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ABSTRACT

Bathyarchaeota, formerly known as the Miscellaneous Crenarchaeotal Group, is a phylum of global generalists that are
widespread in anoxic sediments, which host relatively high abundance archaeal communities. Until now, 25 subgroups
have been identified in the Bathyarchaeota. The distinct bathyarchaeotal subgroups diverged to adapt to marine and
freshwater environments. Based on the physiological and genomic evidence, acetyl-coenzyme A-centralized heterotrophic
pathways of energy conservation have been proposed to function in Bathyarchaeota; these microbes are able to
anaerobically utilize (i) detrital proteins, (ii) polymeric carbohydrates, (iii) fatty acids/aromatic compounds, (iv) methane (or
short chain alkane) and methylated compounds, and/or (v) potentially other organic matter. Furthermore, bathyarchaeotal
members have wide metabolic capabilities, including acetogenesis, methane metabolism, and dissimilatory nitrogen and
sulfur reduction, and they also have potential interactions with anaerobic methane-oxidizing archaea, acetoclastic
methanogens and heterotrophic bacteria. These results have not only demonstrated multiple and important ecological
functions of this archaeal phylum, but also paved the way for a detailed understanding of the evolution and metabolism of
archaea as such. This review summarizes the recent findings pertaining to the ecological, physiological and genomic
aspects of Bathyarchaeota, highlighting the vital role of this phylum in global carbon cycling.
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INTRODUCTION

The Miscellaneous Crenarchaeotal Group (MCG) archaea were
firstly detected from a hot spring (Barns et al. 1996) and later
proposed with a name in a study surveying 16S rRNA gene se-

quences frommarine subsurface sediments (Inagaki et al. 2003).
The group was termed ‘miscellaneous’ because of its occur-
rence in diverse habitats; it is not only abundant in marine sed-
iments but is also widely distributed in terrestrial, freshwater,
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hot spring, hydrothermal, etc., environments (Kubo et al. 2012).
It is one of the predominant groups in the marine subsurface
archaeal community (Fry et al. 2008; Teske and Sørensen 2008;
Lloyd et al. 2013). Combined with the large amount of carbon
deposited in the subseafloor (ca 15 × 1021 g) (Fry et al. 2008),
the high abundance of MCG archaea in marine sediments (10–
100% of total archaeal abundance) (Parkes et al. 2005; Biddle et al.
2006; Fry et al. 2008; Kubo et al. 2012; Lloyd et al. 2013) and their
heterotrophic properties on detrital proteins, acetate, aromatic
compounds and/or other organic substrates (Biddle et al. 2006;
Webster et al. 2010; Webster et al. 2011; Lloyd et al. 2013; Na et al.
2015), naturally led to the proposal that this group of archaea
may play an important role in global carbon biogeochemical cy-
cling (Kubo et al. 2012; Lloyd et al. 2013; Fillol et al. 2016; He et al.
2016). Based on the phylogenetic analysis of concatenated rRNA,
ribosome proteins and topomerase IB protein-encoding genes,
MCG is phylogenetically distinct from the closely related Aigar-
chaeota and Thaumarchaeota, and comprises a parallel lineage
that has perhaps evolved from a common ancestor (Meng et al.
2014). A new phylum name for this group was proposed, i.e.
Bathyarchaeota, reflecting its phylogenetic position as deeply
branching with Aigarchaeota and Thaumarchaeota, and its
prevalence in subsurface sediments (Meng et al. 2014). Recent ge-
nomic evidence suggests that Bathyarchaeota might potentially
be involved in methane metabolism, a property that had only
been confirmed to date in the Euryarchaeota domain (Evans et al.
2015; Lloyd 2015). This suggests thatmethanemetabolismmight
have evolved before the divergence of the ancient archaeal lin-
eages of Bathyarchaeota and Euryarchaeota, in agreement with
the assumption that methanogenesis might represent one of
the earliest metabolic transformations (Battistuzzi, Feijao and
Hedges 2004; Ferry and House 2006; Evans et al. 2015; Lloyd
2015). More recently, acetogenesis, a metabolic process deemed
to be restricted to the domain bacteria, was also suggested to
take place in some lineages of Bathyarchaeota (He et al. 2016;
Lazar et al. 2016), expanding the metabolic potential of archaea.
These physiological, ecological and evolutionary features place
Bathyarchaeota in the spotlight of current microbial ecology
studies, encouraging further explorations of their impact on
global and local biogeochemical carbon cycling.

GLOBAL DISTRIBUTION AND HIGH DIVERSITY
OF BATHYARCHAEOTA

The significance of global distribution

Bathyarchaeota was initially proposed to form a distinct clus-
ter closely related to Aigarchaeota and hyperthermophilic Cre-
narchaeota; because of their terrestrial origin (Barns et al. 1996)
(such as freshwater lakes and hot springs), the name Terres-
trial MCG was temporarily proposed (Takai et al. 2001). Later
on, members of Bathyarchaeota were also found to be abun-
dant in deep marine subsurface sediments (Reed et al. 2002;
Inagaki et al. 2003), suggesting that this group of archaea is not
restricted to terrestrial environments, and the name has been
changed to MCG archaea (Inagaki et al. 2003). According to the
meta-analysis of archaeal sequences available in the ARB SILVA
database (Kubo et al. 2012), Bathyarchaeota was further recog-
nized as a group of global generalists dwelling in various en-
vironments, including marine sediments, hydrothermal vents,
tidal flat and estuary sediments, hypersaline sediments, terres-
trial subsurface, biomats, limnic water and sediments, under-
ground aquifers, hot springs, soils, municipal wastewaters, ani-
mal digestive tract, etc. (Fig. 1) (for details see Kubo et al. 2012).

In addition to the global distribution, expanding prokary-
otic community investigations of deep ocean drilling sediments
revealed that members of Bathyarchaeota occupy considerable
fractions of the archaeal communities (Teske 2006). Consider-
ing the total fractions within all horizons from the sediment
cores, members of Bathyarchaeota accounted for 92% of the ar-
chaeal community in the Peru Margin Site 1229; 48% in the Peru
Margin Site 1227; 71% in volcanic ash layers in the Okhotsk
Sea; 47.5% in the forearc basin in the Nankai Trough; 20.6% in
the accretionary wedge at the Nankai Trough ODP site 1173;
and 83.3% in all layers of the Mediterranean Pleistocene sapro-
pel (Coolen et al. 2002; Reed et al. 2002; Inagaki et al. 2003;
Newberry et al. 2004; Parkes et al. 2005; Inagaki et al. 2006;
Teske 2006). Fry et al. (2008) further summarized 47 clone li-
braries of 16S rRNA genes from the marine subsurface, with
Bathyarchaeota accounting for 33% of all archaea. In addi-
tion, the catalyzed reporter deposition-fluorescent in situ hy-
bridization (CARD-FISH) studies for the detection and quan-
tification of bathyarchaeotal cells suggest that they are abun-
dant in the center and marine invertebrate-inhabited layers
in the Haakon Mosby Mud Volcano, and in the marine sub-
surface sediments in the Equatorial ODP site 1125 and Peru
Basin ODP site 1231 (Kubo et al. 2012). It has been suggested
that Bathyarchaeota is one of the cosmopolitan groups fre-
quently detected in the freshwater and marine sediments
(68% of all sediments analyzed), accounting for a large pro-
portion of the sediment microbial communities (average 36 ±
22%) (Fillol et al. 2016). Species abundance distribution anal-
ysis indicates that Bathyarchaeota is one of the persistent
and abundant core lineages of the sediment archaeal commu-
nities, showing, to some extent, habitat-specific distribution
(Fillol et al. 2016).

Along with the widespread distribution of Bathyarchaeota,
i.e. their relatively high abundance in the global marine sub-
surface ecosystem (Kubo et al. 2012; Lloyd et al. 2013), they are
also metabolically active in the subsurface sediments across ge-
ological time scales. Bathyarchaeota dominate 16S rRNA clone
libraries of transcribed RNA constructed for the Peru Margin
ODP site 1229 (Parkes et al. 2005; Biddle et al. 2006) and the
upper 35 m of the subsurface sediments at the Peru Margin
ODP site 1227 (Inagaki et al. 2006; Sorensen and Teske 2006).
Furthermore, both FISH labeling and intact polar lipid quan-
tification suggest the presence of highly abundant and active
bathyarchaeotal cells in the Peru offshore subsurface sediments
collected during the Ocean Drilling Program Leg 201 (Biddle et al.
2006; Lipp et al. 2008). Similarly, rRNA slot blot hybridization in-
dicates the existence of functionally active Bathyarchaeota not
only in the surface and subsurface sediments from the Nyegga
site 272-02, Cascadia Margin, Gulf of Mexico, Hydrate Ridge ODP
site 1245 and Janssand (North Sea), but also in the oxic mats
in the Arabian Gulf and subsurface White Oak River sediments
(Kubo et al. 2012). Considering that the marine subseafloor en-
vironment is one of the largest reservoirs of the prokaryotic
biomass on Earth, with an estimated microbial abundance of
2.9 × 1029 cells and harboring ca 9.1–31.5% of all prokaryotes on
Earth (Kallmeyer et al. 2012), the predominance and activity of
Bathyarchaeota in the marine subsurface sediments indicates
that these microbes might play a crucial role in global biogeo-
chemical nutrient cycling.

Bathyarchaeota subgroups and diversity

A detailed knowledge of the phylogenetic structure of the Bath-
yarchaeota phylum is crucial for the understanding of their
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Figure 1. Schematic figure representing major eco-niches of Bathyarchaeota. The indicator subgroups in saline and freshwater sediments were depicted accordingly.
The inset table shows the distribution of subgroups in major environmental categories. The isolation source information was parsed from gbk files of bathyarchaeotal
16S rRNA gene sequences. The percentages in every row stand for the proportions of subgroups in each environmental category.

ecological significance in global sedimentary processes. The
first comprehensive phylogenetic tree of Bathyarchaeota was
constructed in 2012 (Kubo et al. 2012); it was based on 4720
bathyarchaeotal sequences from the SILVA database (SSU Ref
NR106 and SSU Parc106). Sequences longer than 940 bp were
first used to construct the backbone of the tree, and additional
sequences were then added without altering the general tree
topology. The assignment of bathyarchaeotal subgroups was
made based on either having been formerly defined or being
monophyletic, using both distance andmaximum-likelihood es-
timations (Kubo et al. 2012). In total, 17 subgroups with 76%
similarity shared by the most remote sequences were desig-
nated; however, 12% of all sequences remained ungrouped. The
branching order of Subgroups-13 to -17 was unstable when an-
alyzed by different tree-construction methods, and they were
presented as multifurcated branches. Recently, another meta-
analysis using newly acquired global sediment bathyarchaeo-
tal sequences resulted in the addition of two more subgroups,
Subgroups-18 and -19, with high bootstrap supporting values
(96% and 86%, respectively) (Fillol et al. 2016). Subgroup-5 is di-
vided into Subgroups-5a and -5b, each with intragroup sim-
ilarity >90% according to a maximum-likelihood estimation.
Subgroup-5b was further split into 5b and 5bb, as additional se-
quences were added. Bathyarchaeota is characterized by high
intragroup diversity, with most subgroups showing within-
sequence similarity <92% (Kubo et al. 2012; Fillol et al. 2016). As
suggested by the classification of uncultured archaea based on
nearly full-length 16S rRNA gene sequences, the bathyarchaeo-
tal sequence boundary falls into the minimum sequence iden-
tity range of phylum level (74.95–79.9%), and each subgroup
generally falls into the median sequence identity range of

family and order levels (91.65–92.9% and 88.25–90.1%, respec-
tively) (Yarza et al. 2014). It was proposed that the high diversity
of Bathyarchaeota implies a high metabolic diversity among its
subgroups (Kubo et al. 2012).

Because of the high diversity of Bathyarchaeota and various
independent analyses of samples from diverse environments,
the nomenclature for this archaeal group in previous reports
was very complex. For instance, a study into the stratification of
the archaeal community from a shallow sediment in the Pearl
River Estuary defined bathyarchaeotal subgroups from MCG-A
to -F (Jiang et al. 2011), including the NT-A3 group, which is
predominantly isolated from the hydrate stability zone in the
deep subsurface hydrate-bearing marine sediment core in the
Nankai Trough (Reed et al. 2002); meanwhile, an investigation of
archaeal composition in ca 200 m deep sub-seafloor sediment
cores at the offshore Peru Margin ODP sites 1228 and 1229 listed
Bathyarchaeota subgroups PM-1 to -8 (Webster et al. 2006).

To alleviate the nomenclature confusion, we constructed an
updated RAxML tree (Fig. 2) based on currently available bath-
yarchaeotal 16S rRNA gene sequences from SILVA SSU 128 by
adding the information from pervious publications (Kubo et al.
2012; Lazar et al. 2015; Fillol et al. 2016; He et al. 2016; Xiang et al.
2017). In this tree, the Subgroups-1 to -17 were the same as
Kubo’s tree (Kubo et al. 2012), and Subgroup-5 was divided into
Subgroups-5a, -5b and -5bb as suggested in Fillol et al.’s research
(Fillol et al. 2016). The subgroupsMCG-18, -19 and -20 were firstly
named in Lazar et al.’s study, but only MCG-19 was represented
in the phylogenetic tree (Lazar et al. 2015). On the other hand, the
subgroups MCG-18 and MCG-19 were also named in Fillol et al.’s
research (Fillol et al. 2016). To avoid the confusion, Subgroups-
18 and -19 were named to be consistent with subgroups
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Figure 2. Phylogenetic tree of bathyarchaeotal 16S rRNA genes. Bathyarchaeotal 16S rRNA gene sequences were collected from SILVA SSU database version 128 (se-
quences of Bathyarchaeota and Group C3; >750 bp) and sequences from pervious publications (Kubo et al. 2012; Lazar et al. 2015; Fillol et al. 2016; He et al. 2016;

Xiang et al. 2017). All sequences were clustered at 90% identity using Usearch v10.0.240 (https://www.drive5.com/usearch/), then the 16S rRNA gene sequences from
available bathyarchaeotal genomes in public database, the anchor sequences from Kubo et al. (Kubo et al. 2012), and the outgroup sequences of Crenarchaeota, YNPFFA
group and Korarchaeota were added. All sequences were aligned using SINA v1.2.11 (vision 21 227) with SSU ARB database version 128, and poorly aligned columns
(gaps in 50% or more of the sequences) were deleted by using trimAl v1.4.rev15 (Ludwig et al. 2004; Capella-Gutiérrez, Silla-Martı́nez and Gabaldón 2009; Pruesse,

Peplies and Gloeckner 2012). Phylogenetic analyses of 16S rRNA gene sequences were inferred by Maximum Likelihood implemented in RAxML 8.0 on the CIPRES Sci-
ence Gateway using the GTR+GAMMA model and RAxML halted bootstrapping automatically (Miller, Pfeiffer and Schwartz 2010; Stamatakis 2014). Currently available
bathyarchaeotal genomes (from GenBank, 29 November 2017 updated) with 16S rRNA gene sequences were labeled in the tree. Peat MCG group was represented with
one sequence at 90% cutoff level (Xiang et al. 2017). While Subgroups-18 and -19 were named to be consistent with subgroups MCG-18 and MCG-19 as proposed in

two previous reports (Lazar et al. 2015; Fillol et al. 2016), Subgroup-20 was renamed to replace the subgroup MCG-19 in Fillol et al.’s tree (Fillol et al. 2016). All assigned
subgroups have minimum intra-group >90%, and are clustered into one clade with previously reported anchor sequences (Kubo et al. 2012). Tree building intermediate
files are publicly available (https://github.com/ChaoLab/Bathy16Stree).

MCG-18 and MCG-19 as proposed in two previous reports (re-
spectively Lazar et al. 2015; Fillol et al. 2016), while Subgroup-20
was renamed to replace the subgroupMCG-19 in Fillol et al.’s tree
(Fillol et al. 2016). The groups of B24 and B25 (He et al. 2016)
were added into the tree representing Subgroups-21 and -22,

respectively. Furthermore, one new subgroup (Subgroup-23) was
proposed in this study (Fig. 2). A group called Peat MCG (pMCG)
(Xiang et al. 2017) was also listed on the tree; however, because
there was only one represented sequence after dereplication at
90% similarity of all bathyarchaeotal 16S rRNA gene sequences,
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Figure 3. Genomic characterization and metabolic potentials of Bathyarchaeota. (A) Phylogenetic tree of ribosomal proteins obtained from currently available bath-
yarchaeotal genomes (from GenBank, 29 November 2017 updated). The concatenated ribosomal protein (RP) alignment contained 12 RPs, and those genomes with
<25% RPs were excluded from tree construction. Subgroups were assigned from the corresponding 16S rRNA gene phylogenic tree (Fig. 2). (B) The dendrogram and
genome similarity heatmap based on pairwise OrthoANIu values of 24 bathyarchaeotal genomes (Yoon et al. 2017). The picked genomes are of high completeness

(>70%) and good quality (excluding genomes with numerous long breaking parts with ‘N’). (C) The metabolic properties of 24 bathyarchaeotal genomes. Markers for
individual pathway/function were scanned against genomes using the HMM and KEGG databases (Anantharaman et al. 2016; Kanehisa, Sato and Morishima 2016;
Spang, Caceres and Ettema 2017). Details of markers refer to Supplementary Table S1 available online. Genome labels are according to panel (B).

we did not list pMCG as a separate subgroup in this tree (Fig. 2).
In summary, there are a total of 25 subgroups of Bathyarchaeota
based on all available 16S rRNA gene sequences at this moment,
and the former names for each subgroup are also labeled in
the tree (Fig. 2). Furthermore, the phylogeny of concatenated
alignments constituting 12 ribosomal proteins obtained from

currently available bathyarchaeotal genomes (from GenBank, 29
November 2017 updated) was also reconstructed, which showed
a similar topology to those of 16S rRNA genes with a few ex-
ceptions in Subgroup-17 (Fig. 3A). Thus, this systematic nomen-
clature based on clear monophyletic or phylogenetically stable
subgroups not only facilitates further sequence assignment, but
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also provides useful information for understanding the evolu-
tionary separation of specific lineages subjected to natural se-
lection (Fillol et al. 2016).

DISTRIBUTION PATTERN AND MOLECULAR
DETECTION

Salinity/freshwater separation during diversification

Given the high phylogenetic diversity within the 25 subgroups
of Bathyarchaeota, many efforts have been made to understand
the key factors that control their distribution and evolution.
The phylogenetic species variability index, which reflects the
phylogenetic relatedness of sequences originating from spe-
cific environments, suggests a non-random distribution of Bath-
yarchaeota assemblages in natural environments (Fillol et al.
2016). A meta-analysis of the distribution of sediment archaeal
communities towards environmental eco-factors (7098 archaeal
operational taxonomic units from 207 sediment sites world-
wide)was performed and amultivariate regression treewas con-
structed to depict the relationship between archaeal lineages
and the environmental origin matrix (Fillol et al. 2016). This ap-
proach revealed that the separation of subgroups according to
saline and anoxic levels could explain 13% of the phylogenetic
lineage variance. The first two separation nodes representing
the hypersaline, saline and fresh environments accounted for
9.1% of the total phylogenetic lineage variance. Considering the
relative abundance of lineages in the separated leaves, Bath-
yarchaeota accounted for the greatest proportion of lineage vari-
ance in the freshwater and saline environments. Further, the In-
dVal index, which reflects the level of relative abundance and
frequency of occurrence, suggests that selective bathyarchaeo-
tal subgroups are bio-indicator lineages in both freshwater and
saline environments, as determined by amultivariate regression
tree analysis (Fillol et al. 2016)

Furthermore, a principal coordinate analysis also clearly
separates the bathyarchaeotal community into freshwater and
saline sediment groups. This was confirmed by a permutational
analysis of variance, with salinity as the best explanatory vari-
able for the variance within the bathyarchaeotal community (R2

= 0.04, P < 0.001) (Fillol et al. 2016). Eight subgroups were delin-
eated based on the freshwater/saline segregation, as suggested
by the significant IndVal values (P < 0.01) pointing to freshwa-
ter/marine sediment distribution. These indicative subgroups
are the dominant ones in the environment, as evaluated by rela-
tively abundant fraction of Bathyarchaeota in corresponding ar-
chaeal communities (on average 44% among all studies). Among
these are Subgroups-1 and -8 with high IndVal values in marine
sediments, and Subgroups-5 and -11 with high IndVal values in
fresh sediments (Fillol et al. 2016).

The marine/freshwater segregation is a distribution pattern
widely shared by diverse microorganisms, including archaea,
bacteria, viruses and eukaryotes (Logares et al. 2009). Based on
the lineage distribution pattern analysis of the archaeal com-
munity of seven major eco-niches, it is also evident that the
different evolutionary lineages are habitat-specific, and salin-
ity rather than temperature is the primary driving force of
the variation of global archaea distribution, with a similar pat-
tern also evident for the global bacterial distribution (Lozupone
and Knight 2007; Auguet, Barberan and Casamayor 2010). An-
cestral state reconstruction was used to estimate the diver-
sification of bathyarchaeotal lineages previously subjected to
the saline/freshwater transition. It has been proposed that the
deduced last common ancestorwasmost likely a saline-adapted

organism, and the evolutionary progression occurredmost likely
in the saline-to-freshwater direction, with few environmental
transitional events. The emergence of freshwater-adapted lin-
eages, including freshwater-indicative Subgroups-5, -7, -9 and
-11, occurred after the first saline–freshwater transition event
(Fillol et al. 2016).

The subgroup distribution pattern

The archaeal community structure, including Bathyarchaeota,
is not correlated with a general geochemical categorization, but
with the depth and sulfate concentration, subsequently linking
to the redox potential, age and the (increasing) degree of organic
matter recalcitrance. In the White Oak River estuary, the abun-
dance of Bathyarchaeota decreases with decreasing reductive
redox conditions of the sediment (Lazar et al. 2015). Subgroup-6
persists in such suboxic, sulfide-depleted shallow sediment lay-
ers, while Subgroups-1, -5 and -8 preferentially occur in deeper,
more reducing subsurface layers (Lazar et al. 2015). Consider-
ing the bathyarchaeotal community structure, depth is the first
variable responsible for the high degree of absolute subgroup
separation, followed by sulfide concentration (reflecting the re-
dox conditions), which is responsible for a low degree of sub-
group separation (Lazar et al. 2015). A segregated distribution of
bathyarchaeotal subgroups was also observed in the water col-
umn and sediments in freshwater karstic lakes (Fillol et al. 2015).
Subgroup-5 thrives in the euxinic bottomwater layer, character-
ized as anoxic and sulfide-rich, with accumulated inorganic and
organic reduced compounds; Subgroup-6 is a group of general-
ists that are adapted to both planktonic and sediment habitats
with a wide range of sulfidic conditions. In contrast, Subgroup-
15 (Crenarchaeota group C3) organisms dominate cDNA libraries
from all sediment layers, albeit with minor contribution to the
corresponding DNA libraries; this indicates that this group is
metabolically active in the benthic euxinic, organic-rich sedi-
ments of karstic lakes (Fillol et al. 2015).

Recently, Subgroup-15 was widely detected in both fresh-
water and marine benthic sediments; its persistent distribu-
tion along the sediment depth profile, with higher abundance
within active archaeal communities, provides additional hints
linking its members’ physiological traits to habitat preferences
(Liu et al. 2014). The members of the Bathyarchaeota are the
most abundant archaeal components of the transitional zone
between the freshwater and saltwater benthic sediments along
the Pearl River, with a central position within the co-occurrence
network among other lineages (Liu et al. 2014). The members
of Bathyarchaeota were positively and strongly correlated es-
pecially with the acetoclastic Methanosaeta; however, the sec-
ond most abundant archaeal group, MG-I (subordinate to Thau-
marchaeota) is negatively correlatedwith other groups, probably
indicating segregation corresponding to two distinct lifestyles
in this case (Liu et al. 2014). Furthermore, in contrast to the
consistent vertical distribution of all archaeal lineages in fresh-
water sediments with almost no abundance changes, the total
abundance of all Bathyarchaeota and the fraction of Subgroup-
15 increase along with the depths of sediments, with signifi-
cantly high abundance within the archaeal community (Liu et al.
2014). In surface and shallow subsurface sediments (surficial
to 10 cm deep) of an intertidal mudflat of Brouage in the Bay
of Marennes-Oléron, however, the abundances of Subgroup-15
and other bathyarchaeotal subgroups are stable, while the total
abundance of Euryarchaeota sequences increases in the same
depth range (Hélène et al. 2015).
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On the other hand, the proportion of bathyarchaeotal se-
quence in the total archaeal community sequence increases
with depth, and they may favor anoxic benthic sediments with
iron-reducing conditions. For example, Bathyarchaeota dom-
inates the archaeal community within Louisiana continental
shelf (LCS) surface sediment, in both hypoxic and oxic covering
water conditions in two distinct seasons (Devereux et al. 2015).
The major bathyarchaeotal community comprises Subgroups-1,
-8, -12 and -15, and is relatively stable during the hypoxic/oxic
change, thus being independent of the sedimentary chemistry
change, such as manganese and iron redox cycling during dif-
ferent seasons (Devereux et al. 2015).

Yu et al. (2017) investigated the bathyarchaeotal commu-
nity in two sediment cores from the South China Sea; the
authors revealed a direct strong positive correlation between
bathyarchaeotal 16S rRNAgene abundance and total organic car-
bon content along the core depth, suggesting an overall het-
erotrophic lifestyle of Bathyarchaeota in the South China Sea.
High-throughput sequencing of the archaeal communities and
the analysis of the relationship between the distribution pat-
tern of bathyarchaeotal subgroups and the physicochemical pa-
rameters of study sites revealed that sediment depth and sul-
fate concentration were important environmental factors that
shape the distribution of bathyarchaeotal subgroups; Subgroup-
8 was shown to be predominantly distributed in the reducing
and deeper sediment layers, while Subgroup-10 was preferen-
tially distributed in the relatively more oxidizing and shallow
sediment layers (Yu et al. 2017). However, because of the high in-
tragroup diversity and potential heterogeneous metabolic prop-
erties and adaptive strategies within the bathyarchaeotal sub-
groups, investigation into the subgroupdistribution patterns at a
fine-sorted phylotype level was recommended. The results also
revealed that some operational taxonomic units affiliated with
Subgroups-2 and -15 are dominant in all surface and bottom
sediment layers in these two cores, suggesting that these op-
erational taxonomic units might be adaptive to redox changes
(Yu et al. 2017).

In a recent global evaluation of the archaeal clone libraries
from various terrestrial environmental settings, permutational
analysis that tested the relationship between Bathyarchaeota
and environmental factors suggested that salinity, total or-
ganic carbon and temperature are the most influential factors
impacting community distribution across different terrestrial
habitats (Xiang et al. 2017). Co-occurrence networks in the ar-
chaeal clone libraries indicated the role of Bathyarchaeota as
keystone species, and suggested their function in maintaining
the stability and adaptability of the archaeal community (Xi-
ang et al. 2017). Further, a close co-occurrence of Bathyarchaeota
and Methanomicrobia hinted at a syntrophic association be-
tween them; the acetate production/consumption relationship
between the two might be responsible for such a scenario, as
proposed by metabolic predictions (He et al. 2016; Xiang et al.
2017). The IndVal species with statistical support in terrestrial
environments indicated by this studywere pMCG and Subgroup-
5b in peat; Subgroup-5a in hot springs; Subgroup-6 in the soil;
Subgroups-3, -4, -13 and -16 in estuaries; and Subgroup-15 in
mangroves. The current genomic and physiological informa-
tion of these subgroups also suggests their potential ecologi-
cal strategies and functions in specific habitats, further high-
lighting their important roles in global biogeochemical cycling
(Xiang et al. 2017).

Although the accumulated information paves the way for
further clarification of the adaptation of different lineages
to various environments, systematic understanding of the

distribution pattern of bathyarchaeotal subgroups and influen-
tial factors is still needed. Given the diverse and complex phy-
logeny of the Bathyarchaeota (Kubo et al. 2012; Fillol et al. 2016),
the occurrence of commonly shared physiological andmetabolic
properties in different lineages seems unlikely, with the evolu-
tionary diversification of bathyarchaeotal lineages largely driven
by the adaptation to various environmental conditions and
available carbon and energy sources, etc. Moreover, with the
rapid development and application of 16S rRNA-based high-
throughput sequencing techniques for microbial ecological pro-
filing, and 16S rRNA-independent microbial metagenomic pro-
filing that avoids the issue of polymerase chain reaction (PCR)
primer bias, a much clearer distribution pattern of diverse bath-
yarchaeotal subgroups can be expected; at the same time, higher
resolution of local physicochemical characteristics will facilitate
classification of ecological niches of bathyarchaeotal subgroups
into more detailed geochemical categories.

Molecular detection methods

Several sets of PCR primers and probes have been developed
to detect and quantify Bathyarchaeota in natural community
(Table 1). To cover all bathyarchaeotal subgroups that are char-
acterized by high intragroup diversity while retaining bath-
yarchaeotal sequence specificity is necessary but challenging.
Kubo et al. (2012) demonstrated that the developed primers
and probes result in poor coverage of Subgroups-13 to -17.
The in silico tests revealed that primers MCG528, MCG493,
MCG528 and MCG732 cover 87, 79, 44 and 27% of sequences
of Subgroups-1 to -12 on average, respectively. Because of their
high sequence coverage and bathyarchaeotal sequence speci-
ficity, MCG528 and MCG732 primers are recommended for the
detection and quantification of Bathyarchaeota (Kubo et al.
2012); nevertheless, this primer pair is not suitable for quan-
tifying Bathyarchaeota in freshwater columns and sediments
(Fillol et al. 2015). Hence, the primer pair MCG242dF and
MCG678R was developed based on a collection of bathyarchaeo-
tal sequences of freshwater origin (Fillol et al. 2016). The use of
MCG242dF resulted in an adequate coverage of almost all sub-
groups with 0/1 nucleotide mismatches, except for Subgroups-
10 and -17, which showed low coverage efficiency with no
nucleotide mismatches. However, after allowing for a single nu-
cleotide mismatch, the coverage efficiency markedly increased,
to around 80–90%. In the case of Subgroup-15, which branched
away from other groups, MCG242dF would be associated with a
relatively low coverage efficiency in the absence of nucleotide
mismatches, but high (above 80%) coverage efficiency with 1
or 2 nucleotide mismatches; similarly, MCG678R would be as-
sociated with a limited coverage efficiency in the absence of
nucleotide mismatches, but the coverage efficiency increases
considerably with 1 or 2 nucleotide mismatches. To compare
the coverage and specificity of analysis using the qPCR primer
pairs MCG242dF/MCG678R and MCG528F/MCG732R for freshwa-
ter and marine sediment samples, amplicons obtained with
these two primer pairs were analyzed and community struc-
tures compared (Fillol et al. 2015). Similar community structures
across different bathyarchaeotal subgroups were revealed using
the two primer pairs; however, both pairs performed poorly with
respect to indicating the prevalence of Subgroup-15 in cDNA
libraries from freshwater sediments (Fillol et al. 2015). Com-
binations of MCG242dF with MCG678R or MCG732R were rec-
ommended for targeting relatively long 16S rRNA gene frag-
ments to obtain more phylogenetic information; these might be
used in clone library construction or for denaturing gradient gel
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Table 1. Primers and probes for molecular detection and quantification of Bathyarchaeota subgroups.

Primer Primer/probe sequence

Escherichia
coli

position
qPCR
Ta (◦C)

Slot-bolt
Td (◦C)

CARD-
FISH

FA conc. Reference

MCG410F TCCGCTGAGGATGGCTTTT 409–427 60 – – (Kubo et al. 2012)
MCG528F CGGTAATACCAGCTCTCCGAG 527–547 60 – –
MCG528R CTCGGAGAGCTGGTATTACCG 527–547 60 – –
MCG732R CGCGTTCTAGCCGACAGC 730–748 60 – –

qPCR Ta,e (◦C)
MCG242dF TDACCGGTDCGGGCCGTG 279–296 68 – – (Fillol et al. 2015)
MCG678R CACCGTCGGGCGCGTTCT 740–757 68 – –
Bathy-442F AGACTGGTGTCAGCCGCC 509–526 58 – –
Bathy-644R CGCCACTGGTGGTCCTC 710–726 58 – – (Yu et al. 2017)
Probe
MCG493 CTTGCCCTCTCCTTATTCC 492–510 – 55 20–30 (Kubo et al. 2012)
MCG528 CGGAGAGCTGGTATTACC 528–545 – – 30

Ta stands for qPCR annealing temperature, Ta,e stands for annealing and extension temperature of two-step qPCR. Td stands for dissociation temperature for RNA
slot-bolt. FA conc. stands for formamide concentration in the hybridization buffer (%, vol/vol).

electrophoresis-based community fingerprinting analysis. The
primer pair MCG242dF/MCG528Rmay potentially be used for the
determination of the bathyarchaeotal community abundance,
with relatively high subgroup coverage and specificity in silico;
however, experimental tests are needed to confirm this. A pair of
primers (Bathy-442F/Bathy-644R) was recently designed to tar-
get Subgroups-15 and -17; the in silico primer testing indicates
that Bathy-442F can also adequately cover Subgroups-2, -4, -9
and -14, with Bathy-644R covering nearly all subgroups, except
for Subgroups-6 and -11 (Yu et al. 2017). This primer pair shows
good specificity toward Bathyarchaeota; it allowed amplification
of 10–100 timesmore bathyarchaeotal 16S rRNA gene sequences
from the sediment samples from the South China Sea, and the
Atlantic and Antarctic Oceans than the MCG242dF/MCG678R
primers (Yu et al. 2017).

RNA slot blot hybridization can also be used for the quan-
tification of functionally active bathyarchaeotal 16S rRNA. The
total RNA is blotted onto nylon membranes and subsequently
hybridized with 33P-labeled Bathyarchaeota-specific probes
(Table 1). The presence and relative abundance of bathyarchaeo-
tal rRNA can then be estimated based on the hybridization in-
tensity (Stahl et al. 1988; Kubo et al. 2012).

CARD-FISH can be utilized for the detection, identification
and enumeration of microorganisms in various environments,
independently of culturing (Kubota 2013). This method has been
used to target the bathyarchaeotal 16S rRNA gene with spe-
cific probes, providing information on the active bathyarchaeo-
tal community without culturing (Table 1). To increase the
permeability of the cell wall and obtain a good amplification sig-
nal, a 10-min 0.01 M HCl treatment may be employed (Kubo et al.
2012). The three methods described above may be used for the
quantification of bathyarchaeotal abundance based on DNA and
RNA targets. Their results agree well and reflect the relatively
higher bathyarchaeotal fraction in marine sediments with sul-
fate penetration (>0.15 m below seafloor) (Kubo et al. 2012).

Membrane lipids are an informative indicator of the distribu-
tion and activity of living microbial cells, independently of their
culturing (Sturt et al. 2004; Jacquemet et al. 2009; Lipp, Liu and
Hinrichs 2009). It is well known that isoprenoid glycerol dialkyl
glycerol tetraether lipids are specifically synthesized by archaea.
Specific lipids, exclusively synthesized by certain archaea, can
serve as a supplementary biomarker for tracing the existence
and abundance of targeted archaeal groups; their isotopic com-

position can be used to indicate specific carbon acquisition path-
ways (Schouten, Hopmans and Damste 2013). In a recent study
exploring the stratified distribution of archaeal groups in a trop-
ical water column, the analysis of archaeal 16S rRNA commu-
nity distribution was combined with isoprenoid glycerol dialkyl
glycerol tetraether lipid abundance information to reveal that
glycerol dibiphytanyl glycerol tetraether lacking the cyclopen-
tane rings [GDGT(0)] likely originated from the Bathyarchaeota-
enriched layer in the water column (Buckles et al. 2013).
Because of the wide distribution of this lipid in many other ar-
chaea, it cannot be used for the detection of Bathyarchaeota
and its carbon stable isotopic composition cannot be used for
metabolic property deductions. However, in a study investi-
gating the archaeal lipidome in the White Oak River estuary,
the presence of the recently discovered butanetriol dibiphy-
tanyl glycerol tetraethers correlated well with bathyarchaeo-
tal abundance along the sediment depth (Meador et al. 2015).
This group of lipids has not been found in natural environ-
ments or microorganism enrichments dominated by methan-
otrophic archaea before (Rossel et al. 2008; Kellermann et al.
2012), nor have they been detected after re-analyzing lipid ex-
tracts from the above two studies using the samemethod in the
study (Meador et al. 2015). The 13C-depleted nature of butanetriol
dibiphytanyl glycerol tetraethers found in the study implied
that members of Bathyarchaeota might be autotrophs or fu-
eled by 13C-depleted organic substrates (Meador et al. 2015). Fur-
ther membrane lipid characterization of enriched or pure bath-
yarchaeotal cultures will help to validate this discovery. This will
have a profound impact not only on deciphering the metabolic
properties of Bathyarchaeota, by using butanetriol dibiphytanyl
glycerol tetraethers as biomarkers to trace carbon acquisition by
isotopic labeling, but also by representing their pivotal contribu-
tion, associated with their global abundance, to biogeochemical
carbon cycling on a large ecological scale.

PHYSIOLOGICAL AND GENOMIC
CHARACTERIZATION

Pre-/non-enriched sediment cultures and trophic
properties

No bathyarchaeotal species have as yet been successfully cul-
tured in pure cultures, despite their widespread distribution
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in the marine, terrestrial and limnic environments (Kubo et al.
2012), which hampers their direct physiological characteriza-
tion. The wide phylogenetic coverage increases the difficulty
of inferring the general metabolic properties across whole lin-
eages. Several pre-/non-enriched sediment cultures afforded
preliminary evidence for the trophic properties and metabolic
capacities of Bathyarchaeota. In one study, small amounts of
stable isotope-labeled substrates, including glucose, acetate and
CO2, were introduced multiple times into slurries from differ-
ent biogeochemical depths of tidal sediments from the Sev-
ern estuary (UK) to better reflect the in situ environmental con-
ditions (Webster et al. 2010). Together with evidence of few
phylogenetic changes throughout the incubation, it was sug-
gested that the microbial community detected by stable iso-
topic probing could serve well in reflecting the metabolically
active components. After incubation with 13C-acetate, the ar-
chaeal population within a sulfate reduction zone, detected
on the basis of 13C-DNA, was almost entirely dominated by
Bathyarchaeota (65% by Subgroup-8 and 30% by Subgroup-15)
(Webster et al. 2010). Thaumarchaeota MG-I was present in the
12C-DNA library in the corresponding zone but was not detected
in the 13C-DNA library, suggesting that these microbes are not
able to use 13C-acetate (Webster et al. 2010). Furthermore, an-
other study demonstrated that the archaeal communities of the
sulfate–methane transition zone at diffusion-controlled sedi-
ments of Aarhus Bay (Denmark) contain considerable amounts
of Bathyarchaeota; the overall archaeal community structure
did not change greatly during the experiment—its diversity
was lower after 6 months of incubation under heterotrophic
conditions, with periodic modest sulfate and acetate additions
(Webster et al. 2011).

The analysis of the stable isotopic-probed microcosms
from Cheesequake salt marsh sediment revealed that all ‘Cre-
narchaeota’ groups, which still include Bathyarchaeota and
Thaumarchaeota (formerly Crenarchaeota MG 1.a) and other
Crenarchaeota groups, are heterotrophic and do not incorpo-
rate 13C-bicarbonate (Seyler, McGuinness and Kerkhof 2014).
Some of these ‘Crenarchaeota’ were able to assimilate all 13C-
organic compounds tested, including acetate, glycine, urea, sim-
ple biopolymers (extracted algal lipids) and complex biopoly-
mers (ISOGRO), while others were only detected in specific
substrates (acetate or urea). Furthermore, analysis of clone li-
braries retrieved after 13C-DNA amplification combined with
matched terminal fragment length polymorphism peaks sug-
gested that the heterotrophic bathyarchaeotal community pos-
sibly comprised Subgroups-6 and -8 (Seyler, McGuinness and
Kerkhof 2014). Subgroup-15 was recently found to be enriched
in 13C-labeled DNA after a 3-month incubation experiment us-
ing sulfate-reducing sediments from Aarhus Bay, but was not
present in the corresponding total DNA library or in a control in-
cubation sample (i.e. with 12C-acetate added); this indicated that
the acetate might participate in microbial biosynthesis rather
than being used for energy production (Na et al. 2015).

In experiments towards cultivating Bathyarchaeota from the
White Oak River estuary sediments, the abundance of Bath-
yarchaeota in control groups (basal medium) and in experimen-
tal groups containing various substrate additives and submitted
to various culture processing steps were compared (Gagen et al.
2013). That approach revealed an order of magnitude increase
in bathyarchaeotal abundance in both the control and exper-
imental groups compared with time zero; however, no signif-
icant increase of bathyarchaeotal abundance was observed in
experimental groups with substrate additives and various cul-
tivation processing steps, compared with control groups with

basal medium alone. The diversity of bathyarchaeotal com-
munity turns out to be similar in the four cultivation treat-
ments (basal medium, addition of an amino acid mix, H2-CO2

headspace and initial aerobic treatment). Following the four
treatments, the viable bathyarchaeotal communities mainly
comprised Subgroups-4 and -8, thus indicating that these
two subgroups could tolerate the initial aerobic conditions
(Gagen et al. 2013).

A recent study found that the refractory aromatic polymer
lignin stimulated the growth of Bathyarchaeota (Subgroup-8)
and they incorporated CO2 as a carbon source autotrophically
and utilized lignin as an energy source (Yu et al. 2018). Dur-
ing the enriching process with lignin addition, the Subgroup-
8 abundance climbed over 10 times compared with the initial
stage and became the most dominant archaeal species. The in-
corporation of 13C-bicarbonate into the archaeal lipids (poten-
tial bathyarchaeotal-specific biphytanes) was significantly ob-
served only with lignin addition. The clear growth stimulus and
lignin-related 13C-bicarbonate incorporation into lipids strongly
suggests that Bathyarchaeota (Subgroup-8) may be able to use
the second-most abundant biopolymer lignin on Earth (Yu et al.
2018). Furthermore, genomic features of Subgroup-8 resolved
from the metagenome of lignin-added enrichments evidence
the putative lignin and aromatics degrading genes, thus it is hy-
pothesized that Subgroup-8 catalyzesmethoxy-groups of lignin,
and combines the resulting methyl-group with CO2 to acetyl-
coenzyme A (CoA) through the Wood–Ljungdahl pathway for
either biosynthesis or acetogenesis in downstream pathways
(Yu et al. 2018).

Genomic characterization of fosmid fragments, single
amplified genomes and genomic bins

Fosmid clone 37F10 containing a genome fragment originating
from a bathyarchaeotal member was isolated from a metage-
nomic library constructed from Pearl River sediment samples
(Meng et al. 2009); its G + C content indicated that this genomic
fragment had two portions: an archaeon-like portion (42.2%) and
a bacterium-like portion (60.1%) (Meng et al. 2009; Li et al. 2012).
More importantly, the first-ever bacteriochlorophyll a synthase
(BchG) of archaeal origin was identified in the archaeal portion
of the genomic fragment, and its function confirmed by produc-
ing BchG in a heterologous expression system (Meng et al. 2009).
A phylogenetic tree based on the sequences of UbiA prenyl-
transferase superfamily proteins, including ChlG/BchG and ad-
ditional five subfamilies of this superfamily, revealed that this
unique BchG of archaeal origin groups within the ChlG/BchG
family; however, it diverged earlier than the bacterial BchG
proteins. With respect to its function, the protein might be
responsible for photosynthesis in archaea; this suggests that
photosynthesis may have evolved before the divergence of the
bacteria and archaea domains (Meng et al. 2009; Li et al. 2012).
Three fosmid clones harboring bathyarchaeotal genomic frag-
ments were screened from the South China Sea sediments (0–
5 cm depth) (Li et al. 2012). Low collinear regions were found
between bathyarchaeotal and reported archaeal genomic frag-
ments, suggesting that the gene arrangement of Bathyarchaeota
is distinct from that of sequenced archaea. Open reading frames
encoded by the three fosmid clones comprised genes related
to lipid biosynthesis, energy metabolism and resistance to oxi-
dants. In addition, some regions of the bathyarchaeotal genome
might have been acquired from bacteria because of the aberrant
tetranucleotide frequency in the genomic fragments of Bath-
yarchaeota and bacterial phylogenetic origins of these genomic
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fragments (Li et al. 2012). Recently, two more bathyarchaeo-
tal fosmid clones were screened from estuarine mangrove
sediments (Meng et al. 2014). Gene arrangement in these two
fosmid clones, together with the previously recovered bath-
yarchaeotal fosmid sequences, confirmed low collinearity with
other known archaeal genomes. Genomic fragments of the fos-
mid clone 75G8 harbor a putative methyl-accepting chemotaxis
protein- and 4-carboxymuconolactone decarboxylase-encoding
genes, suggesting that this bathyarchaeotal member (Subgroup-
8) is able to utilize aromatic compounds. The production of
a putative 4-carboxymuconolactone decarboxylase was evi-
dent when the mangrove sediments were supplemented with
protocatechuate, further suggesting the capacity of certain
bathyarchaeotal members to degrade aromatic compounds
(Meng et al. 2014).

Single amplified genomes (SAGs) of a Subgroup-15 bath-
yarchaeotal member from the Aarhus Bay sediments harbor
genes for predicted extracellular protein degrading enzymes,
such as clostripain (Lloyd et al. 2013). A complete set of active
sites and signal sequences for extracellular transport is also en-
coded by bathyarchaeotal SAGs (Lloyd et al. 2013). Peptidases tar-
geting d-amino acids, which are highly enriched in the pepti-
doglycan of bacterial cell walls, are encoded as well, indicating
that Bathyarchaeota may have acquired the capacity to degrade
recalcitrant components of bacterial cell walls, i.e. the most
persistent detrital matter in marine sediments (Lomstein et al.
2012; Lloyd et al. 2013). Bathyarchaeotal SAGs also encode path-
ways for the intracellular breakdown of amino acids. Consider-
ing the ubiquity and frequent predominance of Bathyarchaeota
in marine sediments, as well as the high abundance and poten-
tial activity of extracellular peptidases that they encode, it has
been proposed that Bathyarchaeotamay play a previously undis-
covered role in protein remineralization in anoxic marine sedi-
ments.

Recently, two bathyarchaeotal genome bins (BA1 and BA2)
were recovered from the formation waters of coal-bed methane
wells within the Surat Basin (Evans et al. 2015). BA1 (Subgroup-
3) genome contains many genes of the reductive acetyl-CoA
(Wood–Ljungdahl) pathway and key genes of the methane
metabolism pathway. It harbors methyl-coenzyme M reductase
(MCR)-encoding genes, and many identified and unidentified
methyltransferase-encoding genes for the utilization of various
methylated compounds, but lacks most of the genes encoding
the subunits of Na+-translocating methyl-H4MPT:coenzyme M
methyltransferase, suggesting that the organism does not en-
gage in hydrogenotrophic methanogenesis. It also contains typ-
ical methane metabolism genes (hdrABC andmvhADG) but lacks
hdrE, similar to Methanomassiliicoccales genomes (Evans et al.
2015). The gene for cytoplasmic flavin adenine dinucleotide-
containing dehydrogenase (glcD) co-located with hdrD, indicat-
ing that BA1 uses lactate to reduce heterodisulfide in methano-
genesis. BA1 also lacks other genes for energy-conserving
complexes, including F420H2 dehydrogenase, energy-converting
hydrogenases A and B, Rhodobacter nitrogen fixation complex
and V/A-type ATP synthase. The BA2 (Subgroup-8) genome
contains MCR-encoding genes and additional genes of typi-
cal methane metabolism, like BA1, reflecting a similar methy-
lotrophic methanogenesis activity. However, it has lost the
majority of genes involved in the methyl branch of the Wood–
Ljungdahl pathway and also lost energy-conserving complexes,
similar to BA1. Regarding the functional properties, metabolic
pathway analysis revealed that BA1 is a peptide and glucose fer-
menter, while BA2 is a fatty-acid oxidizer (Evans et al. 2015). Fur-
thermore, both BA1 and BA2 lack ATP-synthase, indicating that

they are restricted to substrate-level phosphorylation for energy,
which was first found in methanogenic archaea (Evans et al.
2015).

The metagenomic binning of WOR estuarine sediment DNA
led to the reconstruction of draft genomes of four widespread
Bathyarchaeota, with the genome completeness in the range
of 48–98% (Lazar et al. 2016). Four genomes (Subgroups-1, -6,
-7 and -15) were recovered from the sediment metagenome.
Subgroup-6 genome was reconstructed from the surficial sul-
fate reduction zone, harboring genes encoding enzymes with
predicted functions in the degradation of extracellular plant-
derived mono- and polysaccharides. The reconstructed bath-
yarchaeotal genomes (except for Subgroup-15) also encode pro-
teins with the ability to import extracellular carbohydrates.
Bathyarchaeotal subgroups analyzed here acquired an almost
complete Embden–Meyerhof –Parnas glycolysis pathway. The
Subgroups-1, -6 and -15 genomes also encoded the methyl
glyoxylate pathway, which is typically activated when slow-
growing cells are exposed to an increased supply of sugar
phosphates (Weber, Kayser and Rinas 2005). The Subgroup-
15 genome contained genes encoding extracellular peptidases,
consistent with previous findings for this subgroup (Lloyd et al.
2013); however, other bathyarchaeotal subgroups lack genes re-
sponsible for extracellular protein degradation, suggesting that
they can only utilize small amino acids or oligopeptides, as
suggested by their genomes. Hence, Bathyarchaeota acquired
the core heterotrophic metabolic capacity for processing com-
plex carbohydrates, and an additional ability to utilize peptides
and amino acids, as suggested before (Seyler, McGuinness and
Kerkhof 2014). In terms of energy metabolism, these archaea
contain the Wood–Ljungdahl pathway, capable of generating
acetyl-CoA autotrophically by CO2 and H2. Acetyl-CoA might be
involved in acetate generation in a fermentative pathway; how-
ever, genomic evidence suggests that Subgroup-1 cells might
rely on both fermentative and respiratory metabolism (a simple
respiratory metabolism based on a membrane-bound hydroge-
nase). The evidence for the presence of respiratory metabolism
in other bathyarchaeotal subgroups is ambiguous although it
cannot be excluded (Lazar et al. 2016). Genes responsible for
the dissimilatory nitrite reduction to ammonium (nirB and nrfD)
were identified in Subgroups-1, -17 (formally Subgroup-7/17), -
6 and -15, respectively, suggesting the potential existence of
a respiratory pathway involving nitrite reduction (Lazar et al.
2016). Nomethanemetabolism geneswere recovered from bath-
yarchaeotal genomic bins or any contigs from theWORestuarine
sediments, in contrast to an earlier study (Evans et al. 2015).

More recently, He et al. (2016) reconstructed six nearly com-
plete bathyarchaeotal genomes (Subgroups-13, -15, -16, -18 and
-19) from the Guaymas Basin subsurface sediment. Based on the
genomic evidence, the authors concluded that some lineages of
Bathyarchaeota are similar to bona fide bacterial homoacetogens,
with pathways for acetogenesis and fermentative utilization of
a variety of organic substrates (He et al. 2016). A subsequent het-
erologous expression and activity assays of the bathyarchaeo-
tal acetate kinase gene ack demonstrated the ability of these
bathyarchaeotal members to grow as acetogens. These find-
ings expand the metabolic potential of archaea and argue for a
revision of the role of archaea in the carbon cycle inmarine sedi-
ments (He et al. 2016). Furthermore, genes encoding ATP sulfury-
lase, for the reduction of sulfate to adenosine 5′-phosphosulfate,
and adenylyl-sulfate reductase, for the reduction of adenosine
5′-phosphosulfate to sulfite, were identified in a metagenomic
assembly of Bathyarchaeota TCS49 genome from the Thuwal
cold seep brine pool of the Red Sea; this suggests that specific
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bathyarchaeotal members might harbor a dissimilatory sulfate
reduction pathway, indicating the existence of additional poten-
tial metabolic capacities of Bathyarchaeota (Zhang et al. 2016).

The currently available bathyarchaeotal genomes shared
63.5% similarity on average, indicating a wide phylogenetic
diversity at the genome scale (Fig. 3B). The metabolic prop-
erties are also considerably diverse based on genomic anal-
ysis (Fig. 3C). Combined with the aforementioned specific
heterotrophic metabolic potentials of members within bath-
yarchaeotal subgroups and their occurrence in sediment lay-
ers of distinct biogeochemical properties (Lazar et al. 2015), it
was proposed that the acquisition of diverse physiological ca-
pacities by Bathyarchaeota is driven by adaptation to specific
habitats rather than there being a common metabolic capacity.

ECOLOGICAL FUNCTIONS AND EVOLUTION OF
BATHYARCHAEOTA

Methanogenesis or anaerobic oxidation of methane?

Genomic inferences from the two reconstructed bathyarchaeo-
tal genomic bins from the coal-bed methane wells suggest that
some Bathyarchaeota are methylotrophic methanogens feed-
ing on a wide variety of methylated compounds, possessing an
additional ability to ferment peptides, glucose and fatty acids
(Evans et al. 2015). It was proposed that reduced ferredoxin
generated by peptide and/or glucose might be used for the re-
duction of methyl groups on methylated compounds to subse-
quently generate methane (Evans et al. 2015). The identification
of key genes of the MCR complex (mcrA, mcrB and mcrG), and
the presence of hdrABC andmcvhADG responsible for the cycling
of coenzyme M (CoM) and coenzyme B (CoB), suggest their role
in the methanogenesis machinery that mediates the CoM-S-S-
CoB cycling, similar to Euryarchaeota methanogens (Evans et al.
2015). Furthermore, the MCR complexes found in the BA1 and
BA2 genomes are phylogenetically divergent from traditional
MCR and they coevolved as a whole functional unit, indicat-
ing that methane metabolism began to evolve before the diver-
gence of the Bathyarchaeota and Euryarchaeota common ances-
tors (Evans et al. 2015). Since these two genomic bins represent
only a small fraction of all bathyarchaeotal lineages, and no evi-
dence ofmethanogenicmachinery is apparent in the recent par-
allel genomic binning data, the ability to metabolize methane
might not be shared by all subgroup lineages (Lloyd et al. 2013;
Meng et al. 2014; He et al. 2016; Lazar et al. 2016). However, the
global methane cycle should be reconsidered since the previ-
ously unrecognized methane metabolic capacity appears to be
present within such a widespread and abundant phylum.

On the other hand, because of the bidirectionality of these
enzymes in methane metabolism (Boetius et al. 2000; Knittel
and Boetius 2009), it is still possible that some members
of Bathyarchaeota are involved in anaerobic methane oxi-
dation. Further, based on genomic inferences, Evans et al.
(2015) presumed the syntrophy between Bathyarchaeota and
sulfate-reducing bacteria (SRB) toward anaerobic oxidation of
methane (AOM) (Evans et al. 2015). Furthermore, the lack of
genes for ATPases and membrane-bound electron transport
enzymes in the two genomic bins (BA1 and BA2) and the
presence of the ion pumping, energy-converting hydrogenase
complex (only in BA1), which might allow solute transporta-
tion independently of energy-generation mechanisms, suggest
that the soluble substrate transportation is solely responsible
for energy conservation (Evans et al. 2015). Consequently, CO2

appears to be the only electron acceptor mediating AOM, like

in a reverse acetoclastic methanogenesis (Hallam et al. 2004;
Wang et al. 2014). Methane would be oxidized in a stepwise
manner to methyl-tetrahydromethanopterin (CH3-H4MPT); the
methyl group of CH3-H4MPT and CO2 would then be subjected
to a CO dehydrogenase/acetyl-CoA synthase (CODH/ACS com-
plex); CO2 would be fixed by a reverse CO dehydrogenation to
CO, and then coupled with a methyl group and CoA to generate
acetyl-CoA; ATP would be generated in the course of substrate-
level phosphorylation from ADP, with one acetate molecule si-
multaneously generated by a reverse ADP-forming acetyl-CoA
synthase. The product, acetate, would then be used by acetate-
consuming SRB to benefit the thermodynamic efficiency of AOM.
The syntrophic relationship between Bathyarchaeota and SRB
would be similar to the anaerobic methane-oxidizing archaea
(ANME)/SRB consortium, and acetate would be maintained at a
low level as a transient intermediate (Boetius et al. 2000; Hinrichs
and Boetius 2002).

The energy landscape of a local environment, i.e. the cen-
sus of energy availability for redox reactions, is used, to some
extent, to constrain and predict the distribution of functional
groups of chemotrophic microorganisms (Amend et al. 2011;
LaRowe and Amend 2014). A model based on the thermody-
namic considerations of chemicals and temperatures may be
used to offer a framework linking the distribution of microbial
groups and energy landscapes (Amend et al. 2011; LaRowe and
Amend 2014; Dahle et al. 2015). In a recent study, Bathyarchaeota
and ANME were shown to predominate on the flange of a hy-
drothermal chimney wall in the Soria Moria Vent field, where
the local energy condition favors anaerobic methane oxidizers
(Dahle et al. 2015). In some flange subsamples, Bathyarchaeota
were evenmore dominant than ANME; however, compared with
the well-studied metabolism of ANME, the exact function of
Bathyarchaeota in that ecological setting remains unknown. Re-
consideration of the potential methane-oxidizing contribution
of Bathyarchaeota would refine the congruency between the
predicted and observed microbial communities, i.e. the poten-
tial AOM metabolism of Bathyarchaeota in the flange of the hy-
drothermal vent would be consistent with the aforementioned
genomic inferences (Evans et al. 2015). The possibility of the re-
placement of the AOM function of ANME by Bathyarchaeota was
also suggested by amicrobial community composition in a study
of the microbial colonization within an artificial micro-niche,
basaltic glass imposed by hydrothermal conditions (Callac et al.
2013).

The active microbial community in four SMTZ layers of the
ODP Leg 201 subsurface sediment cores off Peru was dominated
by MBG-B and Bathyarchaeota (Biddle et al. 2006). Energy flux
analysis revealed that AOM and slow degradation of refractory
sedimentary organic matter were the two principal energy gen-
eration pathways in the local community. The potential AOM
metabolic capacity of Bathyarchaeota could help to fully address
the isotopic relationship between the archaeal biomass and the
ambient environmental carbon pools, as follows. (i) The δ13C sig-
nature of the archaeal biomass suggests that only a small frac-
tion of local archaea in SMTZ utilize methane, which might be
explained by the contribution of Bathyarchaeota in the biomass;
until now, only one line of evidence points to the acquisition
of methane metabolism by Bathyarchaeota (Lloyd et al. 2013;
Evans et al. 2015; Lazar et al. 2015; He et al. 2016). (ii) Similar δ13C
signatures of the archaeal biomass and total organic carbon sug-
gest that the organic matter assimilation contributes to the bulk
of the archaeal biomass; the relatively small δ13C signature of the
archaeal biomass in comparison with the dissolved inorganic
carbon suggests that only a small amount of archaeal biomass
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is derived from autotrophic CO2 fixation (Biddle et al. 2006). This
could be explained by the versatile pathways of organic mat-
ter assimilation present in the majority of Bathyarchaeota, re-
flected by inferences from genomic data. The wide availability
of buried organic matter in the marine subsurface would fa-
vor the heterotrophic feeding of Bathyarchaeota. (iii) The rel-
atively small δ13C signature of the archaeal intact polar lipids
in comparison with the archaeal biomass suggests that the C
isotopic fractionation during lipid biosynthesis is different from
that of typical methylotrophic methanogens (Summons, Franz-
mann and Nichols 1998). Based on the above, it is proposed that
Bathyarchaeota might mediate the AOM without assimilating
the carbon in methane. This would be supported by a coupled
AOM and syntrophic SRB metabolism, with methane consumed
by Bathyarchaeota through reverse acetoclastic methanogene-
sis with the production of acetate, which is readily oxidized by
sulfate in SRB. In this process, methane is not assimilated by
Bathyarchaeota but serves as an energy source. Metagenomic
evidence of sulfate reductase-encoding genes in the upper re-
gion of SMTZ of the OPD site 1229 provides more hints to the
potential synergistic metabolism of AOM coupled with sulfate
reduction (Biddle et al. 2008).

More recently, the proposed genus ‘Candidatus Syntrophoar-
chaeum’ was shown to be able to anaerobically oxidize bu-
tane in a manner similar to ANME oxidation of methane, by re-
verse methanogenesis, a process that is initially mediated by
MCR (Laso-Pérez et al. 2016). Two highly abundant MCR vari-
ants were detected in Ca. S. butanivorans protein extracts; they
are probably responsible for the initial step of butane acti-
vation to generate butyl-CoM. Interestingly, one of the highly
abundant McrA subunits of Ca. S. butanivorans forms a dis-
tinct cluster with those of Bathyarchaeota origin, separately
from other methanogens and methanotrophs (Laso-Pérez et al.
2016). Given the substrate specificity of this MCR type in uti-
lizing butane instead of methane, and amino acid divergence
of this MCR type from its methane metabolizing related coun-
terparts, it is possible that the MCR clusters in some mem-
bers of Bathyarchaeota are responsible for butane oxidation
instead of methane metabolism (Laso-Pérez et al. 2016). Future
experiments investigating substrate specificity of these proteins
and analyses of the intermediate metabolites will help establish
their actual functions.

Acetogenesis pathway as a hybrid of bacterial and
archaeal features

In the two recent metagenomic bathyarchaeotal binning stud-
ies, nearly all the identified bins placed H4MPT as a C1-
carrier in the Wood–Ljungdahl pathway, which is often used by
the methanogenic archaea for carbon fixation (He et al. 2016;
Lazar et al. 2016). However, in the above binning studies, none
of the genomes encoded enzymes involved in the final methane
production step (McrABG), suggesting that the Wood–Ljungdahl
pathway is not used for methane production but for acetyl-CoA
generation and further acetogenesis.

He et al. (2016) demonstrated that half of the bathyarchaeotal
genomes encode a set of phosphate acetyltransferase (Pta) and
acetate kinase (Ack) for acetate production or assimilation, usu-
ally observed in bacteria. However, according to the genomic in-
formation on most archaeal acetogens and bathyarchaeotal ge-
nomic bins obtained by Lazar et al. (2016), it appears that these
microbes rely on the acetyl-CoA synthetase (Acd) to generate
acetate (He et al. 2016). Although the Pta-Ack pathway has been

previously identified in themethanogenic genusMethanosarcina,
it was shown that the encoding pta-ack gene pair might be de-
rived from a horizontal transfer of genes of bacterial origin
(Fournier and Gogarten 2008). Phylogenetic analysis of the Pta
and Ack coding sequences in He et al.’s study revealed that
these genes form a monophyletic clade and are different from
all other know sequences, indicating that they evolved indepen-
dently of the currently known bacterial counterparts (He et al.
2016). This is the first ever genomic evidence for homoaceto-
genesis, the ability to solely utilize CO2 and H2 to generate
acetate, in an archaeal genome and of distinct archaeal phylo-
genetic origin other than that of Bacteria (He et al. 2016). Subse-
quent heterologous expression of bathyarchaeotal Ack revealed
that the enzyme can catalyze the biochemical reaction in the di-
rection from acetyl phosphate to acetate, with a higher affinity
for the substrates than the products (He et al. 2016). The exclu-
sive archaeal origin of the Ack-Pta homoacetogenesis pathway
is different from other archaeal acetogenesis systems but shares
functional similarity with its bacterial origin counterparts, al-
though it is phylogenetically divergent (He et al. 2016). Collec-
tively, these findings indicate a hybrid of archaeal and bacterial
features for acetogenesis of Bathyarchaeota.

Heterotrophism centralized on the generation
of acetyl-CoA

Physiological incubation experiments with stable isotopic prob-
ing demonstrated that members of Bathyarchaeota are able to
assimilate a wide variety of the tested 13C-organic compounds,
including acetate, glycine, urea, simple biopolymers (extracted
algal lipids) and complex biopolymers (ISOGRO) (Webster et al.
2010; Seyler, McGuinness and Kerkhof 2014). Genomic infer-
ences from SAGs and genome-resolved metagenomic bins pro-
vide further genomic support for the heterotrophic lifestyle of
Bathyarchaeota, rendering them capable of adapting to various
environments and becoming one of the most successful lin-
eages globally (Fig. 3). Four major heterotrophic pathways cen-
tralized on the acetyl-CoA generation are summarized below,
reflecting the core metabolism of fermentation and acetogen-
esis (Fig. 4), although these might not necessarily exist in all
bathyarchaeotal subgroups (Fig. 3) (Lloyd et al. 2013; Evans et al.
2015; Lazar et al. 2015; He et al. 2016; Lazar et al. 2016; Lever
2016). Proteins or polypeptides are first degraded by extracel-
lular peptidases, with the resultant amino acids and oligopep-
tides imported into the cell, where they would be finally metab-
olized into acetyl-CoA via the peptide-degradation pathway. The
uptake and breakdown of polymeric hydrocarbons is facili-
tated by extracellular hydrolases; Bathyarchaeota also acquired
the Embden–Meyerhof –Parnas/Entner–Doudoroff glycolysis and
gluconeogenesis pathway for the core hydrocarbon utilization
metabolism. Furthermore, evidence of fatty acid and aromatic
compound utilization by Bathyarchaeota has been presented
(Meng et al. 2014; Evans et al. 2015; He et al. 2016); these transfor-
mations would be supported by the beta-oxidation pathway and
a potential anaerobic aromatic compound degradation pathway.
The available genomic evidence of various known and unknown
methyltransferases harbored by BA1 and BA2 suggests the exis-
tence of a methylated compound utilization pathway, with the
methyl group being ultimately reduced to CH3-H4MPT and inte-
grated into the methyl-branch of the Wood–Ljungdahl pathway
(Evans et al. 2015). Moreover, the carbonyl branch of the Wood–
Ljungdahl pathway might reduce CO2 into acetyl-CoA. The ca-
pability to utilize a wide variety of substrates might comprise
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Figure 4. Metabolic potential of Bathyarchaeota and their interactive relationships with other microorganisms.

an effective strategy for competing with substrate specialists
for energy sources in various environments (Li et al. 2015), such
as detrital protein-rich deep seafloor sediments and estuarine
sediments containing various carbohydrates. The central prod-
uct, acetyl-CoA, would either (i) be involved in substrate-level
phosphorylation to generate acetate and ATP, catalyzed by an
ADP-forming acetyl-CoA synthase as in other peptide-degrading
archaea; (ii) be metabolized to generate acetate through the Pta-
Ack pathway, similarly to bona fide bacterial homoacetogens; or
(iii) be utilized for biosynthesis, e.g. lipid and amino acid synthe-
sis (Fig. 4) (Evans et al. 2015; He et al. 2016; Lazar et al. 2016).

Implications for the ecology and evolution of
Bathyarchaeota

Both Bathyarchaeota and the recently identified more basally
branched Lokiarchaeota acquired the H4MPT-dependent Wood–
Ljungdahl pathway and the hydrogen-dependent electron bifur-
cating systemMvhADG-HdrABC, viewed as typical for the anaer-
obic and hydrogen-dependent archaeal lifestyle (Lazar et al.
2016; Sousa et al. 2016). They also acquired some subunits of
coenzyme F420 hydrogenase; this enzyme generates reduced
ferredoxin, with hydrogen as the electron donor, as an alterna-
tive toMvhADG inmanyMethanomicrobiales (Thauer et al. 2008;
Lazar et al. 2016; Sousa et al. 2016). However, Lokiarchaeota and
most members of the Bathyarchaeota phylum lack the essential
methane metabolizing elements, such as CoB or CoM synthase
and methyl-CoM reductase, etc., though they use H4MPT as the
C1-carrier, which is common in methanogens. These archaeal
groups are the phylogenetically closest ones to the protoeukary-
ote that served as the mitochondrion-acquiring host; this gave
rise to a hydrogen hypothesis that explains their hydrogen-
dependent metabolism to address the mitochondrion acqui-
sition and subsequent endosymbiont processes. According to
that hypothesis, the proto-mitochondrion bacterium was capa-

ble of both respiration and anaerobic H2-producing fermenta-
tion; anaerobic syntrophy with respect to H2 brought about a
physical association with an H2-dependent host and initiated
a symbiotic association with the host; this led to endosymbio-
sis, after engulfment by the host cell (Martin and Muller 1998;
Martin et al. 2016).

Methanogenesis and acetogenesis are considered to be the
two most fundamental and ancient microbial biochemical en-
ergy conservation processes, and they both employ the Wood–
Ljungdahl pathway for CO2 reduction and ATP generation
(Weiss et al. 2016). Methanogens and acetogenic Clostridia are
themost frequent basal-branching archaea and bacteria, respec-
tively, in phylogenetic reconstructions reflecting the descen-
dants of the last universal common ancestor; gene categories
proposed for the last universal common ancestor also point
to the acetogenic and methanogenic roots, reflecting its au-
totrophic lifestyle as H2-dependent and N2-fixing, utilizing the
Wood–Ljungdahl pathway and originating from a hydrothermal
environmental setting (Weiss et al. 2016). Bathyarchaeota pos-
sesss a bona fide homoacetogenesis pathway of archaeal phylo-
genetic origin, as confirmed by functional studies, indicating a
distinct evolutionary pathway of acetogenesis in archaea, dif-
ferent from horizontal transfer from bacteria (He et al. 2016).
Methane metabolism pathways have been identified in mem-
bers of phylum Bathyarchaeota and in the recently discovered
phylum Verstraetearchaeota, placing the origin of methanogen-
esis before the divergence of Euryarchaeota (Evans et al. 2015;
Vanwonterghem et al. 2016). The discovery of BchG of archaeal
origin in the genomic content of Bathyarchaeota also suggests
that an archaeon-based photosynthetic pathway might exist in
nature, and that photosynthesis might have evolved before the
divergence of bacteria and archaea (Meng et al. 2009). The ver-
satile metabolic properties of Bathyarchaeota, including ace-
togenesis, methane cycling, potential photosynthesis, and dis-
similatory nitrite and sulfate reduction, etc., indicate that their
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ecological and phylogenetic characteristics are quite diverse,
and given their basal phylogenetic position at the root of ar-
chaea, the evolutionary paths of those capabilities are also of
great meaning for understanding the evolution of early life
(Evans et al. 2015; He et al. 2016; Lazar et al. 2016; Zhang et al.
2016).

Members of Bathyarchaeota are able to use CO2 and H2 from
natural sources and fermentation products to fuel acetogene-
sis (He et al. 2016; Martin et al. 2016). The ability to use a wide
range of substrates for energy conservation and biosynthesis,
rather than a single reductive acetyl-CoA pathway, enhances
the survival of Bathyarchaeota in energy-limited environments
(Lazar et al. 2016). Meanwhile, the ability to utilize a wide va-
riety of substrates could have allowed Bathyarchaeota to avoid
a direct competition with other substrate specialists, such as
methanogens and sulfate reducers; in contrast, organic matter
degradation to generate acetate might be more energetically fa-
vorable for Bathyarchaeota than for other bacterial acetogens,
as the former do not need to invest in ATP to activate formate;
subsequently, Bathyarchaeota plays the role of active carbon
transformers, especially in the subsurface sediments, to fuel the
heterotrophy and acetoclastic methanogenesis processes and
facilitate coupled carbon cycling (Fig. 1) (He et al. 2016; Lazar et al.
2016).

SUMMARY AND OUTLOOK

In summary, the most recent research advances have consid-
erably expanded our knowledge of Bathyarchaeota, their dis-
tribution, ecology and physiological and genomic properties
since their first discovery and definition about two decades ago.
Recent data point to the global occurrence of Bathyarchaeota
and their potential impact on global carbon transformation,
highlighting their important role as a group of global gener-
alists participating in carbon cycling, similar to euryarchaeo-
tal methanogens and Thaumarchaeota. Among the presently
recognized 25 bathyarchaeotal subgroups, eight are delineated
as significantly niche-specific based on their marine/freshwater
segregation. The deduced last common ancestor of Bath-
yarchaeota might be a saline-adapted organism, which evolved
from saline to freshwater habitats during the diversification
process, with the occurrence of few environmental transitional
events. Multiple genomic and physiological traits of these mi-
croorganisms have been coming to light in recent decades with
the advent of stable isotope labeling and metagenomic profil-
ing methods. It is evident that the phylogenetically diverse sub-
groups are heterotrophs with metabolism centralized around
acetyl-CoA generation. They are able to use a variety of sub-
strates, including (i) detrital proteins, (ii) polymeric carbohy-
drates, (iii) fatty acids/aromatic compound, (iv) methane (or
short alkane) and methylated compounds, and/or (v) poten-
tially other organic matter to generate acetyl-CoA, subsequently
using it to obtain energy or assimilate it in biosynthetic pro-
cesses. Because of the universal distribution and predominance
of Bathyarchaeota, not only in the marine sediments but also
in terrestrial sediments and various other eco-niches, and be-
cause of their versatile metabolism (including acetogenesis,
methane metabolism, and dissimilatory nitrate and sulfate re-
duction) and potential interactions with ANME archaea, aceto-
clastic methanogens and heterotrophic bacteria, the ecological
importance of this group of generalists has entered the limelight
and needs further exploration.

Given that they are abundant, globally distributed and phy-
logenetically diverse, continued exploration of new potential

bathyarchaeotal subgroups is encouraged. The knowledge of
their physiological and genomic properties, as well as their
adaptive strategies in various eco-niches, is nonetheless still
rudimentary. First, successful enrichment methods that would
allow harvesting sufficient bathyarchaeotal biomass to explore
their physiological and genomic characteristics have not yet
been established. A successful enrichment, with nearly pure
biomass of certain subgroups of Bathyarchaeota, would enable
a more efficient investigation of their metabolic capacities us-
ing stable isotope-labeled substrates, and establishing a direct
link between the genotype and phenotype. Second, determining
whether themethane cycling capacity is confined to certain sub-
groups or whether numerous subgroups or lineages are capable
of methane cycling, and if so, the nature of their shared evo-
lutionary or genomic characteristics, is of utmost importance.
Obtaining direct physiological evidence for the generation or ox-
idization of methane by Bathyarchaeota in the future is also im-
portant. Third, only limited reports on the distribution patterns
of bathyarchaeotal subgroups and the associated environmental
factors are available. For us, phenotypical and genotypical infor-
mation on subgroups whose existing patterns have only been
sporadically reported still remains elusive and more explicit in-
vestigations are lacking. Future efforts should be encouraged to
address the fundamental issues of the diversity and distribution
patterns of Bathyarchaeota, and their vital roles in global carbon
cycling.
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