But factors other than mass or chemical class can also affect how a
molecule is packed in three-dimensional space. Our observations
reinforce the proposition that the addition of each cyclopentane
ring in GDGTs effectively reduces their molecular size and
potentially the membrane thickness of archaeal cells (Gabriel and
Chong, 2000; Chong et al., 2012). Taking together, having the
instruments to regulate the stiffness and the thickness of the
plasma membrane through the collective behavior of individual
isoprenoid ether lipid molecules in the membrane might explain
the success of archaea to adapt to a wide range of environments.

UPLC-IM-MS Analyses of the Methyl
Tert-Butyl Ether Cellular Extracts of
N. maritimus
Two-dimensional density maps were often used in literature to
illustrate the number of lipids detected by HPLC-Q-ToF-MS
analyses (Becker et al., 2013, 2016), although many of the spots
in the density maps reported were not annotated. Figures 8A,B
show the density maps of a cellular lipid extract of N. maritimus
acquired in positive and negative modes, respectively. There
were hundreds of unique spots in the density maps of the
cellular lipid extracts even after considering the background ions
observed in the extraction blanks (Supplementary Figure 3). We
wondered that does the complexity of these maps provides a
visual estimation of the diversity of the lipidome of N. maritimus?
If so, could there be more archaeal lipids in the natural or
biological systems than that have ever been analyzed by low-
resolution mass spectrometric methods?

Estimating the number of the spots in the density maps
of the extract of N. maritimus implied that there were several
hundred or more lipid species in the lipidome of N. maritimus.
Nevertheless, as shown by the IM-MS analyses of representative
GDGT standard in the previous section, many ions observed
in the positive spectra were in-source fragment ions, adducts,
and artifacts. Observing the number of spots in the density
maps would overestimate the diversity of lipids in the lipidome.
Furthermore, a small proportion of lipids might have come from
bacterial contaminations or were introduced during cultivation
or sample preparation. The data acquired in negative mode,
however, did not provide a more accurate estimation of the lipid
diversity, as most archaeal lipids do not have phosphate or sulfate

groups or were not ionized in negative ionization mode. Core
lipids for example could only be detected in the positive analyses.

To better answer this question, the dataset acquired under
both positive and negative modes was further processed
by Progenesis QI. After data pre-processing and statistically
removing the background ions detected in the extraction blanks,
the deconvoluted spectral features were annotated to lipids by
accurate mass, isotope similarity, and HDMSE spectra against
the lipids in an in-house library and two other public databases.
Their HDMSE spectra were matched against the metfrag
in silico fragmentation. Approximately 90 spectral features
were annotated with lipids (Supplementary Table 1), including
lipids possibly of bacterial origins (highlighted in yellow in
Supplementary Table 1). Adducts of archaeal lipids other than
typically reported [M + H]+, [M + Na]+, and [M + NH4]+
were also detected. Our observations were mostly consistent with
those reported previously (Elling et al., 2014, 2016). However,
because our approach did not utilize manual curation (manually
generating extracted ion chromatograms and accessing the
identity of the features), but to qualify the confidence of the
annotation by assessing three major spectral characteristics, low
abundant lipids that did not produce high-quality MS2 spectra or
projected isotope distribution might not have been accepted for
identification, as their overall confidence score was lower than the
cut-off score 47.

Generally, lipids are separated mainly by their alkyl chain
hydrophobicity by reverse-phase chromatography. As a result,
lipids with the same headgroup and only slight differences in
the core lipid structure can be effectively separated (Wörmer
et al., 2013, 2017). However, as most archaeols or GDGTs are
composed invariably of C20 or C40 isoprenoid chains, the
hydrophilic polar headgroups do play a significant factor in
reverse-phase chromatographic separation. The overall elution
order of archaeal diether and tetraether lipids was dominated by
the isoprenoid chains’ length, with a variety of archaeols eluted
first followed by an assorted of GDGTs (Supplementary Table 1).
Within the group of diether or tetraether lipids, the lipids with
more hydrophilic headgroups or hydroxyl modifications were
eluted first, while the core lipids eluted last. Intact polar tetraether
GDGT lipids that differed only by a cyclopentane ring were
largely co-eluted, while core GDGT lipids were mostly separated,
though their peak intensities were relatively low. Hence, the
overall increase in hydrophobicity owing to cyclopentane rings
was inconspicuous in the presence of other functional groups.
The CCS values of the detected lipids are also shown in
Supplementary Table 1. To the best of our knowledge, it was
the first experimental measured CCS values of archaeal lipids
reported and could be used in the future IM-MS analysis of
archaeal lipids.

A pair of isomeric diglycosyl-dihydroxyl-GDGT-2 lipids was
detected (highlighted in green in Supplementary Table 1).
The isomeric pair was separated by chromatography by 2
min and were thought to be glycosylated with two hexose
moieties at both ends (eluted earlier), and glycosylated with
one dihexose moiety at one of the glycerol moieties (eluted
later) (Besseling et al., 2018). This resulted in a small reduction
of the CCS values measured by IMS. This was consistent
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FIGURE 8 | Density maps (mz-rt plots) of an experimental cellular lipid extract acquired in (A) positive and (B) negative ionization modes. In positive mode, in-source
fragmentation of intact polar GDGT lipids generated core GDGT lipids as well as other fragment ions. Care should be taken to avoid misannotation. In negative
mode, only adduct ions of intact polar GDGT lipids were observed. Polymer ions formed a diagonal group whereas solvent-related background ions appeared as
horizontal bands.
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FIGURE 9 | (A) EIC confirms a detection of a spectral feature at 13.1 min. (B) The MS1 spectrum of the spectral feature in (A). (C) The isotopic pattern of the doubly
charged ion at m/z 892.2754 in (B) and is consistent with the predicted pattern of a candidate lipid, 2-(6′-sulfo-β-D-mannosyl)-6-archaetidyl-α-D-glucosylarchaeol,
in our database.

with an observation reported in a previous study (Elling
et al., 2014) that a sequence of compounds with identical
molecular mass and MS2 spectra as 2G-GDGTs were detected,
but these 2G-GDGTs were separated by their chromatography
conditions by 4 min.

Characterization of archaeal lipids has mostly been performed
in positive mode. Phosphate-containing and other negatively
charged lipids have rarely been reported (de Souza et al., 2009).
One of the features was annotated to a sulfate- and phosphate-
containing archeol in negative analysis (highlighted in red
in Supplementary Table 1). The spectral data were accessed

manually. An extracted ion chromatography confirmed the
detection of the feature at m/z 892.6754 (Figure 9A). The feature
corresponded to a doubly charged [M-2H]2− ion (Figure 9B)
with a unique isotopic pattern (Figure 9C). The isotopic pattern
suggested that the chemical formula of the molecular ion
could probably be C98H195O22PS2−, and this matched to 2-(6′-
sulfo-β-D-mannosyl)-6-archaetidyl-α-D-glucosylarchaeol in our
in-house library. Unfortunately, a reliable MS2 spectrum was
not generated because of the signal intensity. To ascertain the
putative assignment, an authentic reference standard would be
required for verification.
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Comparison to Manual Curation
Comprehensive characterization of the lipidome with high-
resolution mass spectrometry analysis has conventionally been
performed with manual curation (Fauland et al., 2011). This
method has the advantage to reveal low abundant lipid species
that do not generate reliable MS2 spectra. These low abundance
species may also be filtered off by automatic data pre-processing
and are not seen in the outputs.

In manual curation, accurate mass and accurate retention
are important criteria for identification. The method of choice
is reversed-phase liquid chromatography, where the separation
of lipid species within one lipid class is mainly based on
the interaction between the hydrophobic stationary phase and
hydrocarbon chains of the lipid. Identification of lipid species is
possible by retention time even in the absence of reliable MS2

spectra provided that any other species of the series has a reliable
MS2 spectrum (Fauland et al., 2011).

A series of glycosidic GDGTs were chosen as examples
since they were among the most abundant lipid species in
the lipidome of N. maritimus and their accurate masses
were listed in Table 2. Figure 10 shows the chromatograms
of monoglycosyl-GDGTs (top) and monoglycosyl-hydroxyl-
GDGTs (bottom) [M + H]+ ions. Despite the interferences,
it was clear that GDGTs eluted at around 24 min. An
incremental increase in retention time was observed with
the number of cyclopentane rings. An addition of hydroxyl

moiety reduced the hydrophobicity of GDGTs and so the
chromatographic retention.

One data curation approach sums the scans of [M + H]+,
[M+NH4]+, and [M+Na]+ to increase the signal-to-noise ratio
of the extracted ion peaks (Zhu C. et al., 2013). An alternative
approach inspects the ion chromatograms of each of these
adducts individually to increase the confidence of identification.
We chose the latter method to minimize the likelihood of false
identification, and the chromatograms of [M + NH4]+ and
[M+ Na]+ adducts were evaluated separately.

While the chromatograms of monoglycosyl-GDGTs
[M + NH4]+ and [M + Na]+ adducts were similar to
that of [M + H]+ (Supplementary Figures 3, 4, top), the
chromatographic peaks of monoglycosyl-hydroxyl-GDGTs
[M+NH4]+ adducts were divided into two sets (Supplementary
Figure 3, bottom) and were labeled as set 1 and set 2 in
the figure. Only set 2 was observed in the chromatograms
of [M + Na]+ adduct (Supplementary Figure 4, bottom).
A similar observation was not reported previously and the
reason for this was unknown. Hence, manual curation was not
free from ambiguity.

Two sets of peaks were observed in the chromatograms of
diglycosyl-GDGTs and diglycosyl-hydroxyl-GDGTs [M + H]+
ions (Supplementary Figure 5). These hinted at the existence
of type I and type II structural isomers for most of the
diglycosidic GDGTs. However, only one of the isomeric

TABLE 2 | Manual curation using an accurate mass and retention approach.

Lipids [M + H]+ [M + NH4]+ [M + Na]+ Manual Progenesis

1G-GDGT-0 1464.3755 X 1481.4020 X 1486.3574 X X X

1G-GDGT-1 1462.3598 X 1479.3864 X 1484.3418 X X ×

1G-GDGT-2 1460.3442 X 1477.3707 X 1482.3261 X X ×

1G-GDGT-3 1458.3285 × 1475.3551 X 1480.3105 X X X

1G-GDGT-4 1456.3129 X 1473.3394 X 1478.2948 X X ×

1G-Cren 1454.2972 X 1471.3238 X 1476.2792 X X ×

1G-OH-GDGT-0 1480.3704 X 1497.3970 X 1502.3524 X X X

1G-OH-GDGT-1 1478.3548 X 1495.3813 X 1500.3367 X X X

1G-OH-GDGT-2 1476.3391 X 1493.3657 X 1498.3211 X X X

1G-OH-GDGT-3 1474.3235 X 1491.3500 X 1496.3054 X X ×

1G-OH-GDGT-4 1472.3078 X 1489.3344 X 1494.2898 X X ×

1G-OH-Cren 1470.2922 × 1487.3187 X 1492.2741 X X ×

2G-GDGT-0 1626.4283 X 1643.4549 X 1648.4103 X X ×

2G-GDGT-1 1624.4127 X 1641.4392 X 1646.3946 X X ×

2G-GDGT-2 1622.3970 X 1639.4236 X 1644.3790 X X X

2G-GDGT-3 1620.3814 X 1637.4079 X 1642.3633 X X X

2G-GDGT-4 1618.3657 X 1635.3923 X 1640.3477 X X X

2G-Cren 1616.3501 X 1633.3766 X 1638.3320 X X ×

2G-OH-GDGT-0 1642.4232 X 1659.4498 X 1664.4052 X X X

2G-OH-GDGT-1 1640.4076 X 1657.4341 X 1662.3895 X X ×

2G-OH-GDGT-2 1638.3919 X 1655.4185 X 1660.3739 X X X

2G-OH-GDGT-3 1636.3763 X 1653.4028 X 1658.3582 X X X

2G-OH-GDGT-4 1634.3606 X 1651.3872 X 1656.3426 X X ×

2G-OH-Cren 1632.3450 × 1649.3715 × 1654.3269 X × ×

A GDGT lipid is considered “detected” if the chromatographic peaks of two or more of its adducts are observed and the elution order of the chromatographic peaks
agrees with the relative hydrophobicity of the lipids.
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FIGURE 10 | Manual curation: EICs of 1G-GDGTs (top) and 1G-OH-GDGTs (bottom) [M + H]+ ions.

peaks was observed in the chromatograms [M + NH4]+
and [M + Na]+ adducts (Supplementary Figures 7, 8).
This contraction suggested that there was insufficient evidence
for the detection of structural isomers. 2G-GDGT-0 was an
exception. The peaks corresponding to isomeric pairs were
seen in the chromatograms of [M + NH4]+ and [M + Na]+
adducts (Supplementary Figures 6, 7). The observation of
the 2G-GDGT-0 structural isomers was further accessed with
MS-DIAL (Tsugawa et al., 2020) after data pre-processing
(Figures 11A,B). As previously reported (Besseling et al., 2018),
2G-GDGT-0 type I and II isomers could be differentiated by
their MS2 spectra (Figure 11C), in addition to their mobility
spectra (Figure 11D).

The results are summarized in Table 2. A lipid was
considered detected if at least two adducts were observed.
These results were further compared to those obtained by
Progenesis QI. These results suggested that manual curation
had a higher identification rate than automatic data pre-
processing and identification. It was because manual curation
visualized the chromatograms of targeted ions and ignored
the rest, whereas automatic data pre-processing required
chromatographic deconvolution before spectral matching. Since
some GDGTs, especially those lipids with GDGT-3 and GDGT-
4 cores, cannot be chromatographically resolved, deconvolution
and identification of these compounds by automation face
significant challenges.
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FIGURE 11 | Spectral characteristics of the 2G-GDGT-0 type I and II structural isomers ([M + NH4]+). (A) EICs of the structural isomers that were eluted 2 min apart,
(B) deconvolution of the spectral features and isotopic ions, (C) deconvoluted MS2 spectra of the isomers, and (D) ion mobility spectra of the isomers.

Frontiers in Microbiology | www.frontiersin.org 18 December 2021 | Volume 12 | Article 735878316

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


fmicb-12-735878 November 27, 2021 Time: 10:35 # 19

Law et al. UPLC-IM-MS Characterization of Archaeal Lipidome

An illustration using monoglycosyl-hydroxyl-GDGTs is given
in Supplementary Figures 8, 9. A summation of all the scans
between 23 and 25 min revealed the isotopic envelope of 1G-
OH-GDGTs (Supplementary Figure 8A). Reconstructed ion
chromatograms of each of these ions resulted in four major
chromatographic peaks, each of which was composed of a
collection of ions (Supplementary Figure 9) forming a complex
isotopic pattern (Supplementary Figures 8B–E). Interpretation
of the manually curated chromatograms suggested the presence
of 1G-OH-GDGT-0 to 1G-OH-GDGT-4 as their peaks were
observed in the extracted ion chromatograms (Figure 10).
Nevertheless, this was a convolution problem for automation.
1G-OH-GDGT-2, 1G-OH-GDGT-3, and 1G-OH-GDGT-4 were
not chromatographically resolved into distinct spectral features,
and only 1G-OH-GDGT-2 was identified by Progenesis QI due
to its relatively high abundance.

The Enigma of Crenarchaeol and Its
Stereoisomer
Crenarchaeol and its stereoisomer (diastereomer and/or
enantiomer) have been detected in marine sediment and
suspected particles in seawater and their concentrations in the
water column are the basis of the TEX86 paleotemperature
proxy (Inglis and Tierney, 2020). On the other hand, recent
studies on the cell cultures have revealed that the TEX86 signal
is not dependent on growth temperature, but rather the rate of
ammonia oxidation and so the energy flux of the archaeal cells
(Qin et al., 2015; Hurley et al., 2016; Zhou et al., 2020). There
are also questions as to their biosynthesis. Previous studies of
N. maritimus have also come to a set of contrasting results.
In an early study (Schouten et al., 2008), the regioisomer of
crenarchaeol was not detected from the untreated cellular extract.
Small amounts of crenarchaeol regioisomer were only detected
after acid hydrolysis. Elling et al. (2014) in contrast, reported that
both crenarchaeol and its regioisomer were detected as glycosidic
and core lipids in the cultures of N. maritimus. A crenarchaeol
core lipid contains one cyclohexane and four cyclopentane rings,
though the stereotropic arrangement of crenarchaeol and its
regioisomer has not been entirely clear (Sinninghe Damsté et al.,
2018). Attempts have been made to synthesis the pair of isomers
by classical chemistry, and as a result, a revised structure has
been proposed (Holzheimer et al., 2020).

In our analysis of the cellular lipid extracts (Figure 12A), we
did not observe a chromatographic separation of crenarchaeol
and its proposed isomer (even as tailings), either as the
core lipid (Figures 12B,C) or the monoglycosidic form of
crenarchaeol (Figures 12D–F). Similarly, a single peak was
observed in the ion mobility spectrum corresponding to the core
lipids (Figures 12G,H), and the monoglycosidic crenarchaeol
(Figures 12I–K). Our current data was inconclusive to provide
further insight. While the IMS resolving power of the SYNAPT
G2 class systems was inadequate for chiral discrimination,
the IMS resolving power of the system permitted resolving
isomeric compounds of distinct chemical classes, such as lipids
from non-lipid background interferences, or differentiation
of lipid subclasses, including diether and tetraether lipids of

archaea from the bacterial ester lipids, based on their IM
characteristics (Figure 13).

CONCLUSION

Archaeal isoprenoid ether lipids were first characterized by gas
chromatography-mass spectrometry (GC-MS) (de Rosa et al.,
1976, 1977). The method had since become a central technique
to study Archaea and their membrane lipids (Tornabene and
Langworthy, 1979). However, since GC-MS requires the analytes
to be volatile, the technique only could be used to characterize
isoprenoid diether lipids or the phytanyl hydrocarbon chains of
the tetraether lipids after chemical degradation (Chappe et al.,
1980). For the next two decades, few technological advances
were applied to archaeal lipid analysis until the first report of
direct analysis of core lipids by HPLC-MS (Hopmans et al.,
2000). The proposed method was performed on a low-cost single
quadrupole system (Schouten et al., 2002). Subsequently, an
improved approach made use of an ion trap system (Sturt et al.,
2004; Knappy et al., 2011). The confidence of lipid identification
was enhanced with multiple-stage MSn experiments. Recent
studies have gradually shifted from relative quantification of core
lipids to semi-targeted fingerprinting of the lipidome using HPLC
coupled to high-resolution MS (Zhu C. et al., 2013; Hopmans
et al., 2016). Other techniques such as matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) (Lobasso
et al., 2015) and shotgun lipidomics (Jensen et al., 2015) have also
been reported. Applications of lipidomics in geomicrobiology
have already drastically advanced our understanding of the
physiology of many extremophilic as well as mesophilic archaea
that perform key biogeochemical processes (Law and Zhang,
2019; Law et al., 2020). However, comprehensive characterization
of the lipidome remains analytically challenging, particularly the
occurrence of isobaric lipid species that requires a lengthy pre-
analysis fractionation or tandem chromatographic separations.
With the emerging of the IM-MS technology, it is timely to
explore the recent technological advances to obtain further
insight into the chemical nature of archaeal lipids and to
reexamine the lipidome of archaea.

A unique feature of IM-MS data is the existence of empirical
correlation trendlines corresponding to chemical classes. These
trendlines reflect the specific conformation of a class of
compounds undertakes within the gas-phase environment of the
IM spectrometer. Since gas-phase packing for lipids is inefficient,
this results in a relatively large size-to-mass ratio and this allows
lipids to be readily differentiated from other molecules within
a two-dimensional IM-MS spectrum. Subclasses of lipids may
also be differentiated by their ion mobility characteristics. For
example, sphingolipids adopt larger gas-phase conformations
than phospholipids because of the constraint imposed by the
sn1 sphingosine backbone that limits the degrees of unsaturation
on their hydrocarbon chain (Harris et al., 2019). Similarly,
the degree of cyclization equally plays a significant role in
the conformation of archaeal tetraether lipids. We observed
a linear increase in mobility (reduction in CCS values)
with the number of cyclopentane rings in our analysis of
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FIGURE 12 | (A) TIC of a typical cellular lipid extract of N. maritimus. (B,C) EIC of m/z 1292.232, and 1314.227 corresponding to the [M + H]+ and [M + Na]+ of
core crenarchaeol ion eluted at 30.15 mins. Peaks eluted at 19.22 22.63 and 24.98 mins were fragment ions of diglycosidic and monoglycosidic crenarchaeols, with
the same m/z of the core crenarchaeol ion. (D–F) EIC of m/z 1454.302, 1471.331, 1476.293 corresponding to the [M + H]+, [M + NH4]+ and [M + Na]+ of
monoglycosidic crenarchaeol. (G,H) Arrival time distributions of [M + H]+ and [M + Na]+ of core crenarchaeol. (I–K) Arrival time distributions of [M + H]+, [M + NH4]+

and [M + Na]+ of monoglycosidic crenarchaeol.
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FIGURE 13 | Two-dimensional IM-MS spectra (drift-time-m/z plot) of an experimental cellular lipid extract acquired in (A) positive and (B) negative ionization modes.

β-L-gulopyranosyl-caldarchaetidyl-glycerols and the gradients of
their correlation trendlines were a lot larger than polyalanine,
PEs, PEGs and UltraMark (Figure 7). However, individual GDGT
lipids were poorly separated by reverse-phase chromatography
because of their minor differences in hydrophobicity (Figure 4).

Differentiation of archaeal tetraether lipid isomers was,
however, less successful with ion mobility separation. While
typical eukaryotic or bacterial diester lipids that differ in their
backbone, headgroup, or fatty acyl composition lead to distinct
structures that are resolvable in the ion mobility dimension,
archaeal lipids of N. maritimus are not as structurally diverse
as eukaryotic or bacterial lipids. Chemical diversity archetypally
arises from a reorganization or arrangement of a limited
number of core lipids and headgroups (Figure 1). As a result,
the differences in CCS values were too small to be resolved
with the SYNAPT G2 class instrumentation. Discrimination of

lipid isomers, therefore, required a chromatographic separation
before IM-MS measurement. This was demonstrated with the
detection of isomeric lipids such as diglycosyl-dihydroxyl-
GDGT-2 (Supplementary Table 1) and diglycosidic GDGT-0
(Figure 11) in our analysis of the cellular extracts ofN.maritimus.
The structural arrangement of the two hexoses led to a significant
change in their relative hydrophilicity, but only a relatively small
change in their CCS values. IMS could only function auxiliary in
the discrimination of isomers here. Consequently, profiling of the
lipidome ofN.maritimus with HDMSE mode did not detect more
archaeal lipids than the conventional data-dependent acquisition
(DDA) approach. Indeed, our relatively rigorous approach in
annotating the spectral features based on accurate masses, isotope
patterns, and MS2 spectra against our lipid databases resulted
in fewer GDGT lipids being detected by Progenesis QI than
manual curation. However, our approach might have been more
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suited in detecting novel or unpredicted compounds,
including phosphate- and/or sulfate-containing lipids in
negative analysis. It is also important to stress that the
implementation of an automatic data pre-processing and
analysis pipeline is still advantageous and has potential
applications to the analysis of other marine plankton, such as
cyanobacteria and microalgae.

A major challenge of this work was the absence of
an archaeal lipid database to compare the lipidome of a
variety of marine archaeal species. To construct a domain-
wide archaeal lipids structural library, which contained not
only the reported lipids of N. maritimus but all known
lipids produced by the domain of Archaea, a large volume
of literature was reviewed. This library was essential as few
reference lipids of archaea were commercially available for
our method development or experimental verification. As a
result, an archaeal lipid structural library in SDF format was
constructed. After painstakingly constructing a structural library,
a spectral library was assembled on analyzing representative
cultures of marine archaea. Unfortunately, because of our
inability to cultivate marine archaea and the availability of
viable archaeal isolates, only a model marine Thaumarchaeoton
was studied. This led us to generate an HDMSE archaeal
lipid MS2 spectral library. The MS2 library was made available
in an open MSP format and can be used directly with
open data pre-processing software such as MS-DIAL (Tsugawa
et al., 2020; Supplementary Figure 10). We have previously
reviewed a selection of software packages designed specifically
for lipidomic data pre-processing and analysis (Law and Zhang,
2019). To advance the field of marine microbiology, readers
are encouraged to explore the available bioinformatic tools,
which have different design philosophies and compatibilities
with mass spectrometry systems. The structural and spectral
libraries in the Supplementary Information are available
to the community.
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