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Editorial on the Research Topic
Digitizing frozen earth—revealing microbial diversity and physiology
in the cryobiosphere through “omics” tools, volume I

Terrestrial, marine and freshwater habitats of the three poles (Arctic, Antarctica,
and high-altitude regions) have striking similarities in their environmental properties.
The harsh conditions permit the survival of a unique selection of (micro)organisms.
Global change is unfolding across polar and alpine regions without precedents in
human history (IPCC, 2022). The current human development paradigm has important
environmental consequences and all forms of life thriving in the cryosphere face
pressures with consequences beyond local scales. Microbes ranging from Bacteria,
Archaea, and Eukaryotes (i.e., algae, protists, and fungi) are not only able to thrive in
permanently cold environment but also are an important component of foodwebs and
players in aquatic and terrestrial ecosystems function, microclimate regimes and any
possible response of the polar and alpine regions to anthropogenic warming (Cavicchioli
et al,, 2019; Tiedje et al., 2022). They are the first responders to environmental changes
and act as game-changers of key ecological process kinetics. Microbial ecology research
today faces the challenges of still quite complex and unresolved issues to foster its
understanding of the natural world.
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Effects of global warming on the physical, chemical,
ecological structure, and function and biodiversity of polar
and alpine ecosystems are not well-understood and there are
many opinions on how microbes might respond and adapt to
environmental stress and long term changes in environmental
conditions in freshwater, ice and soil environments (Guan et al.,
2017). At the same time climatic driven environmental change
and an increasing number of extreme events are being observed.
In order to be able to develop a better understanding of the
potential effect of climatic perturbations on ecosystems structure
and function at the Three Poles, it requires more details on
the ecological drivers of community assemblies and resolution
on seasonal and longer time scales that microbial assemblages
might respond to environmental change. This might also help
to identify sentinel taxa or habitats that could act as indicators
of change including ice-based ecosystems as part of the Last Ice
Area. The increasing use of “omics” techniques to disentangle
microbial diversity and ecosystem function in the cryosphere
is now offering new avenues to investigate the response of
polar and alpine ecosystems microbial communities to global
warming (Abatenh et al., 2018; Edwards et al., 2020).

The aim of this Research Topic “Digitizing frozen earth—
Revealing microbial diversity and physiology in the Cryobiosphere
through “Omics” tools, volume II” is to provide readers
with a selection of studies that are using the latest “omics”
and multidisciplinary approaches as well as go beyond the
description of microbial communities to evaluating mechanistic
processes that shape environmental microbial assemblages.
Along this Editorial, we present and highlight with concrete
examples how this walkthrough—from boots to bytes—is
carried out by the scientific community to overcome the hurdles
from samples to integration of large ecosystem processes.
Contributions include original research studies on understudied
taxonomic groups such as protists, fungi, and uncultured
candidate bacterial groups as well as evaluation of mechanistic
processes driving community assembly across habitats and
seasons in polar and alpine environments based on field and
laboratory studies. Research featured in this Research Topic
also investigates the response of microbial communities to
environmental factors and changing conditions along extended
temporal scales. The Research Topic brings together studies
from the Three Poles; covering Arctic, Antarctic and high
altitude environments, to allow a comparison and perspective
on the similarities and differences of these permanently cold but
geographically separated environments.

The Research Topic includes contributions that demonstrate
the presence of key candidate bacteria groups in Antarctic
lakes and their potential physiology and contribution to
biogeochemical processes based on high-throughput “omics”
techniques. Williams, Allen, Berengut et al. outlines a
characterization of novel Cloacimonadota and Omnitrophota
from Ace Lake as well as Candidatus Organicella extenuata,
a Verrucomicrobial endosymbiont with a reduced genome,
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from Organic Lake, Vestfold Hills in Antarctica (Williams,
Allen, Ivanova et al.). While bacteria have been covered by
many 16S rRNA gene high throughput sequencing surveys
and dominating environmental metagenomic studies, there is
still a surprising paucity of data for protists and fungi. Millar
et al. showed that 185 rRNA gene based protists and fungi
assemblages in supraglacial cryoconite include potential grazers,
predators, photoautotrophs that show distinct communities in
the Arctic and Antarctic similar to prokaryotic communities.
The study by Ilicic et al. focused on microbial eukaryotes
and fungi in shallow marine coastal zones in Potters Cove
(South Shetland Islands, Western Antarctic Peninsula), and
their assessment of fungi suggests that Ascomycota and
Chytridiomycota fungi are the most abundant taxa in these
benthic microphytobenthic habitats including putative fungal
parasites. Furthermore, the review by Gilbertson et al. focuses
on polar marine diatoms and evolution and adaptation
mechanisms based Omics approaches. All three contributions
highlight that there is a need for a more comprehensive
assessment of these taxonomic groups.

As the climate continues to warm, the cryospheric
environments will experience drastic changes in their structure:
ice thickness reduces and aquatic ecosystems become more
open, the atmosphere increasingly exchanges with the terrestrial
environments, and the active layer of soil is deepening as
permafrost thaws. These changes occur at different temporal and
spatial scales but collectively represent a strong environmental
filter for local microbial communities that have to either
respond and adjust to these new conditions or new niches are
now available for previously rare taxa or originating from the
surrounding environment (Leibold et al., 2004; Hanson et al.,
2012; Lindstrom and Langenheder, 2012). The contributions
of this Research Topic explore the mechanisms for selection
and habitat filtering of microbial communities and lead to local
variation in assemblages in permanently cold environments. The
studies also highlight the microbiomes are usually influenced
by multiple factors and the difficulty of untangling them. For
example, Fillinger et al. describes that bacteria cell number and
virus-like particles are potentially influenced by both spatial
and temporal drivers in the European Alps. Rapp et al. also
found distinct difference in composition and the genomic
traits in communities from Arctic seawater-derived subzero
hypersaline brines from 1st year ice (near Barrow Sea Ice Balance
Site, Alaska) and ancient cryopeg (Barrow Permafrost Tunnel,
Alaska) in permafrost.

Marois et al. suggested that local habitat filtering shapes the
planktonic microbial community structure in four chemically
and physically distinct lakes on northern Ellesmere Island,
Canadian Arctic Archipelago that is part of the coastal margin
zone of the Last Ice Area. While Blais et al. investigated river
bacterial communities along dissolved organic carbon (DOC)
and salinity gradients in the Great Whale River Subarctic,
Canada, and found that a core microbiome in subarctic rivers
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and a coastal plume contained generalists but also taxa with a
more limited distribution. However, many studies to date cover
mostly the evaluation of the relationship between microbial
communities and environmental variables during the short
duration of the polar summer due to logistical constraints, and
there is therefore a lack of field studies during the remaining
and majority of the year between autumn, winter and spring.
Extending studies across seasons not only will provide a more
complete understanding, but they will also provide valuable
data in context of climate change research as it has been
predicted that warming in the polar regions will lead to changes
in the seasonality. In this context, a comparison between
planktonic 18S rRNA gene communities in lakes in Ekaluktutiak
(Cambridge Bay, southern Victoria Island, Nunavut, Canada)
found differences in the mixotrophic and heterotrophic core
communities in open water and under the ice conditions (Potvin
etal.).

Environmental gradients and chronosequences provide
opportunities for natural laboratories to evaluate the response
of microbial communities to a change of conditions across
space and time which is explored in several studies on soil
ecosystems. The space-for-time substitution was applied to
study the response of soil microbial communities to water
availability and geochemical soil properties in the McMurdo Dry
Valleys as the polar deserts are predicted to experience drastic
changes in water availability under current climate change
predictions (Monteiro et al.). Liu et al. evaluated the changes
of pioneer prokaryotic communities in rhizosphere and bulk
soils along the high-elevation glacier retreat chronosequence,
the northern Himalayas, Tibetan Plateau, and found that
prokaryotic community composition during colonization and
succession are shaped by a combination of plants, habitat and
duration since glacier retreat. In the permafrost environment,
Scheel et al. was able to do first prokaryotic 16S rRNA and fungal
ITS2 gene regions sequencing study of an abrupt permafrost
erosion microbiome in Northeast Greenland, where a thermal
erosion gully collapsed, leading to the thawing of 26,500-year-
old permafrost material. Finally, a laboratory-based microcosm
experiment was presented by Malard and Pearce to evaluate
the colonization of snow derived bacteria deposited onto Arctic
soils, demonstrating that potentially successful colonizations
of soil by invading bacteria could be influenced by local soil
properties rather than by ecosystem disturbances.

In summary, with ongoing climate warming and rapid
alteration of the cryosphere at the Three Poles, a mechanistic
understanding of the response of microbial communities is
greatly needed. The broad-range of articles presented here
deepen our current understanding and knowledge of the
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mechanistic processes that shape environmental microbial
assemblages. This Research Topic of studies identified many
challenges and questions that yet remain to be addressed. We
are hopeful that this Research Topic will stimulate discussions
and paved the way for future avenues of research.
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Genome Analysis of a
Verrucomicrobial Endosymbiont With
a Tiny Genome Discovered in an
Antarctic Lake

Timothy J. Williams', Michelle A. Allen’, Natalia Ivanova?, Marcel Huntemann?,
Sabrina Haque', Alyce M. Hancock't, Sarah Brazendale' and Ricardo Cavicchioli’*

" School of Biotechnology and Biomolecular Sciences, UNSW Sydney, Sydney, NSW, Australia, ? U.S. Department of Energy
Joint Genome Institute, Berkeley, CA, United States

Organic Lake in Antarctica is a marine-derived, cold (—13°C), stratified (oxic-
anoxic), hypersaline (>200 gl~') system with unusual chemistry (very high levels
of dimethylsulfide) that supports the growth of phylogenetically and metabolically
diverse microorganisms. Symbionts are not well characterized in Antarctica. However,
unicellular eukaryotes are often present in Antarctic lakes and theoretically could harbor
endosymbionts. Here, we describe Candidatus Organicella extenuata, a member of
the Verrucomicrobia with a highly reduced genome, recovered as a metagenome-
assembled genome with genetic code 4 (UGA-to-Trp recoding) from Organic Lake.
It is closely related to Candidatus Pinguicocccus supinus (163,218 bp, 205 genes),
a newly described cytoplasmic endosymbiont of the freshwater ciliate Euplotes
vanleeuwenhoeki (Serra et al., 2020). At 158,228 bp (encoding 194 genes), the genome
of Ca. Organicella extenuata is among the smallest known bacterial genomes and similar
to the genome of Ca. Pinguicoccus supinus (163,218 bp, 205 genes). Ca. Organicella
extenuata retains a capacity for replication, transcription, translation, and protein-folding
while lacking any capacity for the biosynthesis of amino acids or vitamins. Notably, the
endosymbiont retains a capacity for fatty acid synthesis (type Il) and iron—sulfur (Fe-
S) cluster assembly. Metagenomic analysis of 150 new metagenomes from Organic
Lake and more than 70 other Antarctic aquatic locations revealed a strong correlation
in abundance between Ca. Organicella extenuata and a novel ciliate of the genus
Euplotes. Like Ca. Pinguicoccus supinus, we infer that Ca. Organicella extenuata is
an endosymbiont of Euplotes and hypothesize that both Ca. Organicella extenuata and
Ca. Pinguicocccus supinus provide fatty acids and Fe-S clusters to their Euplotes host
as the foundation of a mutualistic symbiosis. The discovery of Ca. Organicella extenuata
as possessing genetic code 4 illustrates that in addition to identifying endosymbionts
by sequencing known symbiotic communities and searching metagenome data using
reference endosymbiont genomes, the potential exists to identify novel endosymbionts
by searching for unusual coding parameters.

Keywords: Antarctic microbiology, Bacterial endosymbionts, metagenome, extreme genome reduction, genetic
code 4
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INTRODUCTION

Bacteria with highly reduced genome sizes are only found as host-
restricted symbionts and pathogens (Supplementary Table 1;
Moran and Bennett, 2014). The smallest bacterial genomes are
only known to occur in symbionts that are required by a host
(obligate symbionts), with those possessing genomes < 500 kbp
being completely dependent on the host while also providing
benefit to the host to be retained (mutualistic symbionts)
(Moran and Bennett, 2014). Insects that feed on sap (phloem
or xylem) rely on endosymbionts to supplement their restrictive
or unbalanced diets; these bacteria, either individually or as
“patchworks” of metabolically complementary co-symbionts or
nested symbionts, provide essential amino acids and/or vitamins
for their respective protist hosts (Nakabachi and Ishikawa,
1999; Zientz et al.,, 2004; Nakabachi et al., 2006; Pérez-Brocal
et al.,, 2006; Bennett and Moran, 2013; Brown et al., 2015; Gil
et al., 2018). The cellulolytic protists that reside in the hindguts
of termites harbor cytoplasmic endosymbionts that belong to
diverse bacterial clades (e.g., Endomicrobia, Deltaproteobacteria,
Bacteroidetes, and Actinobacteria) and confer metabolic and
nutritional benefits to their respective protist hosts (Stingl
et al., 2005; Ohkuma et al., 2007; Hongoh et al., 2008a,b; Sato
et al., 2009; Ikeda-Ohtsubo et al., 2016; Strassert et al., 2016;
Kuwabhara et al., 2017).

Verrucomicrobia is a diverse phylum of bacteria that has been
found in a wide array of habitats, with free-living representatives
isolated from soils, seawater, marine sediments, lakes, and hot
springs (Wagner and Horn, 2006; Dunfield et al.,, 2007; Yoon
et al., 2007a,b). Certain verrucomicrobia live in close association
with eukaryotes, including marine sponges (Scheuermayer et al.,
2006; Yoon et al, 2008) and tunicates (Lopera et al., 2017),
as well as inside the intestinal tracts of humans (Derrien
et al., 2004), termites (Wertz et al., 2012), and marine
clam worms (Choo et al., 2007). Some verrucomicrobia have
entered into very close symbiotic associations with eukaryotic
hosts, including anti-predator ectosymbionts (epixenosomes)
of the ciliate Euplotidium (Petroni et al., 2000) and various
endosymbionts, such as inside the cytoplasm of intestinal
and ovarial cells of nematode worms (Vandekerckhove et al.,
2002), nuclei of cellulolytic protists (Sato et al., 2014), and the
cytoplasm of the ciliate Euplotes vanleeuwenhoeki (Serra et al.,
2020). Candidatus Xiphinematobacter, the verrucomicrobial
endosymbiont of nematodes, has a 0.916-Mbp metagenome
assembled genome (MAG) encoding 817 predicted protein-
coding sequences (CDS); compared with free-living relatives,
genes are retained for the biosynthesis of amino acids predicted
to be required by their nematode hosts (Brown et al., 2015).
The unpublished MAG of the intranuclear endosymbiont Ca.
Nucleococcus (Sato et al., 2014) is ~1 Mbp and encodes ~700
CDS (Y. Hongoh, personal communication). The genome of
the Euplotes endosymbiont Ca. Pinguicoccus supinus has an
‘extremely reduced genome’ at only 0.163 Mbp and encodes 168
CDS (Serra et al., 2020).

Organic Lake is a shallow (~7 m deep), marine-derived,
Antarctic lake formed ~3,000 years ago (Gibson, 1999). The lake
is characterized by a salinity gradient that reaches a maximum of

~230 g L1 (Gibson, 1999) and has unusual chemistry, with very
high levels of dimethylsulfide (Gibson et al., 1991). Temperatures
in the upper waters have been recorded as high as 15°C and as
low as —14°C (Franzmann et al., 1987), whereas bottom waters
(5 - ~7 m) have typically registered temperatures of —5 to
—6°C (Franzmann et al., 1987; Gibson et al., 1991; Roberts et al.,
1993; James et al., 1994) but as low as —13°C (Yau et al.,, 2013).
Metaproteogenomic analyses have inferred important roles for
virophage-mediated control of algal primary production (Yau
et al., 2011) and roles in nutrient cycling by phylogenetically
and metabolically diverse bacteria (Yau et al., 2013). The lake
is located in the Vestfold Hills, a ~ 400 km? region of East
Antarctica that contains hundreds of water bodies, many of which
are marine-derived, having been formed ~3,000-7,000 years ago
as a result of the isostatic rebound of the continent (Gibson, 1999;
Cavicchioli, 2015; Supplementary Figure 1). The water bodies in
the Vestfold Hills range in salinity from freshwater to hypersaline,
most of which have not been subject to metagenomic analysis of
their biota (Cavicchioli, 2015).

During analyses of unusual coding parameters (genetic
code 4) in metagenome contigs, we discovered a 158-
kbp verrucomicrobial MAG that was assembled from new
metagenome data derived from a complete seasonal cycle
of Organic Lake. The MAG is comparable in size with the
endosymbiont Ca. Pinguicoccus supinus (Serra et al., 2020),
as well as to obligate mutualistic endosymbionts that belong
to the phyla Proteobacteria and Bacteroidetes that also have
extremely reduced genomes (Moran and Bennett, 2014). The
environmental distribution and inferred Euplotes host of the
Organic Lake endosymbiont was assessed by analyzing 337
Antarctic metagenomes, including 150 new metagenomes of
unstudied Vestfold Hills lakes and neighboring marine locations.
The Organic Lake endosymbiont is closely related to Ca.
Pinguicoccus; herein, we describe the functional traits of this
bacterial lineage that seem to underpin the endosymbiosis and
discuss the value of searching for unusual coding parameters as a
means of identifying endosymbionts.

MATERIALS AND METHODS
Sampling and DNA Extraction

Microbial biomass was obtained and field observations recorded
from lakes in the Vestfold Hills, Antarctica (Supplementary
Figure 1). Sampling at Organic Lake was performed by sequential
size fractionation through a 20-pm prefilter onto 3.0-, 0.8-,
and 0.1-pm large-format membrane-filters (293 mm diameter
polyethersulfone), samples preserved and DNA extracted, as
described previously (Yau et al., 2011, 2013; Tschitschko et al.,
2018; Panwar et al., 2020).

For other lakes, including Unnamed Lake 18, “Portals”
Lake, Unnamed Lake 13, Unnamed Lake 17, “Swamp” Lake,
Unnamed Lake 12, and Unnamed Lake 7, biomass was captured
using Sterivex cartridges (MilliporeSigma, Burlington, MA,
United States) by pumping water from the lake through a 20-
pwm prefilter using a hand-driven peristaltic pump. After field
collection, Sterivex cartridges were kept cold (e.g., in snow)
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before transportation to Davis Research Station, where they were
cryogenically preserved at —80°C and shipped at —80°C to
Australia. To extract DNA, the Sterivex cartridge was removed
from —80°C storage and filled with 1.6 ml of freshly prepared
“XS” buffer (1% potassium ethyl xanthogenate; 100-mM Tris-
hydrochloride, pH 7.4; 20-mM ethylenediamine tetraacetic acid,
pH 8; 1% sodium dodecyl sulfate; 800-mM ammonium acetate)
(Tillett and Neilan, 2000). Both ends of the cartridge were sealed
with parafilm, and the cartridge was placed into an empty 50-ml
Falcon tube and incubated in a water bath at 65°C for 2 h. After
incubation, 200 pl of 10% sodium dodecyl sulfate and 50 .l of
20 mg ml~! Proteinase K (Thermo Fisher Scientific, Waltham,
MA, United States) was added through the Luer-lock end of the
cartridge, re-sealed, and returned to the 50-ml Falcon tube for
incubation in a water bath at 55°C for 2 h. After incubation,
a syringe was attached to the Luer-lock end and air injected
to recover the liquid in a 20-ml Falcon tube. The liquid was
decanted, placing 500-p1 aliquots into 1.5-ml microfuge tubes,
60 pl of phenol added, the tubes inverted several times to mix the
solution, 500 pl of chloroform: isoamyl alcohol (24:1) was added,
and each tube mixed by inversion. The tubes were centrifuged at
16,800 x g for 10 min at room temperature, the aqueous phase
of each sample was collected into a fresh 1.5-ml tube, 1.5 pl of
GlycoBlue (Thermo Fisher Scientific) was added to each tube, and
tubes were left at room temperature for 1 h. Ammonium acetate
(3 M, 500 pl) was added to each tube, mixed by inversion, left at
room temperature for 30 min, tubes centrifuged at 16,800 x g for
15 min, and the supernatant placed into fresh 2-ml tubes. A total
of 1 ml of 100% ethanol was added to each tube, and after storage
overnight at 4°C, tubes were centrifuged at 14,000 x g for 30 min
at room temperature and the supernatant carefully discarded.
Pellets were washed by adding 500 pl of 70% ethanol and tubes
centrifuged at 14,000 x g for 5 min. Ethanol was removed, the
pellets air-dried on a heating block at 37°C, pellets resuspended
in Tris-hydrochloride-ethylenediaminetetraacetic acid buffer
(10-mM Tris-hydrochloride, pH 7.4; 1-mM ethylenediamine
tetraacetic acid, pH 8) and tubes stored at —80°C. DNA
yields were quantified using Qubit dsDNA BR Assay Kit
(Thermo Fisher Scientific) and the quality of DNA assessed
by agarose gel electrophoresis. DNA was sequenced at the
Joint Genome Institute using Hi-Seq2500 (2 x 151 bp run)
as described previously (Tschitschko et al, 2018; Panwar
et al, 2020) or at the Australian Centre for Ecogenomics
using NextSeq500 (on a 2 x 150 bp run) and raw reads
filtered using Trimmomatic (Trimmomatic manual: V0.32,
no date). Assembly was performed with metaSpades and all
contigs > 200 bp uploaded and annotated by the IMG pipeline
(Huntemann et al., 2015).

Analyses of DNA Sequence Data

The Ca. Organicella MAG was identified using a pipeline to
identify stop codon reassignments in metagenomic data (Ivanova
et al., 2014). The set of contigs with potential UGA reassignment
was identified in Organic Lake metagenomes based on the
higher total coding potential as computed by Prodigal upon
reannotation with genetic code 4. These contigs had an average
GC content of 32%, and they appeared to have characteristics of

bacterial genomes, namely, high coding density, typical bacterial
gene complement with translation, transcription, and replication
machinery, but no multi-subunit NADH dehydrogenase and
cytochrome oxidase complexes indicative of mitochondria and
no photosynthesis genes indicative of chloroplasts. The longest
of these contigs, which were ~158 kb, turned out to be circular
due to an overlap of 100 nt at the ends. No other putative
bacterial contigs with UGA reassignment were found in the same
metagenomes, suggesting that these circular contigs constituted
the entire genome of a bacterium. Because the automated
annotations initially performed by IMG used genetic code 11,
in which UGA is a stop codon, manual inspection of these
contigs identified genes interrupted by stop codons within open
reading frames. Re-calling open reading frames and annotating
the genome using PROKKA (Seemann, 2014) with codon chart
4, reassigned the opal stop codon (UGA) as tryptophan. This
reduced the number of genes from 249 to 193 for the reference
Ca. Organicella extenuata MAG (contigID Ga0307966_1000010).
Total coding density was calculated using all protein-coding
genes (CDS), rRNA, tRNA, and tmRNA genes in the genome.
Protein identities were determined using ExPASy BLAST for
all CDS and, where necessary, InterProScan and HHPred. The
isoelectric point (pI) of protein sequences was determined using
the Isoelectric Point Calculator (Kozlowski, 2016). The genomic
functional potential was assessed by considering cellular and
metabolic traits based upon manual examination of genes and
pathways performed in a similar way to previous assessments of
the veracity of gene functional assignments (Allen et al., 2009;
Panwar et al., 2020).

Mapping of reads from 340 Antarctic metagenomes to the Ca.
Organicella MAG was performed using BWA v0.7.17 (Li and
Durbin, 2009). FastANI (Jain et al., 2018) was used to calculate
ANI between Ca. Organicella MAGs. Multiple alignments were
constructed using Clustal (DNA sequences) (Thompson et al.,
1994) or MUSCLE (protein sequences) (Edgar, 2004) and used to
construct phylogenetic trees (for Ca. Organicella and for Euplotes
sp. AntOrgLke) by the maximum-likelihood method (Tamura
and Nei, 1993) in MEGA6 (Tamura et al.,, 2013) with 1,000
bootstraps. Marker genes predicted from the Ca. Organicella
MAG were used to place the MAG into a concatenated 43-marker
gene tree by CheckM (Parks et al., 2014) using the tree command.

To identify the potential host(s) of Ca. Organicella, six
metagenomes where Ca. Organicella was abundant (Org-646,
Org-46, Org-175, Org-784, Portals, and UnnamedLake18) were
selected to create a co-assembly using Megahit v.1.2.2b (Li et al,,
2016), with contigs binned into 188 MAGs by Metabat v.2.12.1
(Kang et al., 2019) with default settings (min contig length 2,500).
During the co-assembly, a single contig representing the Ca.
Organicella MAG was assembled (k141_311079; 158,131 bp).
As this Ca. Organicella MAG was not initially binned, due to
falling below the default minimum bin size of 200 kb, it was
manually assigned to bin189. The ANI between the original Ca.
Organicella MAG (Ga0307966_1000010) and the co-assembled
MAG (k141_311079) was 99.9924%. The Ca. Organicella MAG
(bin189) and the 188 bins resulting from Metabat binning were
screened for contamination, completion, and taxonomic identity
using checkM (Parks et al, 2014) and refineM (Parks et al,
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2017). In addition, the abundance of each bin [calculated as
the sum of (contig length x contig coverage) for all contigs
in the bin] was determined for each of the 29 metagenomes
where Ca. Organicella was detected by mapping the metagenome
reads to the bins with bbmap v38.51 (Bushnell, 2014). These bin
abundances were used as input for SparCC (Friedman and Alm,
2012) implemented in python 3' to estimate correlation values
from the compositional data.

To identify the taxonomy of the bins that were highly
correlated to Ca. Organicella, MetaEuk v. 20200908 (Levy
Karin et al, 2020) was used to identify eukaryotic proteins
and assign taxonomy via the 2bLCA lowest common ancestor
approach. To identify the maximal number of proteins,
the larger MERC_MMETSP_Uniclust50_profiles database was
used as the reference dataset for MetaEuk, whereas to
assign contig taxonomy and putative protein function, the
TaxDB_uniclust90_2018_08 database was used. Both databases
were obtained from http://wwwuser.gwdg.de/$\sim$compbiol/
metaeuk/. The rRNA gene contig missing from the Euplotes
sp. AntOrgLke MAG was identified as contig k141_859071 by
blasting Euplotes spp. 18S rRNA genes against the co-assembled
contigs used for Metabat. 185/28S rRNA genes on k141_859071
were predicted using the RNAmmer 1.2 Server at http://
www.cbs.dtu.dk/servicessRNAmmer/ (Lagesen et al., 2007). The
mitochondrial genome of Euplotes sp. AntOrgLke was identified
by blasting the mitochondrial proteins of E. vanleeuwenhoeki,
Euplotes crassus, and Euplotes minuta against the co-assembled
contigs used for the Metabat binning, with the resulting contigs
then blasted against the metagenome where Ca. Organicella
was most abundant.

As few non-mitochondrial Euplotes proteins were available in
the National Center for Biotechnology Information (NCBI) nr
database, additional protein sequences were gathered from five
reference Euplotes species. The data were obtained from genome-
specific databases: Euplotes octocarinatus, http://ciliates.ihb.ac.
cn/database/home/#eo (Wang et al., 2018); Euplotes vannus, http:
/levan.ciliate.org/ (Chen et al., 2019); from proteins predicted
from the Marine Microbial Eukaryote Meta/transcriptome
sequencing project (MMETSP): Euplotes harpa FSP1.4, IMG ID
3300017294; Euplotes focardii TN1, IMG IDs 3300017169 and
3300016941; E. crassus CT5, IMG ID 3300017039; all accessed
at https://img.jgi.doe.gov/; by manually running MetaEuk
for protein prediction on genome sequences held in NCBI
Genome: E. focardii, GCA_001880345.1 ASM188034vl; E.
crassus GCA_001880385.1 ASM188038vl; or by manually
running MetaEuk on genomic data held in a custom database:
E. vannus, http://evan.ciliate.org/. Average amino acid identity
(AAI) was calculated at http://enve-omics.ce.gatech.edu/aai/
index (Rodriguez-R and Konstantinidis, 2016) between the
Euplotes sp. AntOrgLke and the five reference Euplotes species,
using the protein sequences downloaded or predicted for
their respective genomes (Euplotes sp. AntOrglLke - 15328
proteins predicted in this study; E. octocarinatus - 29076
proteins obtained from http://ciliates.ihb.ac.cn/database/home/
#eo; E. focardii TN1, E. crassus CT5, and E. harpa FSP1.4 -

Uhttps://github.com/JCSzamosi/SparCC3

12634, 12729, and 19386 proteins, respectively, predicted from
the Marine Microbial Eukaryote Meta/transcriptome sequencing
project (MMETSP) and accessed at http://img.jgi.doe.gov;
E. vannus — 43338 proteins obtained from http://evan.ciliate.org).

To correctly identify the CDS in the Ca. Pinguicoccus genome,
Prokka (Seemann, 2014) was used with genetic code 4. To
investigate the relationship between Ca. Organicella and the
newly released Ca. Pinguicoccus genome, nucleotide synteny
was visualized with progressiveMauve (Darling et al., 2004), a
tblastx plot was performed at NCBI’, and AAI was calculated
at http://enve-omics.ce.gatech.edu/aai/index (Rodriguez-R and
Konstantinidis, 2016), followed by manual inspection of protein
identifications to identify shared and unique metabolic capacities.

RESULTS AND DISCUSSION

Organic Lake MAG Summary and
Phylogeny

A MAG (Ga0307966_1000010) representing a complete circular
genome with a length of 158,228 bp was identified in new
metagenome data from Organic Lake. The MAG encoded
194 bacterial genes, 156 of which were inferred to be CDS
(Supplementary Table 2) with 145 assigned putative biological
functions (Supplementary Table 3). Most (76 proteins)
were assigned to translation (including tRNA modifications)
(Supplementary Table 3). Other categories were fatty acid
synthesis (including pyruvate oxidation) (18 proteins); cell wall
biogenesis including lipopolysaccharides (17), iron-sulfur (Fe-S)
cluster assembly (8), protein folding and stability (8), replication
and repair (6), and transcription (6). A total of 16 CDS could
not be assigned any function, and some or all of these could be
pseudogenes. The MAG had one copy each of 23S, 16S, and 5S
rRNA genes and 34 identifiable tRNA genes (Supplementary
Table 2). The highly restricted genomic potential illustrates this
bacterium would not be capable of autonomous growth, and
we name it Candidatus Organicella extenuata gen. et. sp. nov.;
the genus name derives from the locality from where the MAG
sequence was originally recovered (Organic Lake, Antarctica)
with the addition of the diminutive Latin suffix -ella; the species
“extenuata” means reduced or diminished in Latin and is in
reference to the highly reduced genome.

Additional MAGs for Ca. Organicella were generated from a
number of Antarctic metagenomes (see section Ca. Organicella
Environmental Distribution and Host below), enabling the
analysis of 23 Ca. Organicella 16S rRNA genes (Supplementary
Table 4). Phylogenetic analysis of these genes found Ca.
Organicella to be most closely related to Ca. Pinguicoccus
(Serra et al, 2020), with 85% 16S rRNA gene identity (see
section Comparison of Ca. Organicella and Ca. Pinguicoccus
Genomes below). Both Ca. Organicella and Ca. Pinguicoccus
belong to a cluster of uncultured Verrucomicrobia that also
includes Ca. Nucleococcus and related endosymbionts of
certain amitochondriate protists (Trichonympha, Caduceia, and
Oxymonas) present in termite hindguts (Yang et al, 2005;

Zhttps://blast.ncbinlm.nih.gov/
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Hongoh et al., 2007; Ikeda-Ohtsubo et al., 2010; Sato et al,
2014; Figure 1). This cluster, previously termed the “termite
cluster” (Sato et al, 2014), is not closely related to other
known verrucomicrobial endosymbionts (Vandekerckhove et al.,
2002) or ectosymbionts (Petroni et al., 2000). In view of the
cluster now including Ca. Organicella and Ca. Pinguicoccus,
and no longer containing species exclusive to the termite gut,
we suggest the cluster be termed the “Nucleococcus cluster.”
To date, known representatives of this “Nucleococcus cluster”
of Verrucomicrobia include both nuclear and cytoplasmic
endosymbionts of unicellular eukaryotes.

The Ca. Organicella + Ca. Pinguicoccus branch within the
“Nucleococcus cluster” of the 16S rRNA gene tree was far
longer than other branches (Figure 1), and similar topology
occurred in trees constructed using conserved marker genes
(Supplementary Figure 2). Such long branches were not evident
for any other sequences, including the endosymbionts Ca.
Nucleococcus and Ca. Xiphinematobacter (Figure 1), both
of which had much larger genomes (~ 1 Mbp) than Ca.
Organicella and Ca. Pinguicoccus (Supplementary Table 1).
Long branches likely reflect rapid sequence evolution and are
characteristic of degenerate genomes (McCutcheon and Moran,
2012), consistent with Ca. Organicella and Ca. Pinguicoccus
being the only known representatives of Verrucomicrobia with
extremely reduced genomes.

Endosymbiont Features

The Ca. Organicella MAG exhibits a number of features
typical of obligate symbionts that have highly reduced genomes
(McCutcheon and Moran, 2010, 2012). The MAG has a high
coding density (95% for all genes and 90% for CDS only),
with shortened intergenic regions and 23 overlapping genes
(Supplementary Table 1), which is characteristic of extreme
genome reduction (Nakabachi et al., 2006; Moya et al., 2008).
The MAG has genetic code 4° with UGA stop codons recoded
to tryptophan. Of note is that a tRNA-Opal-TCA is also encoded
(Ga0307966_1000010189) that has the highest similarity to
trnW (UGA) from mitochondria of Paralemanea sp. (GenBank
accession MG787097.1). UGA-to-Trp recoding is known to occur
rarely, having been found in mycoplasmas (Yamao et al., 1985);
certain symbiotic bacteria (McCutcheon et al., 2009), including
Ca. Pinguicoccus (Serra et al., 2020); and several mitochondrial
lineages (Knight et al, 2001). The UGA-to-Trp conversion
permits the loss of peptide chain release factor 2 (PrfB) (which
recognizes UGA codons) through genome erosion (McCutcheon
et al., 2009). UGA-to-Trp recoding is typically associated with
low GC content (McCutcheon et al., 2009), although some
insect endosymbionts with UGA-to-Trp have high GC content
(e.g., Ca. Hodgkinia cicadicola 58%; Ca. Tremblaya princeps
PCIT 59%) (McCutcheon and Moran, 2012). The GC content
of the Ca. Organicella MAG is 32%, compared with 25% for
Ca. Pinguicoccus (Serra et al., 2020) (also see Comparison of
Ca. Organicella and Ca. Pinguicoccus Genomes, later). No mobile
elements were identified in the Ca. Organicella MAG, which

3https://www.ncbi.nlm.nih.gov/Taxonomy/ Utils/wprintgc.cgi#SG4

is another trait of symbionts with extremely reduced genomes
(McCutcheon and Moran, 2012).

The possession of a minimal complement of genes required for
transcription and translation (McCutcheon, 2010; McCutcheon
and Moran, 2012), and some capacity to perform DNA
replication, enables a level of autonomy over cellular processes
that distinguishes endosymbiotic bacteria from organelles
(McCutcheon and Moran, 2012). Ca. Organicella encodes some
enzymes involved in DNA replication, including DNA gyrase
(GyrAB), DNA primase (DnaG), and replicative DNA helicase
(DnaB), but a dedicated DNA polymerase for DNA replication
was not identifiable. Although certain insect endosymbionts
lack the DNA polymerase III holoenzyme, they at least encode
DNA polymerase a-subunit (DnaE), responsible for 5 to 3’
polymerization activity of DNA replication (McCutcheon, 2010;
McCutcheon and Moran, 2012). In the absence of DnaE, genomic
replication is presumably carried out by host proteins (Serra
et al., 2020). As in many other reduced endosymbiont genomes,
Ca. Organicella lacks the DnaA protein for initiation of DNA
replication, and this function is presumably carried out by the
host (Gil et al., 2003; Lopez-Madrigal et al., 2013), possibly as a
mechanism to exercise control over endosymbiont proliferation
(e.g., Akman et al.,, 2002; Gil et al., 2003; Bennett et al., 2014;
Bennett and Moran, 2015).

Three subunits of the DNA-directed RNA polymerase (RNAP)
for transcription were identified (RpoA, RpoB, and RpoC) as
well as a sigma factor (RpoD), components that are typical
of endosymbionts (McCutcheon and Moran, 2012). Thus, the
components of RNAP retained by Ca. Organicella parallel
those of unrelated symbionts with genomes of comparable size
(McCutcheon, 2010; McCutcheon and Moran, 2012). A total
of 34 amino acyl tRNAs for all 20 proteinogenic amino acids
were identified, plus aminoacyl tRNA synthetases (aaRS) for
13 of the amino acids (Met, Leu, Ile, Val, Lys, Gly, Ser, Cys,
Arg, Tyr, Ala, Phe, and Glu) and a glutamyl/aspartyl-tRNA
amidotransferase. The missing aaRS may be provided by the
host (Van Leuven et al., 2019), or existing aaRS may catalyze
multiple aminoacylation reactions (Moran and Bennett, 2014).
Ca. Organicella encodes initiation factors IF-1 and IF-2 (but not
IF-3); elongation factors EF-G, EF-Ts, and EF-4; translational
release factor PrfA (but not PrfB); and ribosome recycling factor.
Most, but not all, ribosomal subunits were identified. Known
endosymbionts with highly reduced genomes typically do not
encode a complete set of ribosomal proteins (McCutcheon, 2010;
Moran and Bennett, 2014). Individual ribosomal subunits that
could not be identified in the Ca. Organicella MAG are also
missing from some obligate insect endosymbionts (e.g., RplA,
RpmC, RpmD, RpsE, and RpmF) (Moran and Bennett, 2014).
Certain tRNA modification enzymes were also evident in the
Ca. Organicella MAG (e.g., Mnm complex and TsaD) that are
usually retained in endosymbionts (McCutcheon and Moran,
2012; Van Leuven et al, 2019) (see Supplementary Text -
tRNA Modification).

The only identifiable dedicated DNA repair enzyme in
Ca. Organicella was a RecA homolog. Depleted DNA repair
abilities are typical of bacteria with highly reduced genomes
and contribute to the accumulation of deleterious substitutions,
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FIGURE 1 | Phylogeny of Candidatus Organicella extenuata. Phylogeny of Verrucomicrobia and related bacteria based on 16S rRNA sequences, showing Ca.
Organicella extenuata nested inside the newly proposed “Nucleococcus cluster”; other than Ca. Organicella extenuata, this cluster comprises the cytoplasmic
endosymbiont Ca. Pinguicoccus supinus from a freshwater ciliate and intranuclear endosymbionts of amitochondriate protists resident in the hindgut of termites. The
maximum likelihood tree was constructed with 59 sequences, and positions with less than 80% site coverage were eliminated, resulting in 1,415 positions in the final
dataset. Bootstrap values > 70 are shown next to individual nodes. Fusobacterium varium is the outgroup. Accessions are given as NCBI Nucleotide accessions or
IMG Gene IDs: for Ca. Organicella extenuata, sequences were included for the original Organic Lake MAG (contig Ga0307966_1000010, bases 107297..108828),
Unnamed Lake 18 (contig Ga0400283_000007, bases 52431..53966), and “Portals” Lake (contig Ga0400669_009478, bases 1..1071 and contig
Ga0400669_039189, bases 1314..1821). Sequences identical to the 16S rRNA sequence from the original Organic Lake MAG were represented in metagenome
data from 19 other Organic Lake metagenomes and also in Unnamed Lake 13 (Supplementary Table 4). Note that nine-digit accessions are IMG Gene IDs, and all

varium ATCC 27725 646564282 human digestive tract

mutations (Kiraga et al., 2007). However, not all Ca. Organicella

including in CDS (McCutcheon and Moran, 2012; Bennett and
Moran, 2015). The average predicted pI of Ca. Organicella
proteins was 9.2 (Supplementary Table 3). It has been proposed
that high (alkaline) pI of the proteome of intracellular parasites
and endosymbionts may result from the accumulation of

proteins were predicted to have a high pl. Notably, the two
most acidic proteins are ferredoxin (pI 4.1) and acyl carrier
protein (ACP) (pI 4.2), both of which are naturally acidic proteins
(Knaff and Hirasawa, 1991; McAllister et al., 2006). If high pI
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does arise from high rates of mutation, the acidic pI of ferredoxin
and ACP may be indicative of a strong positive selection to
preserve function.

Another trait that is shared between Ca. Organicella and
known bacterial symbionts with highly reduced genomes is the
retention of chaperone proteins (GroES-GroEL; DnaK); these
chaperone proteins are thought to ameliorate the adverse effects
of accumulated deleterious substitutions on correct protein-
folding (Moran, 1996; McCutcheon and Moran, 2012). The
bacteria that synthesize these chaperones are therefore heat-
sensitive, limiting the thermal tolerance of their hosts (Burke
et al., 2010; Fan and Wernegreen, 2013; Moran and Bennett,
2014). Thermal instability would not be expected to be a problem
for Ca. Organicella in Antarctica (Franzmann et al., 1987; Gibson,
1999; Yau et al., 2013). Proteins that are damaged and cannot be
correctly re-folded could be degraded to peptides by the encoded
ClpXP (Sabree et al.,, 2013), although the fate of the peptides is
unclear in the absence of identifiable peptidases.

Ca. Organicella Environmental

Distribution and Host

To examine the environmental distribution of Ca. Organicella,
337 Antarctic lake and marine metagenomes were analyzed,
which encompass 77 different Antarctic aquatic locations,
including a time (December 2006 to January 2015) and
depth series of Organic Lake (Supplementary Figure 1 and
Supplementary Table 5). Sequence coverage of Ca. Organicella
MAGs from Organic Lake was higher at depth in the lake
and higher in winter compared with spring or summer
(Supplementary Table 5). Although the highest abundance of
Ca. Organicella was from Organic Lake (up to a median read
depth of 71), read coverage showed Ca. Organicella was also
present in seven other lakes in the Vestfold Hills (Supplementary
Figure 1), including a complete MAG from a small pond
~15 km away from Organic Lake (“Unnamed Lake 187),
which had a median read depth of 22 and coverage of the
original Ca. Organicella MAG (Ga0307966_1000010) of 99.97%
(Supplementary Table 5). The MAGs from Organic Lake (11
close to full length) had an ANI of > 99.5%, with the ANT across
all MAGs from Organic Lake, Unnamed Lake 18, Portals Lake,
and Unnamed Lake 13, >98.1%. Outside of these Ca. Organicella
MAGs and Ca. Pinguicoccus, the best BLAST matches to the
Ca. Organicella 16S rRNA gene in NCBI-nr and IMG databases
were < 82%. This indicates that a single species of Ca. Organicella
is present in the Vestfold Hills, with Ca. Pinguicoccus being the
only similar species identifiable elsewhere in the world.

To identify the potential host(s) of Ca. Organicella,
metagenomes were co-assembled using Metabat, generating
a Ca. Organicella MAG (k141_311079) plus 188 potential host
bins. The abundance of each bin was determined for each of the
29 metagenomes where Ca. Organicella was detected by mapping
the metagenome reads to the bins, and the correlation of bin
abundances was calculated using SparCC. The abundance of Ca.
Organicella was highly positively correlated with bin81 (r = 0.89,
p=0),bin149 (r = 0.95, p = 0), and contig k141_859071 (r = 0.85,
p = 0). The two bins and the contig were also highly positively

correlated to each other (r = 0.94 - 0.99, p = 0). Bin81 (12,580
contigs) and bin149 (18 contigs) were dominated by sequences
assigned to the ciliate Euplotes (Euplotidae, Spirotrichea, and
Ciliophora), and the 8.1-kb contig, k141_859071 contained a
28S rRNA gene (4,455 bp), region of a 5.8S rRNA gene and
18S rRNA gene (1,895 bp) that matched to Euplotes (e.g., 285
rRNA, 84.2% identity to Euplotes aediculatus across 79% of
query length). We infer that bins 81 and 149 plus the rRNA
contig represent a MAG that pertains to a single OTU that we
refer to as “Euplotes sp. AntOrgLke” (Supplementary Table 6).
The Euplotes sp. AntOrgLke MAG (Supplementary Dataset
1) comprises 29.98 Mbp across 12,599 contigs (longest contig
19,935 bp, N50 = 2,645, L50 = 3,806, GC = 38.15%), with 6,451
proteins predicted against the TaxDB_uniclust90_2018_08
database (Supplementary Dataset 2) and 15,328 proteins
predicted against the MERC_MMETSP_Uniclust50_profiles
database (Supplementary Dataset 3). Of relevance, the
abundance of the Ca. Organicella MAG was highly positively
correlated with the Euplotes sp. AntOrgLke MAG (r = 0.89,
p = 0) (Figure 2), consistent with this ciliate being the host.
Moreover, contigs belonging to the Euplotes sp. AntOrgLke
mitochondrial genome were also detected (Supplementary
Table 7; Supplementary Dataset 4).

Euplotes sp. AntOrglLke had 97% 18S rRNA identity to
Euplotes cf. antarcticus and E. vanleeuwenhoeki. Tree topology
was consistent for all three RNA polymerase sequences (Figure 3)
and 18S rRNA sequence (Supplementary Figure 3), and Euplotes
sp. AntOrgLke seems to be a member of Euplotes Clade A
(Syberg-Olsen et al., 2016; Boscaro et al.,, 2018; Serra et al,
2020). The AAI calculated from available Euplotes genomic
data (six species, including Euplotes sp. AntOrgLke) ranged
from 49 to 91%, with Euplotes sp. AntOrgLke sharing 53-57%
with the other five species (Supplementary Table 8). Thus,
our data indicate Euplotes sp. AntOrgLke is likely a novel
Antarctic member of the genus Euplotes, and Ca. Organicella is
a verrucomicrobial endosymbiont of a ciliate species known as
Ca. Pinguicoccus (Serra et al., 2020). E. vanleeuwenhoeki, the host
of Ca. Pinguicoccus, is a freshwater ciliate (Serra et al., 2020),
whereas Organic Lake is hypersaline (Franzmann et al., 1987; Yau
etal., 2013).

Euplotes is a speciose genus of motile, unicellular ciliate found
in many aquatic environments (Boscaro et al., 2019), including
Organic Lake, where it was previously detected based on SSU
rRNA sequences (Yau et al, 2013). Euplotes species have a
propensity to harbor one or multiple endosymbiotic bacteria,
with at least six genera and 21 species known to date, all
of which reside in the cytoplasm (Boscaro et al., 2019; Serra
et al., 2020). The majority of reported Euplotes endosymbiont
species belong to Proteobacteria and are predominantly members
of Burkholderiaceae (e.g., Polynucleobacter) and the specialized
intracellular clades Rickettsiales and Holosporales (Boscaro
et al,, 2019). The exception is Ca. Pinguicoccus, a member
of Verrucomicrobia, and the sole known endosymbiont of
E. vanleeuwenhoeki (Serra et al., 2020). In E. vanleeuwenhoeki,
Ca. Pinguicoccus cells are located free in the cytoplasm and were
frequently observed to be in contact with mitochondria and lipid
droplets (Serra et al., 2020). The exact benefit of Ca. Pinguicoccus
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FIGURE 2 | Co-occurrence of Candidatus Organicella extenuata and Euplotes sp. AntOrglLke in Antarctic metagenomes. The abundance of Ca. Organicella
extenuata (k141_311079) and Euplotes sp. AntOrgLke (bin81 + bin14 + contigk141_859071), calculated as the sum of (contig length x contig coverage) for all
contigs, was analyzed using SparCC to determine their co-occurrence (r; correlation coefficient). Across 29 metagenomes in which Ca. Organicella extenuata was
detected, the abundance of Euplotes sp. AntOrglLke strongly positively correlated with the abundance of Ca. Organicella extenuata (- = 0.89, p = 0), indicating
Euplotes sp. AntOrglLke was likely the host of Ca. Organicella extenuata. None of the other 187 bins representing other potential hosts exhibited a positive
correlation above r = 0.54. X-axis labels: Organic Lake, metagenome IDs (see Supplementary Table 5); Other lakes, lake names (Unnamed abbreviated as UN).

to its ciliate host is unclear, although it is unlikely to be nutritional
(see Ca. Organicella-Euplotes Interactions, later) (Serra et al,
2020). Similarly, the foundations of the symbiotic relationship
between proteobacterial endosymbionts and Euplotes are unclear,
including those that are essential symbionts (Polynucleobacter,
Ca. Protistobacter, and Ca. Devosia) and accessory symbionts,
with the latter possibly being parasitic (Boscaro et al., 2013,2019).

Ca. Organicella-Euplotes Interactions

One possibility is that Ca. Organicella provides Fe-S clusters
and fatty acids to its host as the foundation for a mutualistic
symbiosis (Figure 4). This is pertinent to Euplotes, in which,
as in other ciliates, the mitochondrial genome does not
encode these functions. We identified 41.8 kb of Euplotes
sp. AntOrgLke mitochondrial genome sequence—a comparable
length to the mitochondrial genome sequences reported for
other Euplotes species (de Graaf et al., 2009; Serra et al., 2020).
Like the mitochondrial genomes of E. crassus, E. minuta, and
E. vanleeuwenhoeki, that of Euplotes sp. AntOrgLke has genes that
encode electron transport chain proteins, ribosomal proteins,
rRNA, tRNA, and a cytochrome ¢ assembly protein, along with
multiple genes that have no known function, but no identifiable
Fe-S cluster or fatty acid synthesis genes (Supplementary Table 7;
Pritchard et al., 1990; de Graaf et al., 2009; Swart et al., 2011;
Johri et al., 2019; Serra et al., 2020). Within the genus Euplotes,

the mitochondrial genetic code includes a single stop codon
(UAA), a single unused codon (UAG), and tryptophan-encoding
UGA (Pritchard et al., 1990; Burger et al., 2000; Brunk et al., 2003;
de Graaf et al., 2009; Swart et al., 2011). By comparison, in Ca.
Organicella, UGA is reassigned to Trp, whereas both UAA and
UAG are stop codons.

The Ca. Organicella MAG encodes ferredoxin and sulfur
utilization factor (SUF) proteins involved in Fe-S cluster
biogenesis (SufCBD, SufU, and SufT), including cysteine
desulfurase (SufS) for the mobilization of sulfur from cysteine
(Selbach et al., 2014; Supplementary Table 3). In eukaryotes, the
iron-sulfur cluster (ISC) and SUF pathways are the dominant Fe-
S cluster synthesis pathways, with ISC assembly proteins located
in the mitochondria, whereas SUF assembly proteins are localized
to plastid organelles (Kispal et al., 1999; Tsaousis, 2019), the latter
including chloroplasts and apicoplasts (Takahashi et al., 1986;
Lill and Miihlenhoff, 2005; Lim and McFadden, 2010; Gisselberg
et al,, 2013), although, in certain protists, SUF assembly proteins
are located in the cytoplasm (Tsaousis et al., 2012; Karnkowska
et al., 2016). Typical of eukaryotes, Euplotes sp. AntOrgLke
encodes homologs of ISC proteins inferred to be present in
the model ciliate Tetrahymena thermophila, including cysteine
desulfurase (Nfsl), ferredoxin (Yahl), and ferredoxin reductase
(Arhl) (Supplementary Table 9); ISC assembly would occur
in the mitochondrion and depend on nuclear-encoded enzymes
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FIGURE 3 | Phylogeny of Euplotes sp. AntOrgLke. Unrooted maximum likelihood phylogeny of RNA polymerase subunit Il proteins from members of Ciliophora
showing Euplotes sp. AntOrglLke clustering with members of the Euplotes genus. Within the cluster for each RNA polymerase type (RPB, RPC, and RPA), the
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analysis. Positions with less than 80% site coverage were eliminated, and 944 positions remained in the final dataset, with the exception of MSTRG.29381.1_{r3,

| TNV85742.1:138-1229, Halteria grandinella, 58%

Contig961|-|1103, Euplotes vannus, 76%

100 | MECR01015295.1|-|1287, Euplotes crassus, 75%

MSTRG.32343.1_fr3, Euplotes vannus, 78%

MJUV01061271.1|-|1798, Euplotes focardii, 77%
81_k141_1078819, Euplotes sp. AntOrgLke

IMGstitched_ MMETSP, Euplotes harpa, 69%

P28365.2:72-1157, Euplotes octocarinatus, 78%

100 L Contig8064.927164.t1(PEP), Euplotes octocarinatus, 79%

(Smith et al., 2007). The SUF system of Ca. Organicella could
therefore function as a complementary Fe-S cluster assembly
system to ISC. The SUF system is more resistant to reactive
oxygen species than the ISC system (Santos-Garcia et al., 2014);
thus, the SUF system encoded by Ca. Organicella may be
especially important to the host under oxidative stress conditions
in response to the degradation of Fe-S clusters of host proteins
(Tsaousis, 2019). The SUF system may be especially relevant to
Euplotes sp. AntOrgLke in Organic Lake and the other Vestfold
Hills lakes due to the prevailing environmental conditions
(high oxygen concentrations; freezing temperatures; enhanced
UV irradiation; Supplementary Figure 1) that promote the
production of reactive oxygen species (Ricci et al., 2017).

Ca. Organicella also encodes an almost complete suite of genes
for bacterial type II fatty acid synthesis (FASII), except for FabH,
an enzyme involved in fatty acid elongation (see Supplementary

Text — Pyruvate Oxidation and Fatty Acid Synthesis). It is likely
that another condensing enzyme involved in fatty acid elongation
encoded in Ca. Organicella (FabB or FabF) would substitute
for FabH, as inferred for Ca. Wigglesworthia, which similarly
lacks FabH but otherwise encodes a complete FASII pathway
(Zientz et al., 2004; Parsons and Rock, 2013). In support of this,
Escherichia coli and Lactococcus lactis mutants that lack fabH
are still capable of synthesizing fatty acids (Morgan-Kiss and
Cronan, 2008; Yao et al., 2012). For Ca. Organicella, the acetyl-
CoA precursor for straight-chain fatty acid biosynthesis would
be generated using a pyruvate dehydrogenase (PDH) complex,
presumably using pyruvate acquired from the host (Figure 4).
Many protists depend on the fatty acids provided by
mitochondrial FASII for processes such as lipoylation of essential
enzymes or for incorporation into phospholipids; despite having
their own cytoplasmic FAS apparatus (FAS type I), these

Frontiers in Microbiology | www.frontiersin.org

17 June 2021 | Volume 12 | Article 674758


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

Antarctic Endosymbiont With Tiny Genome

glycero-manno-heptose

G g

glycan synthesis C
3

Ge] GO\ L

colitose 8alacturonic acid Cs

3

Williams et al.
pyruvate
HOST
&
Y acetyl-CoA fatty acid synthesis N
Q t, 1, — .
/ 2 (type 1l N\ lipoic acid
y \\ octanoyl-ACP
/
/ - transcription
/
! i A fatty
! . acyl-ACP L acids
| translation ¥
%) i % )
2 | T () \
] I ‘S £ — \
o — 5 2 acyl transfers————>|  phospholipid
= 2 2 thesis '
é : = = syn :
© | E |
| © | .
! | glycan, LPS synthesis —>
\
\
\
\

protein folding

l sisauaboiq adojanua |33 |<—

is

]

=

®

S

S
oteins

(irreparable)

p

proteins
(functional)

v/

N

peptides

FIGURE 4 | Depiction of function of Candidatus Organicella extenuata within Euplotes sp. AntOrgLke. The potential metabolic capacities of Ca. Organicella
extenuata are limited to pyruvate oxidation; type Il fatty acid biosynthesis; iron-sulfur (Fe-S) cluster assembly; and conversion, activation, and transfer of hexose and
heptose sugars. The Ca. Organicella extenuata MAG lacks any identifiable genes for glycolysis, tricarboxylic acid cycle (aside from pyruvate oxidation), pentose
phosphate pathway, respiration, fermentation, ATP generation (either by oxidative phosphorylation and ATP synthase, or substrate-level phosphorylation), or
synthesis of phospholipids (aside from fatty acids), amino acids, nucleic acids, or vitamins. There were no identifiable transporter genes. Processes, pathways, and
enzymes that were inferred to be functional in Ca. Organicella extenuata are shaded in red. OM, outer membrane; IM, inner membrane; LPS, lipopolysaccharide.
Fatty acid synthesis (type Il): PDH, pyruvate dehydrogenase; CoA, coenzyme A; ACP, acyl carrier protein; ACC, acetyl-CoA carboxylase complex; FabD,
malonyl-CoA-ACP-transacylase; FabB and FabF, 3-oxoacyl-ACP synthase; FabG, 3-oxoacyl-ACP reductase; FabZ, 3-hydroxyacyl-ACP dehydratase; FabV,
enoyl-ACP reductase. Glycan synthesis: GT, glycosyltransferase (three different GT); ColD, GDP-4-keto-6-deoxy-D-mannose 3-dehydratase; ColC, GDP-L-colitose
synthase; Udg, UDP-glucose 6-dehydrogenase; LpsL, UDP-glucuronate epimerase; Tk, transketolase; GmhA, phosphoheptose isomerase; HAdA,
D-glycero-a-D-manno-heptose 7-phosphate kinase; HddC, D-glycero-a-D-manno-heptose 1-phosphate guanylyltransferase. DNA replication: GyrAB, DNA gyrase;
DnaG, DNA primase; DnaB, replicative DNA helicase. Transcription: RNAP, RNA polymerase. Translation: tRNA, transfer RNA; aaRS, aminoacyl tRNA synthetases.
Fe-S cluster assembly: Fdx, ferredoxin; SufS, cysteine desulfurase; SUF, Fe-S cluster assembly complex (SufCBD, SufU, SufT). In this reconstruction, pyruvate is
supplied by the host and the sole purpose of PDH is to provide the acetyl-CoA precursor for fatty acid synthesis. The fatty acid synthesis pathway is functionally
complete in Ca. Organicella extenuata, with FabF or FabB substituting for missing FabH. There are three pathways involved in synthesis of heptose
(glycero-manno-heptose) or hexose (galacturonic acid; colitose) subunits of lipopolysaccharide glycans in Ca. Organicella extenuata, but none of these pathways are

complete, and all depend on exogenous precursors.

Frontiers in Microbiology | www.frontiersin.org 18 June 2021 | Volume 12 | Article 674758


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

Williams et al.

Antarctic Endosymbiont With Tiny Genome

eukaryotes depend on the fatty acids provided by mitochondria
(Stephens et al., 2007; Hiltunen et al., 2009). However, as in
other ciliates, the mitochondrial genome of Euplotes lacks genes
associated with FASII (Pritchard et al., 1990; Burger et al., 2000;
Brunk et al., 2003; Swart et al., 2011; Johri et al., 2019). Thus, we
propose the hypothesis that Ca. Organicella provides fatty acids
to the host for these essential purposes.

Another possibility is that fatty acids are supplied to the
host in a nutritional capacity. For example, there is evidence
that fatty acids synthesized by Ca. Blochmannia floridanus form
part of the symbiont’s nutritional support to its host (carpenter
ant Camponotus chromaiodes) during periods when the insect
host is feeding on sugar-rich exudates (Zientz et al., 2004; Fan
and Wernegreen, 2013). However, we regard this as unlikely,
given that it has been predicted that nutritional symbioses are
not likely to be necessary for heterotrophic algal and bacterial
feeders such as Euplotes that can probably obtain all their
required nutrients from their diets (Boscaro et al., 2013, 2019;
Serra et al., 2020).

It is also possible that FASII in Ca. Organicella contributes
to its own cellular requirements, including lipoylation of
its own PDH and providing precursors for modification of
its own cell envelope (Figure 4). In addition to encoding
a functionally complete FASII pathway, 17 Ca. Organicella
genes are predicted to be involved in the biosynthesis of
precursors for lipopolysaccharide components: nine proteins
are implicated in the biosynthesis of heptose and hexose units
(although we could not reconstruct complete pathways), and
eight proteins are glycosyltransferases that may be involved in
the transfer of nucleotide-activated sugars to construct glycan
chains (Supplementary Table 3; Supplementary Text - Glycan
Synthesis). Obligate endosymbionts with genomes < 500 kbp
typically have few if any genes for cell envelope biogenesis, with
these pathways being especially prone to loss (McCutcheon and
Moran, 2012; Moran and Bennett, 2014; Brown et al., 2015). Ca.
Organicella lacks acyltransferases necessary for transferring acyl-
ACP to glycerol-3-phosphate to produce phosphatidic acid, the
phospholipid precursor in bacteria (Yao et al., 2012), and there are
no identifiable genes for the biosynthesis of the glycerophosphate
backbone or headgroups of phospholipids or for the 3-deoxy-
D-manno-octulosonic acid-lipid A (Kdo,-lipid A) precursor of
lipopolysaccharides (Wang et al., 2015).

Thus, Ca. Organicella, as in other endosymbionts with
highly reduced genomes, is assumed to rely entirely on
host-derived membranes (Baumann, 2005; McCutcheon and
Moran, 2012; Husnik and McCutcheon, 2016). The presence
of lipopolysaccharide- and other cell-wall-related genes is not
unusual for symbiotic bacteria with larger genomes (Zientz et al.,
2004; Nikoh et al., 2011); for example, the insect endosymbionts
Ca. Wigglesworthia and Ca. Blochmannia (both between 615
and 706 kbp) encode the majority of genes necessary for
the synthesis of a normal gram-negative cell wall, including
phospholipids and lipopolysaccharides (Akman et al, 2002;
Gil et al, 2003; Zientz et al., 2004). Additionally, certain
obligately symbiotic bacteria with larger genomes (>600 kb)
retain a complete set of FASII genes (Akman et al, 2002;
Gil et al, 2003; Nikohetal,2011; Lamelas et al, 2011;

Chong and Moran, 2018). In these symbionts, the retention
of genes necessary for the synthesis of a normal Gram-
negative cell wall (including lipopolysaccharides) is possibly
for protection against the host and/or reflects a relatively
recent symbiotic association (Akman et al., 2002; Gil et al,
2003). The latter does not apply to Ca. Organicella, with the
extreme reduction in genome size reflecting an ancient symbiosis
(Serra et al., 2020).

Nevertheless, ~ Ca.  Organicella ~ might  contribute
glycan components to its own cell envelope (including
lipopolysaccharides). One possibility is that modifications
of the endosymbiont cell wall confer some protection against
the host, such as through variation of fatty acid length or
altering the glycan moieties of lipopolysaccharides (core and/or
O-specific polysaccharides) using modified sugars by the action
of glycosyltransferases (Serra et al., 2020). Ca. Pinguicoccus
has a very similar genome size and gene composition as
Ca. Organicella, including retaining homologs of the same
glycan/lipopolysaccharide-related genes (see Comparison of
Ca. Organicella and Ca. Pinguicoccus Genomes, later). Ca.
Pinguicoccus resides free in the cytoplasm of E. vanleeuwenhoeki,
and it has been proposed that endosymbionts in the host
cytoplasm of eukaryote cells face a less stable and possibly
hostile environment compared with those endosymbionts that
are enclosed within specialized bacteriocytes or host-derived
vesicles (Gil et al., 2003; Wu et al.,, 2004; Serra et al., 2020).
For this reason, Ca. Pinguicoccus may exercise some control
over the composition of its cell envelope because it is in
direct contact with the host cytoplasm (Serra et al., 2020).
This might also be true of Ca. Organicella, which, based
on its close phylogenetic affiliation with Ca. Pinguicoccus
and having Euplotes as the putative host, likely lives in
the host cytoplasm.

Comparison of Ca. Organicella and Ca.

Pinguicoccus Genomes

The genome sizes of Ca. Organicella (158,228 bp, 194 genes, 163
CDS) and Ca. Pinguicoccus (163,218 bp, 205 genes, 168 CDS;
Serra et al., 2020) are similar; note that the protein sequences
for the Ca. Pinguicoccus NCBI (Accession CP039370) genome
sequence were auto-predicted with genetic code 11, but using
genetic code 4, we predict a total of 200 genes [five less than
reported in Serra et al. (2020)], consisting of 163 CDS, 34 tRNAs,
and the 168, 5S, and 23S rRNA genes (Supplementary Table 1).
The two genomes share extensive synteny (Supplementary
Figure 4). Although the genomic nucleotide sequences were too
divergent to calculate ANI, the AAI between the two symbiont
genomes was determined to be 46% (two-way AAI based on
134 proteins, all predicted with genetic code 4). Both genomes
retain an almost identical small subset of genes represented
across Verrucomicrobia (Serra et al, 2020; Supplementary
Table 3). They also share homologous proteins required for
DNA replication, transcription, and translation, in common with
other endosymbionts, but both lack the catalytic subunit of DNA
polymerase (DnaE), which is exceptional among endosymbionts
(Serra et al., 2020).
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Ca. Pinguicoccus encodes the same components of the
SUF system and a functionally complete FASII pathway as
Ca. Organicella, suggesting that Ca. Pinguicoccus confers the
same benefits to its Euplotes host that we infer for Ca.
Organicella. Of interest is that Ca. Pinguicoccus cells were often
observed associated with lipid droplets in E. vanleeuwenhoeki
cytoplasm, raising the possibility of a link between the
retention of FASII genes and interaction with the host’s lipids
(Serra et al., 2020). Ca. Pinguicoccus also encodes homologs
of the same glycosyltransferases and heptose- and hexose-
related enzymes encoded in Ca. Organicella (Supplementary
Table 3). Nevertheless, Ca. Pinguicoccus retains a putative
phospholipid synthesis protein (CDP-diacylglycerol-glycerol-3-
phosphate 3-phosphatidyltransferase homolog) not identifiable
in Ca. Organicella. Ca. Pinguicoccus encodes a thioredoxin-
thioredoxin reductase system (for maintaining thiol-disulfide
redox balance) and NADP-dependent glutamate dehydrogenase
(for the reversible oxidative deamination of glutamate), neither
of which are identifiable in Ca. Organicella. There are also
variations between the two genera in the exact complement
of ribosomal subunits, aaRS, and initiation factor subunits
(Supplementary Table 3), with these components being prone
to loss among endosymbionts (Moran and Bennett, 2014).
However, Ca. Organicella and Ca. Pinguicoccus possess the
same 34 tRNA genes.

Overall, the data suggest that, as their divergence from a
common ancestor had a highly reduced genome, further genomic
erosion has occurred independently in Ca. Organicella and Ca.
Pinguicoccus, with differential loss of certain genes, especially
those involved in translation. By contrast, SUF, FASII, and certain
lipopolysaccharide/glycan-related genes are conserved between
the two genera. This suggests that these particular genes play
important roles in the interactions of these endosymbionts with
their ciliate hosts.

CONCLUSION

Many of the smallest bacterial genomes are from insect symbionts
that exist as metabolically complementary partnerships within
the host (43) (Supplementary Table 1). For example, Ca. Nasuia
deltocephalinicola (~112 kbp) and Ca. Hodgkinia cicadicola
(~144 kbp) are each co-resident with Ca. Sulcia (Bennett
and Moran, 2013; McCutcheon et al., 2009), whereas Ca.
Tremblaya princeps (~139 kbp) contains Ca. Moranella endobia
to constitute a nested symbiosis (McCutcheon and von Dohlen,
2011). However, Ca. Carsonella ruddii (~160 kbp) is a lone
endosymbiont resident in sap-feeding psyllids (Thao et al,
2000; Nakabachi et al., 2006). Unlike known insect symbionts
with highly reduced genomes (Nakabachi and Ishikawa, 1999;
Zientz et al.,, 2004; Nakabachi et al., 2006; Pérez-Brocal et al,,
2006; Bennett and Moran, 2013; Brown et al.,, 2015; Gil et al,,
2018), Ca. Organicella and Ca. Pinguicoccus lack any capacity
for the biosynthesis of amino acids or vitamins (Serra et al,
2020). Thus, as with the Ca. Pinguicoccus-E. vanleeuwenhoeki
symbiosis, there is no reason to assume that Ca. Organicella
exists as part of a co-symbiotic partnership, especially considering

that none of the genes encode enzymes involved in amino
acid or vitamin biosynthesis, as is typical for such consortia
(McCutcheon et al., 2009; McCutcheon and von Dohlen, 2011).
The absence of a nutritional basis of a proposed Ca. Organicella-
Euplotes symbiosis likely reflects the algivorous and bacterivorous
nature of the ciliate host (Serra et al., 2020), in contrast to insects
with specialized and nutritionally unbalanced diets. Instead, we
propose that Ca. Organicella and Ca. Pinguicoccus provide SUF
Fe-S clusters and FASII fatty acids as essential molecules to
the host, with FASII replacing a lost mitochondrial function in
Euplotes. Additionally, the ciliate host would possess dual Fe-
S cluster biogenesis systems, with the SUF system provided by
endosymbiotic Verrucomicrobia.

Ca. Organicella was identified as possibly being an
endosymbiont by virtue of having unusual coding parameters
(Ivanova et al.,, 2014) rather than by searching our metagenome
data for symbionts. Previous metagenomic screening of multiple
Euplotes strains and their resident bacteria did not recover
symbionts that belong to phylum Verrucomicrobia (Boscaro
etal., 2019). In the study, the identification of putative symbionts
in Euplotes-based metagenome data was based on bacterial taxa
that were referrable to known clades of exclusively intracellular
bacteria (e.g., Rickettsiales) or related to previously described
protist symbionts (e.g., Polynucleobacter) (Boscaro et al,
2019); thus, any verrucomicrobial symbionts might have been
overlooked, especially if they were present at low coverage.
Targeted hosts and/or symbiont reference genomes have been
used extensively for identifying both ecto- and endo-symbionts
of a broad range of taxa, including magnetotactic bacteria
of marine protists (Monteil et al,, 2019), gut symbionts of
hadal snailfish (Lian et al., 2020) and phytophagous stink bugs
(Kashkouli et al., 2020), and symbionts of pea aphids (Guyomar
et al., 2018) and scleractinian corals (Shinzato et al., 2014). The
discovery of Ca. Pinguicoccus arose through the development of
a “next-generation taxonomy” approach for assessing symbiont-
host associations that combines “bio-taxonomy tools, classical
morphology, ultrastructure, molecular phylogeny, genomics,
and bioinformatics” (Serra et al, 2020). The study focused
on Euplotes as a model protist “holobiont,” in the process of
identifying Ca. Pinguicoccus. Being a host-based approach
to endosymbiont discovery, the “next-generation taxonomy”
approach is applicable to known symbiotic communities.
Software (MinYS) has also recently been reported to specifically
identify symbionts from genome assemblies of symbiotic
communities by using reference genomes (Guyomar et al,
2020). Although genetic code 4 (UGA stop codons recoded to
tryptophan) has been reported to only occur rarely (Yamao et al.,
1985; Knight et al., 2001; McCutcheon et al., 2009), our findings
raise the enticing prospect that searching contigs and MAGs for
this recoding may reveal new symbionts, including members of
the verrucomicrobial “Nucleococcus cluster” (Figure 1).
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Subzero hypersaline brines are liquid microbial habitats within otherwise frozen
environments, where concentrated dissolved salts prevent freezing. Such extreme
conditions presumably require unique microbial adaptations, and possibly altered
ecologies, but specific strategies remain largely unknown. Here we examined
prokaryotic taxonomic and functional diversity in two seawater-derived subzero
hypersaline brines: first-year sea ice, subject to seasonally fluctuating conditions;
and ancient cryopeg, under relatively stable conditions geophysically isolated in
permafrost. Overall, both taxonomic composition and functional potential were starkly
different. Taxonomically, sea-ice brine communities (~10° cells mL~") had greater
richness, more diversity and were dominated by bacterial genera, including Polaribacter,
Paraglaciecola, Colwellia, and Glaciecola, whereas the more densely inhabited cryopeg
brines (~108 cells mL~") lacked these genera and instead were dominated by
Marinobacter. Functionally, however, sea ice encoded fewer accessory traits and lower
average genomic copy numbers for shared traits, though DNA replication and repair
were elevated; in contrast, microbes in cryopeg brines had greater genetic versatility
with elevated abundances of accessory traits involved in sensing, responding to
environmental cues, transport, mobile elements (transposases and plasmids), toxin-
antitoxin systems, and type VI secretion systems. Together these genomic features
suggest adaptations and capabilities of sea-ice communities manifesting at the
community level through seasonal ecological succession, whereas the denser cryopeg
communities appear adapted to intense bacterial competition, leaving fewer genera
to dominate with brine-specific adaptations and social interactions that sacrifice some
members for the benefit of others. Such cryopeg genomic traits provide insight into how
long-term environmental stability may enable life to survive extreme conditions.

Keywords: cryopeg, sea ice, metagenomics, metatranscriptomics, microbial ecology, hypersalinity, subzero
temperature, cryosphere

INTRODUCTION

The cryosphere, that portion of the planet where most of the water is frozen, includes more than
half of land surfaces and 7% of the surface ocean globally (Vaughan et al., 2013). These frozen
regions are incurring significant losses due to climate change (Fountain et al., 2012). Cryosphere
components like permafrost, relatively stable features that have remained frozen for thousands
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or even millions of years (Froese et al., 2008), are warming
now (Biskaborn et al., 2019; Nitzbon et al., 2020). Others, like
sea ice, are inherently short-lived, with formation and melting
occurring annually (Vaughan et al., 2013), yet recent losses in
areal extent and volume, particularly for Arctic sea ice, are
pronounced (Overland and Wang, 2013; Stroeve and Notz,
2018). Though largely frozen, these at-risk environments contain
subzero hypersaline brines that provide interior liquid habitat for
diverse microbial life of both ecological relevance and inherent
curiosity for their unique adaptations to extreme conditions
(Boetius et al., 2015). With continued warming, opportunities
to study these microbes and their current roles in situ dwindle,
yet the molecular microbial ecology of the cryosphere remains
underexplored compared to other areas of environmental
microbiology (reviewed by Deming and Collins, 2017). Direct
comparisons between subzero brines that differ in age or stability
are rare (Cooper et al, 2019), and have not yet included an
exploration of genomic adaptations to long-term vs. fluctuating
extreme conditions. The challenges are many, including safe
accessibility, sampling without altering (melting) the habitat, and
accounting for the complexities and heterogeneity of the micro-
scale living spaces within ice, especially in sea ice (Junge et al.,
2001), which is subject to seasonal extremes in temperature and
salinity (Ewert and Deming, 2013, 2014) and thus fluctuating
porosity (Golden et al., 2007; Petrich and Eicken, 2017).

The habitable space within sea ice or any frozen-water matrix
exists in the form of hypersaline liquid inclusions, kept liquid well
below 0°C due to freezing point depression by the concentration
of dissolved salts (Petrich and Ficken, 2017) and, to a lesser
extent, dissolved organics (Deming and Young, 2017). Despite
subzero temperatures and high salinities, diverse microbial
communities have been reported for even the most extreme
cryosphere habitats, including wintertime sea ice at —28°C and
240 ppt salt (Collins et al., 2008, 2010). For a microorganism to
inhabit a subzero brine its core cellular processes must be adapted
to function under the extreme conditions of temperature and
salinity. Classically, research has focused on cellular strategies to
counteract these abiotic stressors, particularly through osmolytes
(Kempf and Bremer, 1998; Ewert and Deming, 2014; Firth
et al, 2016), chemical modification of the cell envelope
(Chintalapati et al., 2004), pigment production (Dieser et al.,
2010), and synthesis of cold-shock proteins and nucleic acid
chaperones (Baratina et al., 2017). Many organisms in frozen
environments also synthesize extracellular polysaccharides (EPS
or exopolymers), with chemical characteristics that provide
cryoprotection through freezing-point depression or inhibition
of ice recrystallization (Carillo et al., 2015) and osmoprotection
(Krembs and Deming, 2008; Deming and Young, 2017).

Sea ice may be among the best studied of cryosphere
habitats, with winter microbial communities reflecting the parent
seawater prior to freezing (Collins et al., 2010) and characteristic
Gammaproteobacteria and Bacteroidia reported consistently
during spring and later seasons (Brown and Bowman, 2001;
Eronen-Rasimus et al.,, 2016; Rapp et al., 2018). Such studies
have been based mostly on 16S rRNA genes, whether from
cultured bacteria or melted sea-ice samples; few have used
metagenomic sequencing to explore the resident bacteria and

archaea (Bowman et al, 2014; Yergeau et al., 2017). We are
not aware of metagenomic analyses of microbial communities in
subzero sea-ice brines obtained directly, without the compromise
of first melting the ice.

In stark contrast to the transient brines of sea ice are the
stable, ancient (late Pleistocene) and rarely studied brines of
cryopegs, marine-derived sediment layers within permafrost
(Gilichinsky et al., 2003, 2005) that contain discrete lenses of
brine geophysically isolated at fairly constant temperature year-
round, ranging between -9 and -11°C in Siberian cryopegs
(Gilichinsky et al., 2005) and -6 and -8°C in Alaskan cryopegs
(Colangelo-Lillis et al., 2016; Cooper et al., 2019). A recent first
exploration of microbial community composition in cryopeg
brines based on 16S rRNA genes, obtained from the same cryopeg
system also studied here, revealed a less diverse and distinctive
community structure than observed in sea-ice brines (Cooper
etal., 2019), with concentrations of total and dividing cells greatly
exceeding those in the sampled sea-ice brines (approximately 103
vs. 10° cells mL™! and up to 29 vs. ~ 5%, respectively; Table 1).
Most of the sampled cryopeg brines were dominated by only a
few taxa, in particular members of the genus Marinobacter, yet
the specific adaptations enabling their success under the stably
extreme conditions remain unknown.

Because the freezing process that concentrates salts within
the brine inclusions also concentrates microorganisms and other
particulate and dissolved constituents present in the source
water, microbial cell numbers, as well as organic matter and
nutrient concentrations in the brines, are elevated compared
to their source. As a result, cell-to-cell contact rates within sea
ice are much higher than in seawater (Collins and Deming,
2011), and would be even higher in a cryopeg brine containing
108 cells mL~! (Table 1). Higher cell concentrations and
contact rates in a spatially constrained setting present additional
challenges in the form of resource and space competition, yet
they may also lead to genetic exchange and diversification, as
several examples of genes relevant to cold or salt adaptation
appear to be the result of horizontal gene transfer (Bowman,
2008; Collins and Deming, 2013; Feng et al., 2014; Zhong
et al., 2020). To maintain or increase cell concentrations
over time, microbes in subzero brines likely require versatile
nutrient acquisition capabilities, given slow rates of diffusion
in such viscous fluids (Showalter and Deming, 2021). While
microbes in sea ice may be presented with sufficient organic
matter from sea-ice algae during the spring and summer
months, they must also survive the aphotic winter season.
In cryopeg brines, where phototrophic primary production is
absent, heterotrophic microbes may survive via the products
of their extracellular enzymes (Showalter and Deming, 2021),
hydrolyzing remnant plant and detrital material from the
surrounding permafrost and ice-wedge environments (Iwahana
et al., 2021), and via dead microbial matter, as proposed for
oceanic subsurface marine sediments (Bradley et al., 2018), yet
any metagenomic insights into survival mechanisms employed
in situ are currently lacking.

Here we present a comparative metagenomic analysis of the
taxonomic and functional diversity of microbial communities
present in brines from first-year sea ice and in ancient
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TABLE 1 | Sample characteristics including temperature, salinity, pH, organic matter and nutrient concentrations, prokaryotic cell numbers, and percent dividing cells

(data compiled from Cooper et al., 2019; Zhong et al., 2020).

Parameter (unit) Cryopeg brines

Sample label CBIW® CBIW CBIA CB1
Sampling year 2017 2018 2018 2018

T (°C) -6 -6 -6 -6

S (ppt) 140 121 112 122
pH 6.6 - - 6.6
POC (ug CmL~1) 23.8 29.0 - 145.1
PON (ug N mL~T) 3.92 5.32 - 23.99
C:N value 6.06 5.46 - 6.08
DOC (uM C) 3.00 x 10*  8.22 x 10* - 1.02 x 10°
PEPS (LM C) 1.44 x 10 1.14 x 102 - 1.63 x 10°
dEPS (uM C) 8.55 x 108 1.25 x 10* - 1.94 x 10*
PO4 (WM) 1.94 0.68 - 1.22
NO3 (M) 5.56 0.82 - bd
NO5 (1LM) 2.03 0.89 - 16.2
NHz (uM) 175 x 108 1.17 x 10° - 3.35 x 108
Prokaryotic cells (mL~") | 1.39 x 108 1.22 x 108  7.31 x 10"  9.57 x 107
Dividing cells (%) - 1.3 2.5 1.9

Sea-ice brines? Sea-ice sections?
CB4d SBe SBd SI3u SI3L
2018 2017 2018 2017 2017
-6 -4 -3 -5 -3
121 78 75 18 18
6.6 - 7.2 - -
46.3 0.24 0.22 0.20 2.53
6.98 0.03 0.04 0.03 0.34
6.62 8.94 5.66 7.64 7.46
8.50 x 10* 4.46 x 102 2.00 x 102 2.27 x 102 4.97 x 102
8.91 x 10! 1.90 x 10° 9.67 x 107" 2.98 x 109 293 x 10!
1.98 x 104 2.61 x 102 bd - -
0.6 1.8 1.6 0.21 0.19
13.6 0.15 3.63 0.31 0.87
2.96 0.02 0.11 0.03 bd
452 x 108 5.50 x 107! 3.42 x 100 4.60 x 1071 bd
1.14 x 107 2.22 x 10° 1.11 x 10° 7.68 x 10 1.07 x 106
29 - 4.68 - -

aCollected directly from “sackholes” in the ice.

bAll values determined on melted ice samples and scaled to ice volume; scaling to brine volume (brine fraction of the ice) would increase values by an estimated factor of

2.5 for SI3U and 1.6 for SISL (Cox and Weeks, 1983).

CTwo size fractions of this sample were included for metagenomic analysis (see Supplementary Table 1 for details).

dBoth metagenomic and metatranscriptomic analyses were performed.
-, not determined; bd, below detection limit.

cryopeg brines found deep within approximately 40,000-year-
old permafrost (Meyer et al., 2010; Iwahana et al., 2021) near
Utgiagvik, Alaska. Both of these seawater-sourced habitats share
the traits of subzero temperature and hypersalinity (-4 to -
3°C and 75-78 ppt for the sea-ice brines at time of sampling,
and -6°C and 112-140 ppt for the cryopeg brines; Table 1), yet
they differ greatly in their environmental age and stability. We
used metagenomic and selected metatranscriptomic sequencing
to investigate how communities in these two extreme habitats
are adapted to life under subzero and hypersaline conditions,
and whether they are following similar or different strategies
to overcome potential resource and space competition. Our
overall aim is to improve the understanding of the impacts of
environmental stability vs. transience on the adaptability of life
to such extreme conditions.

MATERIALS AND METHODS

Field Sampling

We collected samples near Utqiagvik, Alaska, during two field
seasons in May 2017 and May 2018. Landfast, first-year sea
ice was sampled near the Barrow Sea Ice Mass Balance site,
operated by the University of Alaska Fairbanks (Druckenmiller
et al., 2009), at 71.2223°N, 156.3018°W in 2017 and 71.2238°N,
156.3083°W in 2018. At both times, the sites were covered with
a layer of snow, 16-19 cm in 2017 and 6-10 cm in 2018, which
we cleared prior to sampling activities. Air temperature at 1 m
above the ice varied between -6 and -4°C in both years. Partial
ice-core holes (sackholes) were drilled at 1-m distance from each
other to a depth of 75 cm in 2017, when ice thickness was 117 cm,

and to 55 cm in 2018, when ice thickness was 110 cm. Following
Eicken et al. (2009), we covered the sackholes and allowed brine
to drain into them for 3-5 h before collection. The first sampling
of the sea-ice brine (SB), after sufficient volumes for all other
sampling needs had accumulated, was for RNA extraction. We
used a sterile syringe to withdraw 50 ml of brine from each of 10
individual sackholes and pooled the brines onto one Sterivex filter
(MilliporeSigma), which we treated immediately on site with
RNAlater™ (Invitrogen, Thermo Fisher Scientific). For DNA
analyses and all ancillary measurements, we then collected 20 L of
SB by hand-pumping into an acid-washed cubitainer, first rinsed
with sample brine.

In each year, we collected full-length sea-ice cores using a
MARK II ice auger (Kovacs Enterprise) with a diameter of 9 cm.
For two cores, vertical temperature measurements were made
in the field at 5-cm intervals according to Eicken et al. (2009),
from which we inferred the sackhole brine temperature of -4
and -3°C in both years (Table 1). Sackhole brine salinities were
measured by hand-held refractometer, yielding salinities of 75-
78 ppt in both years. In 2017, we sectioned one sea-ice core in
the field to obtain the upper 25 cm (SI3U), middle 50-75 cm
(SI3M) and lowermost 25 cm (SI3L) using a 70% ethanol-rinsed,
custom-alloy bow saw. Each ice section was collected in a sterile
Whirl-Pak bag. As SI3M failed subsequent sequencing efforts, it
does not appear in this study.

Cryopeg brine (CB) was obtained through the Barrow
Permafrost Tunnel, located at 71.2944 °N, 156.7153 °W and
situated 6 m below the surface. The temperature inside the
tunnel held at -6°C during our sampling work (Table 1).
Brines were extracted from approximately 2 m below the tunnel
floor through discrete boreholes, some previously established
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(Colangelo-Lillis et al., 2016) and others drilled for this study
using a cleaned and ethanol-rinsed ice auger or SIPRE corer
(as in Colangelo-Lillis et al., 2016). We used a hand pump
and 1.5-m length of sterile Masterflex and Teflon tubing (Cole-
Parmer, Vernon Hills, IL, United States) to collect samples in
acid-washed 2-L vacuum flasks (initially autoclaved, then acid-
washed and ethanol-rinsed between samples). Detailed borehole
histories and sampling are provided in Cooper et al. (2019)
and Iwahana et al. (2021). Sample names here are based on
borehole name and filtration pore size (see below). During
the two field campaigns we were able to obtain a total of six
cryopeg brine samples for metagenomic analyses: one each from
boreholes CB4, CB1 and CBIA and three from borehole CBIW,
representing different years and filtration steps. Brine volumes
were very limited, but we were able to collect sub-samples for
RNA extraction from two of the boreholes (CB4 and CBIW),
concentrating 100 ml on a Sterivex' ™ filter (MilliporeSigma) and
immediately stabilizing it with RNAlater™ (Invitrogen, Thermo
Fisher Scientific) while still in the tunnel. The metatranscriptome
sequencing library for CBIW later failed sequencing efforts and
no longer appears in this study.

We stored all samples in insulated coolers on site and during
transport to cold rooms set to near in situ brine temperatures at
the Barrow Arctic Research Center. Cryopeg brines were held at -
6°C and sea-ice brines at —1°C until further processing within
2-8 h. Sea-ice sections were melted into a filter-sterilized (0.22-
pm pore size) artificial sea salt solution (salinity of 32 g/L,
Cat No. $9883, Sigma) at a 1:1 vol:vol ratio. For subsequent
DNA extraction, maximum available volumes were filtered onto
47-mm GTTP Isopore filters (Supplementary Table 1), after
accounting for sufficient minimum volumes to remain for basic
sample characterization (Table 1). The sea-ice samples and one
cryopeg brine sample (CBIW in 2017) were filtered sequentially
through filters of 3.0 pm (CBIW_3.0) and 0.2 pm (CBIW_0.2)
pore size to obtain operational microeukaryotic and prokaryotic
fractions, respectively. Biomass from the other cryopeg brines
was collected on a 0.2 pm pore size filter without prefiltration.
The artificial sea salt solution was processed in parallel as a blank
(Supplementary Figure 1). For subsequent RNA extraction,
we incubated the Sterivex filters in RNAlater overnight at
4°C, subsequently transferring them to -20°C until extraction
according to the manufacturer’s instructions.

DNA and RNA Extraction

For DNA extractions, we used the DNeasy PowerSoil kit
(QIAGEN, Germantown, MD, United States), following the
manufacturer’s instructions. To ensure free movement of the
samples during bead beating, we cut filters into stripes using
sterilized scalpels and forceps, and performed two extractions per
sample, each containing half a filter. Isolated DNA was eluted in
60 wl nuclease-free water (Thermo Fisher Scientific, Waltham,
MA), and both extracts from the same filter were pooled and
stored at —20°C.

Prior to any RNA work, we cleaned all working areas
and equipment with 70% Ethanol, followed by a wipe with
RNaseZap™ (Thermo Fisher Scientific, Waltham, MA). For
RNA extractions, we used the DNeasy PowerWater Sterivex

Kit (Qiagen, Germantown, MD), following the manufacturer’s
instructions, with the following modifications developed by the
QIAGEN microbiome team that allowed recovering RNA from
the filter membranes without the need to cut open the plastic
casing holding the membrane: After removing RNAlater™
from the casing using a sterile 3-ml syringe, we followed
protocol, but added 20 pl of B-mercaptoethanol (BME) for
every 880 pl of Solution ST1B in step 2. Further, we modified
step 7 and incubated the filter unit at 70°C for 10 min, and
in step 19 added 1.5 ml of Solution MR, as well as 1.5 ml
of 100% ethanol. We eluted the isolated RNA in 50 nl of
sterile RNase-free water (Thermo Fisher Scientific, Waltham,
MA) and performed a subsequent DNA digest by adding 7 .1
DNase buffer (10x) (Sigma-Adrich, St. Louis, MO), 10 pl
DNase I recombinant (Sigma-Adrich, St. Louis, MO), and 2 pl
RNAsin RNase inhibitor (Promega Corporation, Madison, WI,
United States). The mix was then incubated for 20 min at 37°C,
and subsequently for 10 min at 56°C before placing it on ice.
Finally, RNA was cleaned and concentrated using the RNeasy
MinElute Cleanup Kit (Qiagen, Germantown, MD) and the final
product was eluted in 40 pl RNase-free water and stored at
—80°C.

DNA Sequencing
For sequencing, we shipped nucleic acid extracts on dry ice to
the DOE Joint Genome Institute (JGI). Here, DNA was sheared
to 300 bp using the Covaris LE220 (Covaris) and size selected
using SPRI beads (Beckman Coulter). The fragments were treated
with end-repair, A-tailing, and ligation of Illumina compatible
adapters (IDT, Inc.) using the KAPA-Illumina library creation kit
(KAPA biosystems) and 5-20 cycles of PCR were used to enrich
for the final library. Sequencing of metagenomic libraries was
performed on an Illumina NovaSeq sequencer to produce 2 x 151
base pair (bp) paired-end reads. Contaminant removal (human,
mouse, cat, dog, microbial, synthetic, non-synthetic), trimming
of adapters, and right-quality trimming of reads where quality
dropped to 0 was done with BBDuk. BBDuk was also used to
remove reads that contained four or more “N” bases, had an
average quality score across the read of less than 3, or had a
minimum length <51 bp or 33% of the full read length. Quality
control removed between 0.2 and 9% of raw sequences, resulting
in a total of 247-661 million quality-controlled reads per sample.
Trimmed, screened, and paired-end Illumina reads were
read-corrected using bfc (version r181) with -k 21. Reads
with no mate pair were removed. The remaining reads were
assembled using SPAdes using the settings “~only-assembler -k
33,55,77,99,127 —-meta.” The entire filtered read set was mapped
to the final assembly and coverage information generated using
BBMap with default parameters except ambiguous = random. See
Supplementary Table 2 for details on software versioning and
read numbers.

RNA Sequencing

For RNA sequencing, ribosomal RNA was removed from total
RNA using a Ribo-Zero™ rRNA Removal Kit (Epicenter).
Stranded c¢DNA libraries were generated using the Illumina
Truseq Stranded RNA LT kit. The rRNA depleted RNA

Frontiers in Microbiology | www.frontiersin.org

July 2021 | Volume 12 | Article 701186


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

Rapp et al.

Microbiomes of Arctic Subzero Brines

was fragmented and reversed transcribed using random
hexamers and SSII (Invitrogen) followed by second strand
synthesis. The fragmented ¢cDNA was treated with end-pair,
A-tailing, adapter ligation, and 10 cycles of PCR. Low input
libraries were sequenced on an Illumina NovaSeq sequencer,
generating 2 x 151 bp long paired-end reads. Contaminant
removal and quality control was conducted in the same
way as for the metagenomic reads (see above). The final
filtered fastq contained 48,612,144 and 23,642,934 reads in
the cryopeg and the sea-ice metatranscriptome, respectively
(Supplementary Table 2).

The quality-filtered reads were assembled with MEGAHIT
v1.1.2 (kmers: 23,43,63,83,103,123). For coverage information,
BBMap was used to map the quality-filtered reads against
the metatranscriptome assemblies, as well as against the
corresponding metagenomic reference assemblies with default
parameters except for ambiguous = random.

Functional Annotation

Functional and structural annotation of the generated
metagenomic and metatranscriptomic assemblies was performed
through the DOE-JGI Metagenome Annotation Pipeline
(MAP) (Huntemann et al, 2016). Information on pipeline,
software used, and versioning is provided in Supplementary
Table 2. Briefly, the pipeline first identifies structural RNAs
and regulatory motifs, protein-coding genes, tRNAs and
CRISPR arrays, which is followed by functional annotation of
protein-coding genes by assignment to 3D fold and functional
protein families using various databases. Here we focused
on the assignment of KEGG Orthology (KO) Terms. The
coverage information obtained from read mapping is used
to calculate “estimated gene copies,” whereby the number of
genes is multiplied by the average coverage of the contigs, on
which these genes were predicted. The JGI-IMG Phylogenetic
Distribution of Best Hits tool (Chen et al, 2019) assigns
taxonomy to genes in an assembly through a homology search
using LAST (Frith et al., 2010) against IMG reference isolates
(high quality public genomes). Scaffold lineage affiliation
is then assigned as the last common ancestor of all best
gene hits on the scaffold, provided that at least 30% of the
genes have hits.

Taxonomic Composition of

Metagenomes and Metatranscriptomes

We used the phyloFlash pipeline (Gruber-Vodicka et al., 2019)
to screen the quality-controlled metagenomic reads for small
subunit ribosomal RNA (SSU rRNA) reads by mapping against
the SILVA SSU Ref NR 99 database 132 (Quast et al., 2013). The
top reference hits per read were used to report an approximate
taxonomic affiliation, and the mapped read counts were then
used to generate an overview of community composition across
samples. We used default settings with the parameters -
readlength 150 -almosteverything.” For the rRNA depleted
metatranscriptomes, we used scaffold taxonomy (see above) to
report community composition.

We used SPAdes (as implemented in phyloFlash) for a
targeted assembly of full-length SSU rRNA sequences from the
identified SSU rRNA reads. From the resulting 460 reconstructed
sequences, we selected those of dominant prokaryotic
community members (genera of >1% relative abundance)
for multiple sequence alignment using MAFFT Q-INS-I (Katoh
et al,, 2019). We used the resulting alignment to calculate a
Neighbor-Joining tree of genus representatives with the Jukes-
Cantor model and 1,000 bootstraps. Candidatus Nitrosopumilus,
the most abundant archaeal community member, was included
as tree outgroup despite relative abundance values <1%. The
tree and the corresponding community abundance data were
visualized with iTOL v4 (Letunic and Bork, 2019).

Comparative Analysis of Prokaryotic

Adaptive Genomic Strategies

For comparative analyses of the functional potential encoded
in the microbial communities in cryopeg brines and sea ice,
we focused on molecular functions represented in the KEGG
Orthology (KO) database (Kanehisa et al., 2016). Here, genes are
grouped as functional orthologs of experimentally characterized
proteins, and further associated with higher-level functions in the
context of molecular pathways and modules. We filtered the data
for eukaryotic sequences, because eukaryotes, predominantly
diatoms, can be a major component of sea-ice communities in
lower sea-ice sections and therefore contribute to metagenomic
sea-ice data. Although eukaryotes were negligible in cryopeg
brines (Supplementary Figures 2A, 3), cryopeg data were
similarly filtered. We used EukRep, a classifier that utilizes
k-mer composition of assembled sequences to differentiate
between prokaryotic and eukaryotic genome fragments, with a
minimum sequence length cutoff of 1 kb for the identification
of eukaryotic contigs in our assemblies (West et al., 2018).
We then subtracted the estimated KO abundances for KOs
predicted on eukaryotic contigs from the total gene abundances
for each sample.

To allow a direct and biologically meaningful comparison
between samples, we normalized all metagenomic datasets using
Metagenomic Universal Single-Copy Correction (MUSICC) with
the settings “-normalize —correct learn_model” (Manor and
Borenstein, 2015). Rather than comparing the relative abundance
of KOs between samples, MUSiCC estimates the average genomic
copy number of a KO in a given sample using a large set of
universal single-copy genes for gene abundance calibration.

As individual KOs can be associated with multiple higher-
level functions, we used Evidence-based Metagenomic Pathway
Assignment using geNe Abundance Data (EMPANADA)
to infer the prevalence of different KO pathways and
modules in each sample (Manor and Borenstein, 2017).
Here, the average abundance of only non-shared KOs is
used to generate support values for each pathway, and
to subsequently partition the contribution of shared KOs
between pathways. We wused the MUSICC-normalized
KO data as input with the settings “-mapping method
by_support -use_only_non_overlapping genes -v -
remove_ko_with_no_abundance_measurement.”  Abundance
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values for pathways and modules therefore represent the average
number of genes belonging to a pathway per genome.

Statistical Analyses and Visualization of

Results

We performed all statistical analysis and visualization of results
in R v3.6.1 (R Core Team, 2017). We calculated alphadiversity
indices per sample using the vegan package v.2.5.6 (Oksanen
et al, 2019) with the diversity function, and performed an
analysis of variance (ANOVA) followed by a post-hoc Tukey
pairwise significance test to assess the significance (p < 0.05)
of variance in observed richness and Shannon diversity between
both brine environments. We performed a Principal Component
Analysis (PCA) for the analysis of beta diversity patterns in our
data. We used the ampvis2 package v.2.5.8 (Andersen et al,
2018), which uses the vegan package v.2.5.6 (Oksanen et al.,
2019) for ordination and the ggplot2 package v3.3.2 (Wickham,
2016) for plotting. The taxonomy data has been transformed by
applying a Hellinger transformation prior to ordination analysis.
By the creation of a biplot and adding species scores to the
PCA ordination, we inferred information about taxa and KO
functions that contributed most to observed sample spread.
Further, we used the Bray-Curtis distance measure on the basis of
relative abundances of genus-level taxonomy and normalized KO
abundances, and performed an Analysis of Similarity (ANOSIM)
with 999 permutations to test whether between-group differences
were larger than within-group. For the community composition
heatmaps, we used the heatmap function within ampvis2 with
default parameters.

We used the stats4bioinfo package v1.1.0 (van Helden, 2016)
to perform per-row Welch’s t-tests to identify genes, modules
or pathways where the sample mean differed in abundance
between cryopeg brine and sea-ice samples. By applying multiple
testing correction, we identified significantly different features
as those genes, modules or pathways that passed the false
discovery rate (FDR) correction with a corrected P < 0.05 (Storey
and Tibshirani, 2003). We visualized pathway-level results in a
heatmap using the pheatmap R package v1.0.12 (Kolde, 2019) and
used the euclidean distance measure with ward.D clustering for
dendrogram generation. Results were scaled by row to display
z-scores depicting the deviation from the mean. For module-
level results, we generated box plots that show median and
interquartile ranges of average number of genes per module per
genome using the ggplot2 package v3.3.2 (Wickham, 2016).

RESULTS AND DISCUSSION

Distinct Taxonomic and Functional

Diversity Patterns

From our combined sampling efforts in 2017 and 2018, we
obtained a total of 11 metagenomes derived from cryopeg
brine samples (n = 6) and sea-ice brines and section melts
(n = 5). Assemblies of individual datasets resulted in overall
larger and more fragmented assemblies from sea ice than from
cryopeg, with sea-ice metagenomes having, on average, more

but shorter contigs, and being enriched for singleton contigs
and unassembled reads (Supplementary Table 2). This difference
is likely due to input from a taxonomically richer (p < 0.01)
and more diverse (p < 0.01) community in sea ice than in
cryopeg brines (Figure 1A). Functional alpha diversity in both
environments followed similar trends, but was only significantly
higher in sea ice for functional richness (p < 0.01) though not
functional diversity (Figure 1B). Presumably the long residence
time and environmental stability of cryopeg brines selected for
fewer, but more functionally diverse organisms.

Compositionally, brine communities were clearly separated
from sea-ice communities both taxonomically (Figure 1C,
ANOSIM R = 093, p < 0.01) and functionally (Figure 1D,
ANOSIM, R = 094, p < 0.01). In sea ice, the strongest
drivers of the taxonomic variance from cryopeg brines were
members of Bacteroidetes, mainly Polaribacter and unclassified
Flavobacteriaceae, as well as the gammaproteobacterial
genera Paraglaciecola, Glaciecola and Colwellia, and the
alphaproteobacterial genus Octadecabacter and SAR11 clade
(Figure 1C)—all were dominant in sea ice and near- (<0.05%)
or completely absent from the cryopeg brines (Figure 2). In
cryopeg brines, Marinobacter contributed the most strongly
to the variance from sea ice (Figure 1C), in keeping with
its predominance in the cryopeg samples (46-79% of the
prokaryotic community) except for CB4 (4%; Figure 2).
Marinobacter representatives have been observed and isolated
from a variety of other cold and saline environments, including
Blood Falls, the saline subglacial outflow from Taylor Glacier,
Antarctica (Mikucki and Priscu, 2007; Chua et al., 2018; Campen
et al,, 2019), a cold saline spring in the Canadian High Arctic
(Niederberger et al, 2010; Trivedi et al, 2020), and Arctic
sea ice (Zhang et al,, 2008). Experimental work on isolated
members (reviewed by Handley and Lloyd, 2013), as well as
genomic insights into the functional capabilities of Marinobacter
members (Singer et al., 2011), attribute to this genus a remarkable
versatility in growth and energy acquisition strategies and a high
genomic potential to adapt to challenging environmental
conditions, which may have enabled Marinobacter to compete
effectively for resources and reach high relative abundance
(Figure 2) despite the extreme conditions in cryopeg brine.

Cryopeg brine CB4 differed markedly from the other cryopeg
brines, with Psychrobacter, Shewanella, and Carnobacterium as
drivers of this compositional distinction (Figures 1C, 2). From
previous work, we learned that CB4 was also unique in its
high fraction of dividing cells (29% compared to 1.1-2.5% in
the other cryopeg brines; Table 1), suggesting that the CB4
community was growing more robustly. We were able to obtain
a metatranscriptome from CB4 (the only metatranscriptome
obtained from cryopeg brines; Supplementary Table 1), which
revealed that Shewanella, Psychrobacter, and also Marinobacter
(despite comparably low relative abundance in the corresponding
CB4 metagenome) were the most transcriptionally active
members in CB4 (Supplementary Figure 2B), and together
accounted for >90% of the active community.

In the sea-ice metatranscriptome (SB_2018_MetaT;
Supplementary Table 1), we found an overall larger
number of active taxa, but the most transcriptionally active
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FIGURE 1 | Alpha and beta diversity of prokaryotic community composition and functional potential in sea ice and cryopeg brines. Indices of (A) taxonomic
observed richness and Shannon diversity on the basis of taxonomic assignments inferred for extracted 16S rRNA gene reads; and (B) observed richness and
diversity of functional potential on the basis of normalized KO abundances. Asterisks indicate significant variance between means of both environments (** indicates
p < 0.01). Beta diversity of (C) taxonomic composition and (D) functional potential was visualized through principal component analysis (PCA). The relative
contribution (eigenvalue) of each axis to the total inertia in the data is indicated in percent at the axis titles. For (C) data were transformed initially by applying a
Hellinger transformation; for (D) data were normalized through MUSICC (see section “Materials and Methods”). An additional layer of information was added in the
form of species scores to specify (C) prokaryotic taxa and (D) molecular functions that contributed most strongly to the variance between samples. KO0525:
ribonucleoside-diphosphate reductase alpha chain; KO0571: site-specific DNA-methyltransferase (adenine-specific); KO0626: acetyl-CoA C-acetyltransferase;
K00666: fatty-acyl-CoA synthase; K00986: RNA-directed DNA polymerase; KO1153: type | restriction enzyme, R subunit; KO1447: N-acetylmuramoyl-L-alanine
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protein; KO7080: uncharacterized protein; KO7154: serine/threonine-protein kinase HipA; K07334: toxin HigB-1; KO7481: transposase, IS5 family; KO7483:
transposase; K07497: putative transposase; K11904: type VI secretion system secreted protein VgrG; K13926: ribosome-dependent ATPase.
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FIGURE 2 | Heatmap of prokaryotic community composition in sea-ice and cryopeg brine metagenomes. Dominant genera (> 1% relative abundance in at least one
sample) are organized in the form of a Neighbor-Joining phylogenetic tree reconstructed on the basis of full-length 16S rRNA genes. Candidatus Nitrosopumilus was
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members, Polaribacter, Paraglaciecola, Colwellia, and Glaciecola
(Supplementary Figure 2B), were also among the most
abundant in the sea-ice metagenomes (Figure 2). The high
abundance of the animal-associated Fusobacterium genus
to the metatranscriptome (SB_2018_MetaT) and not to its
corresponding metagenome (SB_0.2_2018; Figure 2) may be a
result of different treatments, as the sea-ice metatranscriptome
was not prefiltered (for rapid treatment in the field), like
its paired metagenome, and was thus heavily influenced by
eukaryotic signals (Supplementary Figures 2A, 3). Archaea were
rare in both brine environments (max. 0.2% in SB_0.2_2017,
max. 0.02% in CB4_2018; Supplementary Figure 2A), which
we attribute to the competitive advantage of the heterotrophic
bacterial groups, known to be efficient utilizers and recyclers of
organic matter, present in these brines of relatively high organic
content at the time of sampling (Table 1).

Differences in oxygen levels in the two studied brine
environments would also contribute to shaping the resident
microbial communities and likely add to the observed strong
compositional divergence. Sea ice is typically well-oxygenated,

and some evidence from previous work suggests that cryopeg
habitats are anoxic or microaerophilic (Gilichinsky et al., 2003;
Shcherbakova et al, 2009; Colangelo-Lillis et al., 2016). We
lack in situ oxygen measurements to verify oxygen levels at
our sampling sites, but our data on community structure are
consistent with these previous findings as most of the dominant
cryopeg community members detected here are known to
be facultative anaerobes or anaerobes, e.g., Marinobacter,
Shewanella, Psychrobacter, Brumimicrobium, Algoriphagus,
Sulfurospirillum,  Desulfuromonas,  Carnobacterium,  and
Demequina, while the dominant sea-ice members are known to
require oxygen, e.g., Polaribacter, Glaciecola, Paraglaciecola and
Colwellia.

Functionally, there were also clear drivers of structure across
these datasets. For sea-ice communities, these included genes
involved in DNA synthesis (K00525: ribonucleoside-diphosphate
reductase), chaperone-mediated and stress-associated protein
folding (K04077: chaperonin GroEL) (Rodrigues et al., 2008),
and purine metabolism (K01768: adenylate cyclase) (Figure 1D).
For cryopeg brines, strong separation resulted from transposases
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(e.g., K07481 and K07497) and genes that may function
in modulating competition (e.g., K11904: type VI secretion
system secreted protein VgrG) and defense (e.g., K03427:
type I restriction enzyme M protein). Separation of CB4
from the other cryopeg brines was driven by multiple
functions involved in DNA replication, synthesis and repair
(K02314: replicative DNA helicase; K03111: single-strand DNA-
binding protein; K01520: dUTP pyrophosphatase; K00571: site-
specific DNA-methyltransferase, adenine-specific; Figure 1D),
in further support of a proliferating community in CB4. The
following sections explore the broader implications of these
functional differences.

Common Adaptations, Different

Implementation Strategies

To evaluate genomic adaptations relevant to inhabiting the two
subzero environments sampled, we first identified and compared
features previously reported for cold-adapted microorganisms.
Our analysis approach allowed us to estimate average genomic
copy numbers of genes per cell and thus to identify in silico
features commonly enriched in both sea ice and cryopeg brines.
Results confirmed that communities in both brines encode
molecular functions relevant for all of the key cold-adaptation
features introduced above. We also observed clear differences,
however, in average gene abundance and implementation
strategies. Compared to sea-ice communities, microbes in
cryopeg brines invested significantly more of their genomic
content in the transport of phospholipids and biosynthesis
of fatty acids, peptidoglycan, lipopolysaccharides and lysine
(Figures 3-5), all of which represent building blocks of the
cell envelope. High numbers of cell envelope genes have
been observed in other cold-adapted organisms (Médigue
et al, 2005; Ting et al, 2010) and suggested to reflect a
mechanism for rapid response to environmental changes and
damage to the cell membrane (Tribelli and Lopez, 2018).
The permafrost bacterium Exiguobacterium sibiricum forms a
thicker cell wall under subzero conditions as a result of higher
expression of both peptidoglycan and lysine biosynthesis genes
(Rodrigues et al., 2008).

A well-described mechanism to maintain membrane fluidity
at low temperature involves fatty acid desaturases, which
introduce unsaturated, polyunsaturated, and branched-chain
fatty acids to membrane lipids (Methé et al., 2005; Ting et al.,
2010; Feng et al., 2014). We found that both sea-ice and cryopeg
communities encoded such enzymes at similar abundances,
though the sea-ice samples displayed greater diversity of
desaturases (Supplementary Table 3), likely reflective of the
greater diversity of taxa (Figure 1A). In the directly collected sea-
ice brines, we also observed a higher abundance of genes involved
in the biosynthesis of carotenoid pigments (Figure 3). Such genes
may represent another means to regulate membrane fluidity
and tolerate freeze-thaw stress (Seel et al., 2020), and coincided
with highest relative abundance of Polaribacter (Figure 2), a
genus known for its yellow or orange colored members owing to
carotenoid pigment synthesis (Staley and Gosink, 1999; Bowman,
2006). As carotenoid pigments are also involved in adjusting

to UV light exposure and protecting against oxidative stress
(Dieser et al., 2010), they may be serving multiple functions in
the UV radiation-exposed sea-ice environment, but primarily
cold-adaptive roles in the permanently dark cryopeg brines
(Seel et al., 2020).

In both studied environments, microbes were experiencing
subzero temperatures simultaneously ~with high salt
concentrations: 112-140 ppt in cryopeg brines and 75-78 ppt
in sea-ice brines (Table 1). Although the genetic potential to
produce and scavenge compatible solutes for osmoprotection
(Kempf and Bremer, 1998; Wood et al., 2001) characterized both
systems, we observed different strategies with respect to which
osmolytes were favored. While cryopeg communities were well
equipped for the synthesis of betaine and ectoine (Figure 4),
those in sea-ice brine showed a higher potential for synthesizing
the polyamines putrescine and spermidine (Figure 4). In
contrast, cryopeg brine communities appeared to depend on
exogenous putrescine and spermidine, being better equipped
for transport (Figure 5) than synthesis of these compounds
(Figure 4), as well as for uptake of glycine betaine, proline and
various other amino acids from the environment (Figure 5).
Sea-ice communities encoded on average a significantly higher
number of genes for putative transport systems of simple sugars
(Figure 5 and Supplementary Table 4), which may serve as
compatible solute or substrate (Welsh, 2000). These results from
the metagenomes were largely supported by those obtained from
the metatranscriptomes, with higher expression of transport
systems for glycine betaine, spermidine, putrescine, and various
amino acids in the cryopeg brine, and higher expression
of glycerol transporters in sea-ice brine (Supplementary
Tables 5, 6).

We interpret these findings to highlight the contrasting
selective pressures in the two environments as follows. The
continuous environmental pressure of saltier conditions in the
cryopeg brines may favor diverse scavenging capabilities per cell
in order to ensure sufficient acquisition of osmolytes. In contrast,
microbes in sea ice may be served well enough by a narrower
set of solute transport and biosynthesis capabilities, particularly
if those solutes are replenished during the seasonal fluctuations
that characterize the ice. The exogenous osmolytes (e.g., choline
and glycine betaine) readily released by sea-ice algae during
seasonal salinity stress (Ikawa et al., 1968; Torstensson et al., 2019;
Dawson et al., 2020) would serve to lower the selective pressure
on scavenging versatility.

Being Economical and Planning Ahead

Microbes have evolved multiple strategies to overcome
unfavorable environmental conditions, including ways to persist
through periods of suboptimal nutrition, from compound storage
and salvage to the use of metabolic shunts. During evaluation of
our samples by epifluorescence microscopy (to obtain the counts
reported by Cooper et al., 2019), we observed the presence of
bright yellow circular structures evenly spaced within many of
the cells in cryopeg brines (Supplementary Figure 4) though
not in sea ice. We considered that these structures might
be polyphosphate granules, known to serve both as versatile
modulators of microbial stress responses and for energy and
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FIGURE 3 | Heatmap of prokaryotic functional potential in sea ice and cryopeg brines summarized at the level of pathways involved in metabolism, genetic and
environmental information processing, and cellular processes. Sample order was determined by the calculation of a dendrogram, using the euclidean distance
method and ward.D clustering. Cell values display the normalized average number of pathway genes per genome in the sample (see section “Materials and
Methods” for details), while cell color represents the value’s standard score (z-score), and therefore its deviation from the row mean. Displayed are pathways that
were common to sea-ice and/or cryopeg microbes, i.e., detected across all sea-ice and/or all cryopeg samples with a mean abundance of >1. Those that differed
significantly between brine types are in bold; pathways that did not differ significantly but showed a log2-fold difference in mean abundance of > 1 between the
environments are also shown.
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FIGURE 4 | Box and whisker plots summarizing the functional potential of prokaryotic communities in sea ice and cryopeg brines for the metabolism of amino acids,
cofactors and vitamins, lipopolysaccharides, as well as the degradation of aromatics. Boxes indicate the median of each group, as well as the first and third quartiles
of sample distribution (the 25th and 75th percentiles). Whiskers extend from the hinge to the largest value no further than 1.5 x IQR from the hinge (where IQR is the
interquartile range, or distance between the first and third quartiles). Displayed are modules that were common to sea-ice and/or cryopeg microbes, i.e., detected
across all sea-ice and/or all cryopeg samples with a mean abundance of > 1. Those that differed significantly between brine types are in bold; modules that did not
differ significantly but showed a log2-fold difference in mean abundance of >1 between the environments are also shown.

phosphate storage, with links to biofilm development through
exopolymer production (reviewed by Seufferheld et al., 2008).
We found that the key enzyme for polyphosphate biosynthesis
and degradation, polyphosphate kinase 1 (PPK1) (Rao et al,
2009), was significantly more abundant in cryopeg brine than
in sea-ice metagenomes (Supplementary Table 7), and only
expressed in the cryopeg metatranscriptome (Supplementary
Table 5). Genes for phosphate transport systems, as well as
the two-component phosphate starvation response (Figure 5),
were also significantly more abundant in cryopeg brines and
paired with high expression. Although their precise roles require
further study, polyphosphates may represent a dual strategy for
both intracellular storage and stress tolerance, and the possible
production of protective exopolymers (Fraley et al., 2007), which
were present at much higher concentrations in the cryopeg
brines than in sea ice (millimolar vs. micromolar; Table 1).
Other storage polymers of potential relevance to inhabiting
subzero brines include polyhydroxyalkanoates (PHAs), nitrogen
reserve polymers and cyanophycin. The relevant genes for PHA
synthesis and breakdown, PHA synthase, 3—hydroxybutyrate
dehydrogenase and PHA depolymerase, were present in both
brine types, with no significant differences, but we observed

higher gene abundances for the synthesis and degradation
of cyanophycins in sea-ice communities. Cyanophycins are
amino acid polymers (polyamines) that cyanobacteria and some
heterotrophic bacteria, including Octadecabacter (Vollmers et al.,
2013; Figure 2), can accumulate as cytoplasmic granules during
light stress and nutrient starvation, serving as nitrogen- and
possibly carbon-storage compounds (Krehenbrink et al., 2002).
Biosynthesis genes for other polyamines, such as spermidine,
were also more abundant in sea ice (Figure 4; see above).
Genome analysis of cold-adapted Colwellia psychrerythraea had
underscored the capacity for synthesis and degradation of
polyamines (Methé et al., 2005) and its likely importance for
microbial persistence in cold environments during unfavorable
nutrient conditions. Other compatible solutes that contain
nitrogen, including choline, glycine betaine and ectoine, can
also serve as valuable organic substrates (Firth et al, 2016).
Respiration of such compounds in cryopeg brines might explain
the high (millimolar) concentrations of NH4™ measured in the
brines (Table 1).

Likewise, the use of the y-aminobutyrate (GABA) shunt may
constitute an economical solution to thriving under stressful and
potentially unfavorable periods of nutrient limitation in cryopeg
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FIGURE 5 | Box and whisker plots summarizing the functional potential of prokaryotic communities in sea ice and cryopeg brines for environmental information
processing, including transport of compounds across cell membranes via ABC transport systems, use of bacterial secretion systems, and the ability to sense and
respond to environmental cues via two-component systems. Boxes indicate the median of each group, as well as the first and third quartiles of sample distribution
(the 25th and 75th percentiles). Whiskers extend from the hinge to the largest value no further than 1.5 x IQR from the hinge (where IQR is the interquartile range, or
distance between the first and third quartiles). Displayed are modules that were common to sea-ice and/or cryopeg microbes, i.e., detected across all sea-ice and/or
all cryopeg samples with a mean abundance of > 1. Those that differed significantly between brine types are in bold; modules that did not differ significantly but
showed a log2-fold difference in mean abundance of >1 between the environments are also shown.
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brines, where we observed significantly higher gene abundances
for this pathway than in sea ice (Figure 4). This shunt allows
microbes to bypass two steps of the tricarboxylic acid (TCA) cycle
by producing succinate from glutamate (Fechily et al., 2013),
while also aiding in osmotic protection, as both glutamate and
GABA can serve as compatible solutes (Csonka, 1989).

In sea-ice communities, we found a significantly greater
potential for microbes to be economical by recycling sulfur-
containing compounds through the methionine salvage pathway
(Figure 4). Although ionic analyses showed that sulfur was
not scarce in either brine type at the time of sampling
(Supplementary Figure 5), the resident microorganisms may
differ in the forms of sulfur utilized, as they differ in their
potential use of compatible solutes (see above). For example,
members of the SAR 11 clade, a ubiquitous marine taxon
abundant in our sea-ice samples (Figure 2), lack known genes
for assimilatory sulfate reduction and instead rely entirely
on exogenous organic sources of reduced sulfur, such as
methionine or dimethylsulphoniopropionate (DMSP), to meet
their sulfur needs (Tripp et al., 2008). DMSP, often found
in high concentrations in springtime sea ice (Kirst et al,
1991), provides a major source of both carbon and reduced
sulfur for marine microbes (Reisch et al., 2011; Wilkins et al.,
2013). The capacity for methionine salvaging would allow sea-
ice microbes to exploit this additional pool of organic sulfur
to fulfill their needs when DMSP is scarce. In contrast, we
observed significantly higher abundances of genes for sulfate
transport (Figure 5) and methionine biosynthesis (Figure 4) in
cryopeg brines, and for sulfur metabolism in general (Figure 3),
suggesting that economical sulfur recycling may not be required
to inhabit cryopeg brines.

Genomic Versatility and Plasticity for

Competitive Advantage

While maintenance of essential cellular processes and retention
of membrane fluidity for solute exchange ensure survival
in subzero brines, competitive advantage may be acquired
through accessory traits, e.g., the ability to sense environmental
stimuli and changes, and be metabolically versatile to adjust to
microniche requirements. We observed strong disparities in
the accessory genomic potential encoded by communities in
the two brine types, with some of the most marked differences
in their environmental information-processing capacities
(Figure 5). The genomes of cryopeg brine taxa encoded on
average 71 genes for two-component regulatory systems, more
than twice as many as sea-ice genomes (Figure 3). These simple
signal transduction pathways allow bacterial cells to sense
a variety of environmental stimuli and respond to changes,
primarily by regulating transcription and gene expression
(Wuichet et al., 2010). Specifically, our analysis showed that
gene abundances in cryopeg were significantly higher for
the sensing of changes in substrate availability (DctB/DctD,
TctE/TctD), cellular redox state (RegB/RegA), quorum signals
(QseC/QseB), envelope stress and antibiotics (CpxA/CpxR,
RstB/RstA), as well as changes in chemical cues that induce the
regulation of alginate, lipopolysaccharide, and hydrogen cyanide

production, twitching and swarming motility, biofilm formation
(AlgR/AlgZ, ChpA/ChpB), type IV pili expression (PilS/PilR),
motility and biofilm formation during nitrate respiration
(NarX/NarL), flagellar (FIrB/FIrC), potassium
homeostasis (KdpD/KdpE), phosphate level regulation and
virulence (PhoR/PhoB) by upregulation of bacterial secretion
systems type III and VI (Figure 5).

Genes encoding two-component systems on average account
for 1-2% of a bacterial genome (Salvado et al, 2015),
with variation best explained by differences in genome size,
lifestyle complexity and exposure to environmental fluctuations
(Rodrigue et al., 2000; Alm et al, 2006). For example, the
highest number of genes for two-component systems (251
genes corresponding to 3.4% of protein-coding genes) has
been reported for free-living bacteria with complex life cycles
and large genomes such as Myxococcus xanthus (Shi et al,
2008), while few have been detected in the reduced genomes
of intracellular pathogens (Alm et al., 2006). By comparing
gene abundances determined here (Figure 3) to the number of
protein-coding genes reported for representative genomes' of
dominant community members (Supplementary Figure 6), we
estimated the average fraction of genes for signal transduction
to be 0.9% in sea-ice and 2.1% in cryopeg brine genomes. While
below average abundances under the fluctuating environmental
conditions in sea ice appear counterintuitive, they may be
explained by the presence of several oligotrophic taxa with
small and streamlined genomes, e.g., Candidatus Aquiluna and
the SAR11 and SAR92 clades (Figure 2), for which a lack
or very low numbers of two-component systems have been
described (Held et al, 2019). In contrast, above average gene
abundances in cryopeg microbes may represent an adaptation
to diverse microbial niches, generated in part by the microscale
architectures of sediment particles and exopolymers, which
may develop and evolve on a shorter time frame than the
larger, geophysically stable cryopeg system. A versatile suite
of environmental sensing genes would enhance their capacity
to exploit localized nutrient patches whenever they become
available, e.g., through cell lysis, and facilitate long-term survival
in this isolated environment, with little or no external input
of organic matter.

Competitive advantage may also be a result of genomic
plasticity mediated by mobile genetic elements and transposition
processes (Bennett, 2004; Frost et al., 2005; DiCenzo and Finan,
2017). We identified transposase genes as the most abundant
genes in cryopeg brines, and among the most abundant in
sea ice (Supplementary Tables 7, 8), in line with previous
research that identified transposases as the most prevalent and
ubiquitous genes in nature (Aziz et al., 2010). Overall, the
normalized abundance of KOs associated with known and
putative transposases was more than twice as high in cryopeg
(on average 55 genomic copies or 2.3% of all KOs) than
in sea ice (23 genomic copies or 1.5% of all KOs), though
differential abundances between individual types of transposases
were mostly non-significant due to high within-group variation
(Supplementary Table 8). Outside these systems, the number of

movement

!'Obtained from https://ftp.ncbi.nlm.nih.gov/genomes, accessed March 2020.
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transposase genes per genome can be highly variable, ranging
from zero in the small, streamlined genomes of open ocean
picocyanobacteria to over a thousand copies in large genomes
of filamentous cyanobacteria (Vigil-Stenman et al., 2015), with
38 copies per genome as an estimated average when present
(Aziz et al., 2010). Transposase gene copy numbers are generally
higher, however, in microorganisms from extreme, stressful or
fluctuating environments, e.g., deep and low oxygen waters
(DeLong et al., 2006; Konstantinidis et al., 2009), permafrost
and ice wedge settings (Raymond-Bouchard et al., 2018), and
the dynamic estuarine waters of the Baltic Sea (Vigil-Stenman
et al,, 2017), as well as in dense assemblages of deep-sea biofilms
(Brazelton and Baross, 2009) and particulate matter (Ganesh
et al., 2014; Vigil-Stenman et al., 2017). Transposition events can
be stress-induced (Casacuberta and Gonzalez, 2013), causing the
advantageous rearrangement, activation or enrichment of a cell’s
gene content in response to environmental challenges (Aziz et al.,
2010), which helps to explain their higher abundance in extreme
environments. We detected active transcription of transposases
in both studied brine environments at the time of sampling,
but expression values in the cryopeg brine far exceeded those
in sea ice, up to 46 times higher (Supplementary Tables 5, 6).
In highly concentrated communities, as encountered in cryopeg
brines (Table 1), frequent gene exchange and selection pressure to
diversify in order to compete with neighboring cells may favor the
retention of high copy numbers of transposase genes, which are at
the upper end of abundances reported for metagenomic datasets
(Brazelton and Baross, 2009). We further hypothesize that the
presumably slow growth rates of cryopeg communities allow
for transposases to accumulate, despite the possible detrimental
effects of transposition to a genome through gene disruption.
Gene duplication resulting from replicative transposition may
also explain the observed higher gene copy numbers of several
accessory features in cryopeg brine communities (Figure 5).
Previous studies have repeatedly reported a significant
enrichment of transposons on plasmids, where they are often
encoded together with accessory traits, but few core functions
(Siguier et al., 2014; DiCenzo and Finan, 2017). We observed
several genomic features in our datasets indicating the presence
of plasmids in both cryopeg brine and sea ice communities,
including genes for at least five of the toxin-antitoxin systems
(Supplementary Table 9) that have been linked exclusively
to plasmids (Jensen and Gerdes, 1995; Hayes, 2003), with
several of these being actively transcribed at the time of
sampling (Supplementary Table 9). Their activities can play
important roles in plasmid stabilization through a process called
“post-segregational killing,” where plasmid loss can result in
either growth arrest or cell death and, thus, selects against
plasmid-free cells (Jensen and Gerdes, 1995; Harms et al,
2018). Plasmid-carrying representatives have been reported for
several of the dominant genera in both brine types’, including
Marinobacter in cryopeg brines, though not Polaribacter in sea
ice (Supplementary Figure 6). Plasmids could thus be of greater
relevance in cryopeg brine than in sea ice, adding extra plasticity

?According  to  https://ftp.ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/
plasmids.txt, accessed March 2020.

to the cryopeg gene pool and facilitating the close co-occurrence
of diverse genotypes (and phenotypes) in this stable but likely
heterogeneous environment on the microscale. Both reduced
negative selection pressure on plasmids and high occurrence
of transposable elements favor the acquisition of novel genes,
suggesting that plasmids contribute to an organism’s ability to
adapt to unique niches (DiCenzo and Finan, 2017). As gained
fitness advantages can be transferred horizontally (Frost et al.,
2005), the presence of plasmids in cryopeg brine communities
may help to explain the higher average genomic copy numbers
of individual bacterial secretion (Figure 5) and toxin-antitoxin
systems (Supplementary Table 9), multidrug resistance pumps
(Supplementary Table 10), and xenobiotic degradation modules
(Figure 3). Future in-depth analysis of our datasets targeting
plasmid sequences may provide a test of this hypothesis.

Elaborate Competitive Strategies at High
Cell Densities in Subzero Brines

Within the brine system of a frozen matrix, concentrated
microbes may be competing not only for resources but also
for space, and therefore could benefit from the ability to
sense critical cell density, relocate, and fend off competitors.
Indeed, both the sea-ice and cryopeg communities encoded
genes to produce, transport and modify diverse antimicrobial
compounds, mainly antibacterial (Supplementary Table 10). The
use of bacteriocins appears particularly important in cryopeg
brines where we observed significantly higher numbers of
transporter genes for microcin C (Figure 5), encoded by the
yefjABEF operon (Piskunova et al., 2017) and fully transcribed
in the cryopeg metatranscriptome (Supplementary Table 5).
Bacteriocins are often produced under stress conditions such as
nutrient limitation and overpopulation (Riley and Wertz, 2002),
and differ from other antibiotics in their target range, as they
are toxic only to bacteria closely related to the producing strain
(Riley and Wertz, 2002). We found that the majority of scaffolds
encoding the complete operon were affiliated with the dominant
Marinobacter and Psychrobacter genera in the cryopeg brines,
and could further link the comparably high numbers in sea-
ice sample SI3U to the dominant Afipia genus (Figure 2 and
Supplementary Table 11). We thus hypothesize that microcin C
is a potent means for dominant community members to regulate
population densities, and potentially of greater relevance in the
relatively low diversity cryopeg brines (Figure 1). Besides killing
target cells by inhibiting essential enzymes or damaging the
inner membrane (Piskunova et al., 2017), an additional relevant
role for microcin C may be as a “public good” signal, where
exposure induces persistence in sensitive, non-producing cells
and thereby increases community resilience to various stressors
(Piskunova et al., 2017).

Similarly, the activity of toxin-antitoxin systems serves an
autoregulatory purpose in response to stressors (Harms et al.,
2018). We detected at least 20 different types of toxin-antitoxin
systems across the sea-ice and cryopeg brine metagenomes,
with the great majority present in both environments yet
of higher average genomic copy number in cryopeg brines
(Supplementary Table 9). Multiplicity of these systems appears
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to be correlated to a free-living slowly growing lifestyle, and has
been previously linked to the presence of mobile genetic elements
(Pandey and Gerdes, 2005), in support of our observation of
higher genomic copy numbers of transposases in cryopeg brines.
Among the most abundant of these systems was the HipA-HipB
system, which upon antibiotic exposure exerts reversible growth
inhibition that coincides with increased antibiotic tolerance, thus
directly implicating this module in persister formation (Harms
etal., 2018; Huang et al., 2020). The toxin HipA was significantly
more abundant in cryopeg brines, with multiple copies encoded
per genome, indicating a greater relevance of persistence. Others,
like the MazE-MazF system, which was encoded on average once
per genome in cryopeg brines (but on average only once per 12
genomes in sea ice), can ultimately induce programmed cell death
in part of the population (Peeters and de Jonge, 2018). In densely

populated brines, individual cell death could provide multiple
benefits, from limiting the spread of viral infections to releasing
nutrition for the remaining population and building blocks for
biofilm formation (Peeters and de Jonge, 2018).

Strong selective pressure to evade competition in both systems
is also reflected in the diversity of encoded multidrug resistance
and efflux pumps (Supplementary Table 10), and potential
means to modify cell envelope and cell surface. We observed
a significantly higher abundance of phosphatidylglycerol
lysyltransferase (mprF) genes in cryopeg communities,
used by bacteria to alter the net charge of their cellular
envelope and resist a variety of cationic antimicrobials (Ernst
et al, 2009), as well as for osmoprotection (Dare et al,
2014). As phosphatidylglycerol is a major building block of
Marinobacter membranes (Park et al., 2015; Zhong et al., 2015),
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including high-salt-adapted members (Zhong et al., 2015),
lysylphosphatidylglycerol formation could be an important
strategy of the dominant bacteria in cryopeg brines for surviving
both strong competition and hypersaline conditions. In sea
ice, bacteria may acquire similar protection by producing
capsular polysaccharides, as genes involved in transporting
and exporting capsular polysaccharide components were more
abundant there (Supplementary Table 4). These EPS remain
intimately associated with the cell surface, where they can act
as an antibiotic (and possible viral) shield, while also aiding in
surface attachment and biofilm formation (Reckseidler-Zenteno,
2012) or cryoprotection (Carillo et al., 2015).

Cell concentrations in cryopeg brines were orders of
magnitude higher than in sea ice (Table 1), allowing higher
frequency of direct contact between neighboring cells and
likely facilitating contact-dependent competitive strategies that
circumvent resistance typically provided by cell envelope
modifications (Russell et al., 2014). We found significantly higher
gene abundances for the type VI secretion system in cryopeg
brines than in sea ice (on average six times more; Figure 5),
which produces a structure often described as a “molecular
speargun” that uses a contraction mechanism to fire a toxin-
carrying needle into neighboring cells, inducing growth arrest
or cell lysis (Russell et al., 2014). Scaffold taxonomy revealed
that the vast majority of cryopeg scaffolds encoding a complete
type VI system belonged to the Marinobacter genus, and that
other members of the cryopeg communities, Shewanella and
Pseudomonas, also had the capacity to use this system for attack.
In CB4, where no scaffold was assigned to the dominant genus
Psychrobacter (Figure 2), the abundance of type VI genes was
much lower than in the rest of the cryopeg samples (Figure 5).
In sea ice, individual components of the type VI system were
found scattered on multiple scaffolds, but we could only detect
the complete operon on a few gammaproteobacterial scaffolds,
e.g., belonging to Psychromonas. Previous research has indicated
that sibling cells can transfer and reuse components of the
type VI secretion system (Vettiger and Basler, 2016). If also
true for Marinobacter, this mechanism could have provided
members of this genus with increased competitive strength, as
both its dominance and high cell densities in cryopeg brine
would have increased the number of type VI components among
the population. Further, type VI secretion systems have been
shown to foster horizontal gene transfer in naturally competent
bacteria by releasing DNA from lysed target cells (Borgeaud et al.,
2015), including genes encoding new matching sets of toxins
and immunity proteins (Thomas et al., 2017). Such a mechanism
could have allowed Marinobacter and other type VI-encoding
cells to successively optimize their strategies for competitive
advantage in these extreme subzero brines.

CONCLUSION

Here we have presented the first metagenomic insights into
the microbial ecology of cryopeg brines and the first combined
exploration of functional potential and active transcription
of prokaryotic communities in the subzero brines of both

cryopeg and sea-ice environments. Our comparative analyses has
provided novel insights into the diverse and divergent molecular
strategies used by bacteria in both brine types to withstand the
multitude of abiotic and biotic threats posed by their extreme
environments (Figure 6) and expanded our understanding of the
fundamental role that environmental stability plays in microbial
adaptation to extreme conditions. A remarkable difference was
the higher encoded copy number for many accessory features in
cryopeg, particularly traits relevant for sensing and for transport
systems. While the two brine types share the selective pressures
of hypersalinity and subzero temperature, microbes within the
brine inclusions face fundamentally different challenges that
we believe to be central to the divergence. Compared to the
contemporary sea-ice environment, the ancient cryopeg brines
are far less affected by any bulk changes in their physical
environment, yet diverse niches can be expected in the form of
microscale chemical gradients within a dense EPS matrix and
resulting from cell lysis, in many ways resembling the dynamics in
bacterial biofilms (Flemming et al., 2016). Rather than a dynamic
succession of individual taxa, however, the microorganisms in
cryopeg brine communities appear to sustain a versatile genetic
makeup that enhances phenotypic plasticity, providing them with
the required tools to be highly competitive and dominant, yet
also cooperative, i.e., through the sacrifice of individual members
for the production of signaling compounds and the greater
good nutritionally.

In the densely populated cryopeg brines, the high abundance
of transposases together with high genomic copy numbers of
numerous accessory traits and indications for the presence
of plasmids suggest that these communities may undergo
considerable genomic rearrangements, gene duplication events
and horizontal gene transfer via mobile genetic elements.
Horizontal gene transfer, also fostered by the elaborate means
of microbial warfare that were detected, could support the inter-
and intraspecific co-occurrence of microbial metabolisms despite
overall low taxonomic diversity. The constant abiotic pressures
in the cryopeg environment, the continuous competition for
resources, and the limited pressure for gene deletion (assuming
very slow growth) may favor the retention of genomic changes
(Guieysse and Wuertz, 2012). We lack in situ rate measurements
for the cryopeg brine communities, but our metatranscriptomic
data paired with previous observations of dividing cells indicate
that microorganisms were metabolically active and proliferating
in situ despite the extreme conditions. Ongoing research aims to
resolve microbial metabolisms at the level of individual genomes,
and thus provide further insights into taxon-specific phenotypic
plasticity, as well as high-resolution strain-level differences.
This follow-on work will also address aerobic vs. anaerobic
metabolisms as a means to gain insights on the role of oxygen (its
presence or absence) in these extreme environments, as obtaining
in situ oxygen measurements was not possible given the top
priority to avoid introducing any contamination, particularly to
the geologically isolated cryopeg brines.

In stark contrast are the challenges faced by microorganisms
within the brines of sea ice. Frequent disturbance of the physico-
chemical conditions imposed by hourly to seasonal fluctuations
in atmospheric temperature, paired with steep vertical gradients
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in temperature, salinity and nutrient availability, suggests that
microbial inhabitants must also be versatile to survive and
thrive. However, our results imply that many members of the
sea-ice community invest less in the encoding of accessory
traits than those in the cryopeg communities, given the lower
average copy numbers of individual features. We suggest that a
distribution of capabilities across multiple community members,
though potentially leading to reduced fitness of some individuals,
maintains the versatility of the community as a whole, with
the possible benefits of genome streamlining and more rapid
replication. The community dynamics in sea ice would then
follow a temporal succession, as others have documented
(Collins et al., 2010; Eronen-Rasimus et al., 2016), rather than
a simultaneous co-occurrence of competing taxa, with only
a few members being uniquely adapted to exploit a given
set of environmental conditions at a time. The comparatively
higher abundance of genes relevant to DNA repair may protect
replicating sea-ice taxa against DNA damage induced by exposure
to radiation (Figure 6), as well as overcome periods of reduced
metabolic activity.

Beyond the expected molecular adaptations that allow
maintenance of vital cell functions, the survival and prosperity
of bacteria in subzero brines appear to be shaped strongly
by their abilities to use resources economically, to sense
and respond to changes in their microenvironments, and
to interact with other community members. The capability
to autoregulate and induce growth arrest was a common
feature and key mechanism for persistence during unfavorable
conditions, including intense competition. An evaluation of
the genomic potential of individual community members and
efficient techniques to identify actively metabolizing members are
needed to better resolve such dynamics in the future. Promising
approaches include bioorthogonal non-canonical amino acid
tagging (BONCAT), as preliminary results gave positive results in
both brine types (Z. Zhong, unpublished data), and subsequent
fluorescence-activated cell sorting (FACS) (Hatzenpichler et al.,
2020) and sequencing, for specifically interrogating the fraction
of brine communities active in situ. As environmental conditions
change with amplified warming in the Arctic, particularly
for historically stable cryopegs in permafrost, knowledge of
current microbial dynamics in these unusual communities will
be valuable to anticipating their future impacts on the larger
Arctic ecosystem. One may speculate that some genes specific
to surviving the current extremes and others enabling intensive
social interactions, as documented here, may no longer be
expressed or maintained. Communities inhabiting fresher brines
in thinner sea ice will more closely resemble their source seawater
communities, and the inhabitants of cryopeg brines will face
new competition as permafrost thaws and the brines begin to
merge with the surface environment. We can hypothesize that the
strong divergence in functional potential observed between both
systems described here may fade as the geophysically isolated
and stable cryopeg environment transitions into a more moderate
and seasonally fluctuating state. Our metagenomic analyses thus
emphasize the ecological importance of habitat stability in the
face of climate change.
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Early colonization and succession of soil microbial communities are essential for
soil development and nutrient accumulation. Herein we focused on the changes
in pioneer prokaryotic communities in rhizosphere and bulk soils along the high-
elevation glacier retreat chronosequence, the northern Himalayas, Tibetan Plateau.
Rhizosphere soils showed substantially higher levels of total organic carbon,
total nitrogen, ammonium, and nitrate than bulk soils. The dominant prokaryotes
were Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi, Crenarchaeota,
Bacteroidetes, and Planctomycetes, which totally accounted for more than 75% in
relative abundance. The dominant genus Candidatus Nitrososphaera occurred at each
stage of the microbial succession. The richness and evenness of soil prokaryotes
displayed mild succession along chronosequene. Linear discriminant analysis effect size
(LEfSe) analysis demonstrated that Proteobacteria (especially Alphaproteobacteria) and
Actinobacteria were significantly enriched in rhizosphere soils compared with bulk soils.
Actinobacteria, SHA_109, and Thermoleophilia; Betaproteobacteria and OP1.MSBL6;
and Planctomycetia and Verrucomicrobia were separately enriched at each of the three
sample sites. The compositions of prokaryotic communities were substantially changed
with bulk and rhizosphere soils and sampling sites, indicating that the communities
were dominantly driven by plants and habitat-specific effects in the deglaciated soils.
Additionally, the distance to the glacier terminus also played a significant role in driving
the change of prokaryotic communities in both bulk and rhizosphere soils. Soil C/N
ratio exhibited a greater effect on prokaryotic communities in bulk soils than rhizosphere
soils. These results indicate that plants, habitat, and glacier retreat chronosequence
collectively control prokaryotic community composition and succession.

Keywords: prokaryote, deglaciated soil, alpine ecology, microbial community composition, Tibetan Plateau
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INTRODUCTION

Glaciers cover ~10% of the land surface of the Earth and
are rapidly shrinking in most parts of the world, leading
to significant impacts on terrestrial ecosystems (Jain, 2014;
Milner et al., 2017). The biological, physical, and chemical
characteristics of the deglaciated soil are closely linked to
the deglaciation chronosequence (Bernasconi et al., 2011).
These newly exposed substrates represent natural laboratories
to study primary succession of the microbial community and
the concomitant development of new soil (Schuette et al,
2010). Deglaciated soil typically has low nutrient status and
an absence of organic carbon (C) (Strauss et al, 2009).
Microbial succession is highly correlated with soil C and nitrogen
(N) contents along the deglaciation chronosequence (Zumsteg
et al., 2012), and the microbial communities are the main
drivers that build the soil organic matter pool, expediting
pedogenesis for ecosystem succession (Sun et al., 2016). Early
soil formation processes should be related to the composition
of the microbial communities, the primary substrate structure,
and available water (Gorniak et al., 2017). The establishment
of pioneering microbial communities is the key determinant
of deglaciated soil development and its ecosystem function
and stability (Schmidt et al., 2008; Kabala and Zapart, 2012)
and facilitates the colonization of pioneering plants (Bradley
et al, 2014). In a high Arctic glacier forefield, genomic
data analysis showed that bacteria derived from the glacial
environment was the dominant initial microbial community;
a mixed community of autotrophic and heterotrophic bacteria
was hosted in older soils (Bradley et al., 2016). In a high-
Andean chronosequence, photosynthetic bacteria, and N-fixing
bacteria, such as cyanobacteria, play important roles in the
acquisition of nutrients and ecological succession in recently
deglaciated soils (Schmidt et al., 2008). Cyanobacterial diversity
and evenness increase in young deglaciated soils (<6 years old)
before becoming stable along a chronosequence of the Tibetan
Plateau (Liu et al., 2016).

Plants, during primary succession, and microbial activity
in rhizosphere soil can be limited by N (Castle et al,
2017); in the case of the latter, it was found this limitation
could last for 123 years in the Hailuogou Glacier forefield
(Li et al., 2020). However, the initial microbial community
of newly exposed soils, including those of the High Arctic,
can change rapidly, suggesting that some key soil processes,
such as C cycling, can also shift within a relatively short
period after rapid glacial retreat (Yoshitake et al., 2018).
Specific rhizobacterial communities can be selected by pioneer
plants of different species in high mountain ecosystems during
early primary succession (Ciccazzo et al., 2014). The stage
of soil development modulates rhizosphere effect along a
high Arctic desert chronosequence (Mapelli et al, 2018).
Additionally, it has been found that plant-microbe interactions
are important as a driver of community assembly and ecosystem
succession (Bueno de Mesquita et al., 2017; Knelman et al,
2018).

The climate-induced glacier melting revealed a primary
ecological succession (Cazzolla Gatti et al., 2018). Studying

the succession of deglaciated soil microbial communities is
important to fully understand the impact of climate change
on soil system stability in alpine areas. The community
structures of glacier foreland soils are strongly correlated with
climatic, vegetation, and soil properties and thus closely mirror
the complexity and small-scale heterogeneity of alpine soils
(Donhauser and Frey, 2018). The Tibetan Plateau, with an
average elevation of over 4,000 m above sea level (a.sl)
and an area of 2.5 x 10° km?, is the highest and most
extensive highland in the world and has been named “the
Third Pole” (Kang et al., 2010). Tibetan Plateau glaciers have
exhibited rapid retreat due to climate warming after the
little ice age (extended from AD 1400 to AD 1700) (Mann
et al, 2009) and particularly since the 1980s (Yao et al,
2012). For the last years, several studies have been focused
on the melt glacier foreland bulk soil community, such as
an autotrophic community in Zhadang Glacier (30°28.540'N,
90°38.362'E, 5,200 m at glacier termini) (Liu et al., 2016), a
bacterial community in the foreland of Baishui Glacier No.
1 (27°06'16” N, 100°11'44”E, 4,395 m at glacier termini)
(Sajjad et al,, 2021), a bacterial and fungal community in
Hailuogou Glacier (29°34'N, 102°00'E, 2,951 m at glacier
termini) (Bai et al., 2019, 2020; Jiang et al., 2019; Li et al,
2020), and a bacterial community in Muztag Ata Glacier
(38°16'N, 75°0'E, 4,350 m at glacier termini) (Khan et al,
2020). These studies were not enough as yet to understand
prokaryotic community succession and the effect of plants
on soil microorganism in this region. These studies were
mainly focused on the bacterial succession in bulk soils
from glacier forelands, few studies took into account the
role of plants. These glaciers were in different altitudes and
spread out in different areas of the Tibetan Plateau with
different retreat times. Altitude is a sensitive environment
selector of plant growth (Ma et al, 2010), not to mention
the extreme oligotrophic environment of the new terrestrial
habitats. Research on the high-elevation glacier retreat area
is rare, and the plant effect is not clear. We hypothesized
that (1) the high-elevation glacier foreland may have a special
prokaryotic community structure, and (2) the pioneer plants
appearing in a high-elevation glacier retreat area may be favorable
for special microbes and have an effect on the microbial
community structure and soil nutrient accumulation along the
chronosequence.

Qiangyong Glacier is a high-elevation glacier (the terminus
is at an altitude of 5,000-5,100 m) located on the northern
Himalayas, Tibetan Plateau. New terrestrial habitats have
emerged, and a primary succession has developed in the
retreat area after the glacier retreated. Herbs and shrubs
appeared along the successional chronosequence. Recently,
two reports showed the bacterial community succession in
Qiangyong Glacier terminus to the downstream water (Kong
et al, 2019; Gu et al., 2021); the prokaryotic community
in this glacier foreland and the plant effects were still
unknown. To test the hypotheses addressed above, both
bulk and rhizosphere soils during different succession
stages were collected in Qiangyong Glacier. Primer sets
specifically designed to target part of the 16S rRNA gene
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were used to explore the structure, diversity, and succession
of prokaryotic communities in deglaciated soils along a
~259-year chronosequence. Soil physicochemical properties
(C, N, and water content) were measured, and attempts
were made to identify which factor may be the key one in
community succession.

MATERIALS AND METHODS
Study Site and Soil Sampling

Qiangyong Glacier is located on the north side of the Himalayas,
with a length of 4.6 km, a maximum width of 2.8 km, and
an area of 7.7 km? (Luo et al, 2003). It is a continental
glacier; the snow line is at an altitude of 5,600 m, and
the terminus is at an altitude of 5,000-5,100 m (Li et al,
2012). From 1976 to 2006, the glacier has retreated at an
average rate of 4 m year~! (Yao et al, 2012). In July 2013,
soil samples were collected from three sample sites (IS, SM,
and BD) along two transects [line middle (LM) and line
Top (LT)], on the east-facing side of the glacier movement
residual moraine ridges (Figure 1). The three sample sites
were as follows: the middle of the glacier termini and small
Qiangyong lake upstream edge (IS), midway along the edge
of the smaller lake (SM), and approximately two-thirds of
the way along the edge of the larger lake (BD). At the time
of sampling, sites IS_M(96a), SM_M(160a), and BD_M(259a)
corresponded to a time of exposure after ice melting of 96,
160, and 259 years, respectively; sites IS_T(92a), SM_T(159a),
and BD_T(258a) corresponded to a time of exposure after
ice melting of 92, 159, and 258 years, respectively. The main
plant located at IS and SM was Kobresia homilies, which then
transitioned Potentilla fruticose at the BD sites. Bulk soil not
in contact with the root system and located at 50-100 cm
from each sampled abundant plant was collected from 3 to
5 cm after removing the top 1-2 cm of large sand grains. Soil
samples near the plant root (less than 1 cm) were collected
as rhizosphere soil from a similar depth as the bulk soils.
Soil samples were stored in sterile sampling bags (Labplas,
Canada) and transferred to the laboratory on ice. One part
of each sample was stored at —80°C until DNA extraction
was performed; the other part was used for physicochemical
property analyses.

Soil Physicochemical Property

Determination

Soil factors were measured using the methods described
in Guo et al. (2015) and will only be summarized here.
Soil total C and total organic C (TOC) were measured in
the solid state using a TOC analyzer (TOC-L, Shimadzu,
Japan); soil total nitrogen (TN) was determined by elemental
analyzer (vario MAX, Elementar, Germany). Soil nitrate
(NO3~-N) and ammonium (NH4T-N) were extracted with
1 M KCL and determined using an Automated Discrete
Analyzer (AQ2, SEAL Analytical Inc., England). Soil water
content (WC) was gravimetrically determined after drying at
105°C for 12 h.

Sample DNA Extractions, PCR
Amplification, and High-Throughput
Sequencing

Soil genomic DNA was extracted from 0.5 g of frozen soil
using the FastDNA® spin kit for soil (MP Biomedicals, Solon,
OH, United States) following the manufacturer’s protocol. The
quantity of the DNA was determined using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE, United States). The primers 515F (5'-GTG YCA
GCM GCC GCG GTA-3') and 806R (5'-GGA CTA CHV GGG
TWT CTA AT-3") were used for Illumina MiSeq sequencing at
the Chengdu Institute of Biology, Chinese Academy of Sciences.
PCR amplification and high-throughput sequencing method was
according to Li et al. (2015).

Sequence Analysis

The raw sequences were sorted based on the unique sample
barcodes, and then quality control was performed for the
sequences using QIIME pipeline (Caporaso et al.,, 2010). All
sequence reads were trimmed and assigned to each sample
based on their barcodes. The sequences with high quality
(length > 150 bp, without ambiguous base “N,” and average
base quality score > 30) were used for downstream analysis.
Chimeric sequences were identified and removed using the
Uchime algorithm (Edgar et al, 2011). After filtering and
chimera removal, de novo operational taxonomic unit (OTU)
picking was performed using uclust at 97% sequence identity,
and subsequently, taxonomy was assigned to OTU based on
the Greengenes database at a confidence level of 80% (version
13.8). All low-abundance Archaeal and Bacterial sequences
that were only detected in one of the samples were culled.
To avoid the influence of sequencing depth, rarefaction was
performed with 9,000 sequences per sample for the diversity
of microorganisms.

Statistical Analyses

Community a-diversity was estimated using Shannon, Evenness,
and Richness diversity indices. The p-diversity was calculated
based on Bray-Curtis distances, and the differences in
community structure between samples were visualized using
principal coordinates analysis (PCoA) plot. Paired-samples
t-tests were used for comparing data of bulk and rhizosphere
soil with the SPSS 18.0 statistical software package. Adonis
analysis was used to compare the difference between groups, and
redundancy analysis (RDA) based on Bray-Curtis distances was
used to determine the most significant environmental variables
that might influence the prokaryotic community structure using
the vegan and picante packages of the statistical platform R.
Linear discriminant analysis (LDA) effect size (LEfSe) analyses
between different sample groups utilized an online platform
(Segata et al., 2011) and was applied to the OTU table to identify
discriminant prokaryotic taxa.

Data Submission
The raw sequence reads generated in the present study
are available in the National Center for Biotechnology
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FIGURE 1 | Map of sampling locations along the Qiangyong Glacier retreat chronosequence. Sites: IS, middle of glacier terminal and small Qiangyong lake; SM,
midway along the edge of the smaller lake; BD, approximately one-third of the way along the edge of the larger lake; M and T, the sampling lines, Middle and Top,
respectively.

Information (NCBI) Sequence Read Archive under the p <0.01). The TOC and TN contents showed an increasing trend

project ID PRJNA595717. along the glacier chronosequence, while NH4*-N and NO3;~-N
contents showed a decreasing trend, at line middle and line top,
respectively (Supplementary Figure 1).

RESULTS
Alpine Plant Effects on Prokaryotic
Alpine Plants Altered the Accumulation Community Composition and
of Soil Carbon and Nitrogen Content Succession
Along the Chronosequence In the phyla and genus level community composition, there

In total, the contents of TOC, TN, NH,T-N, and NO3; " -Nin the  were some clades detected in different abundance and succession
rhizosphere were all significantly higher than in bulk soil (n =18, trends between bulk and rhizosphere soil. In the phylum level,
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the dominant phyla (relative abundance > 5%) across all
samples were Proteobacteria (21.95%), Actinobacteria (18.11),
Acidobacteria  (9.50%), Chloroflexi (7.9%), Crenarchaeota
(6.81%), Bacteroidetes (6.27%), and Planctomycetes (5.69%),
accounting for more than 75% of the total prokaryotic sequences.
The relative abundance of the phyla Gemmatimonadetes,
Verrucomicrobia, Euryarchaeota, and Firmicutes were > 1%
(Figure 2A). The relative abundances of Proteobacteria and
Bacteroidetes in rhizosphere soil was significantly higher than
that in bulk soil; Crenarchaeota and Gemmatimonadetes were
on the opposite (n = 36, p < 0.01). In bulk soil, the relative
abundance of Acidobacteria showed an increasing trend along
the chronosequence, while Actinobacteria displayed the opposite
trend. A similar trend was also found in rhizosphere soil of the
top line samples.

The dominant genera (average relative abundance > 0.5%)
across all samples were Candidatus Nitrososphaera (5.7%),
Arthrobacter (0.83%), Rubrobacter (0.78%), Modestobacter
(0.55%), Flavobacterium (0.53%), Pseudomonas (0.53%), and
Gemmata (0.52%). Seventeen other genera were found in
the majority of samples with an average relative abundance
of more than 0.18% (Figure 2B). Among them, the relative
abundance of the predominant genus Candidatus Nitrososphaera
in rhizosphere soil (3.69%) was significantly lower than that in
bulk soil (7.89%) (n = 36, p < 0.001). The relative abundance
of Modestobacter and Flavobacterium in rhizosphere soil was
significantly higher than in bulk soil (n =36, p < 0.001, p < 0.05).
The relative abundances of Rubrobacter was on the opposite
(n =36, p < 0.05). Flavobacterium has an increased trend along
the chronosequence. Modestobacter was decreased from site IS
to SM and then increased from SM to BD in bulk soil, while in
the rhizosphere they were on the opposite trend. Rubrobacter
was relatively stable from site IS to SM, and then decreased from
site SM to BD in bulk soil but increased in rhizosphere soil.

Alpine Plants Altered Prokaryotic
Community a-Diversity Succession
Along the Chronosequence

Prokaryotic community o-diversity indices showed mild
succession in the glacier retreat chronosequence (Figure 3). In
total, the averages of the three indices in the rhizosphere soil
were slightly higher than those in bulk soils. In bulk soils, the
indices were decreased from site IS to SM and then increased
from SM to BD; the final value in BD was higher than that in
IS in the line Top sample (Figures 3A,C,E). The opposite trend
of succession was found in the rhizosphere soil in the line Top
sample (Figures 3B,D,F). In line middle, the richness in bulk
soil was relatively stable in bulk soil, but that has a drop in the
rhizosphere soil, especially at site BD (Figures 3E,F).

Alpine Plant Effects on Prokaryotic

Community p-Diversity

Alpine plants affect the prokaryotic community B-diversity
(Figure 4). Bulk and rhizosphere soils separated well from
each other along the first axis (Figure 4A). This was in
agreement with the Adonis analysis, which showed that the

community composition of bulk and rhizosphere soils were
significantly different (n = 18, p < 0.001). In bulk soil, each
of the sampling sites (IS, SM, and BD) grouped separately
(Figure 4B). In rhizosphere soil, the IS samples were close to
SM along the positive direction of the second PCoA axis, but
two subgroups were found in the BD samples, one of which
(three samples all from the middle line) was much closer to
the other two sampling sites (Figures 4C,E,F). According to
Adonis analysis, the community compositions of IS, SM, and BD
were significantly different in total, bulk, and rhizospheres soils,
respectively (n =12, 6, 6, p < 0.001). For each of the three sample
locations (IS, SM, and BD), Adonis analysis showed that the
bulk and rhizosphere soils within the same site were significantly
different from each other (n = 6, p < 0.01) (Figures 4D-
F). From IS to BD, the distance between the group centroids
of the middle and top lines showed an increasing trend and
no significant difference (n = 6, p = 0.576, 0.314, and 0.053,
respectively) (Figures 4D-F). Together, these results suggested
that the prokaryotic community composition was different at all
three locations.

Special Selection of Microorganisms by

Alpine Plants Along the Chronosequence

Across the glacier successional stages, different clades were
detected in the bulk and rhizosphere soil fractions, which
explained the statistically significant differences between their
respective microbial communities (Figure 5). The numbers
of discriminant clades were 24 and 11 from bulk and
rhizosphere soils, respectively (Figure 5A). The number of
discriminant clades increased in bulk soils from site IS to
BD (6, 9, and 12), while the opposite trend was observed
in rhizosphere soils (5, 4, and 3) (Figures 5E,F). In general,
the phyla Proteobacteria, especially class Alphaproteobacteria,
and Actinobacteria were significantly enriched in rhizosphere
soil; meanwhile, Acidimicrobiia and Gemmatimonadetes were
significantly enriched in bulk soil (Figure 5A). The number
of discriminant clades in line top bulk and rhizosphere soils
were both higher than in the respective line middle soils. In
line middle, Alphaproteobacteria were significantly enriched in
the rhizosphere soil, while Acidimicrobiia were enriched in
bulk soil (Figure 5B). In line top, the phylum Proteobacteria,
and specifically the class Alphaproteobacteria, was significantly
enriched in rhizosphere soil. Meanwhile, Tenericute and
Mollicutes were more enriched in bulk soil (Figure 5C). Among
three sample sites in the total sample, site IS was enriched with
Actinobacteria, SHA_109, and Thermoleophilia. Site SM was
enriched with Betaproteobacteria and OP1.MSBL6. Site BD was
enriched with Planctomycetia and Verrucomicrobia (Figure 5D).

Effect of Environmental Factors of

Microbial Community Composition

RDA analysis was used to assess which factors affected the
microbial community structure of the samples (Figure 6).
In total, eight factors were detected: TOC, TN, NH4"-N,
NO;3;~-N, C/N ratio, WC, plants, and distance. For total soil
samples, all factors except TOC had significant impact on the
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prokaryotic community structure (n = 36, p < 0.001) (Figure 6A).
Among them, all the rhizosphere soils were significantly affected
by plants. Distance affects both bulk and rhizosphere soil
prokaryotic community structure; its effect on different samples
sites was in the order of BD > SM > IS. The C/N affected
the bulk soil microbial community structure more than that of

the rhizosphere soil, while NH;4"-N, NO3;-N, and WC had
the opposite trend (Figures 6A,D-F). In bulk soil, all factors
except plants had significant effect on the prokaryotic community
structure (n = 18, p < 0.001); the effect of C/N from different
sample sites was in the order of SM > IS > BD (Figure 6B).
In rhizosphere samples, NH4T-N, NO3;™-N, C/N ratio, WC,
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and distance were the main factors affecting the prokaryotic
community structure (n = 18, p < 0.05); the effect of NH4-N,
NO;3;™-N, and WC from different sample sites was in the similar
order of IS > SM > BD (Figure 6C).

DISCUSSION

A Special Prokaryote Community
Structure Has Been Found in the
High-Elevation Glacier

Chronosequences

As expected, the special prokaryote community structures in the
high-elevation Qiangyong Glacier foreland soil were revealed in
this study. The relative abundance of seven phyla was above
5%; in a total of 11 phyla the relative abundance was above 1%
(Figure 2A). The number of phyla was higher than that found
in the frozen soil [five most abundant phyla (>2%)] from the
glacier of the northwestern Himalayas of Jammu and Kashmir,
India (Gupta et al., 2020); the two studies both were conducted in
Himalayas. Furthermore, the three top abundant phyla detected
in this research were also found in other glacier forelands of
the Tibetan Plateau but with different order and abundance.
For example, Proteobacteria (43%) and Actinobacteria (16%)
were the predominant bacteria phyla in soils from Hailuogou
Glacier retreat region. Similarly, they were also reported on the
Muztag Ata Glacier chronosequence (Khan et al, 2020) and
the frontier of Baishui Glacier No.l (Sajjad et al, 2021). In
this research, the Proteobacteria average relative abundance was
21.95% in total and comparable to the data from Gupta’s report

(Gupta et al., 2020). The reason may be the effect of elevation, as
in this research the glacier termini were at the elevation of 5,000-
5,100 m; the height of the glacier is 4,700 m a.s.l. in Gupta’s report.
The glaciers in other reports cited above were all below 4,400
m (Sun et al,, 2016; Khan et al., 2020; Sajjad et al., 2021). These
results suggested that as the elevation increased, the abundance
of Proteobacteria decreased; at the same time, other phyla were
enriched. As the microbial community reports on high-elevation
glacier foreland were few, further research in this area is being
looked forward to.

Plant Rhizosphere Selected Specific
Prokaryotic Communities and Shifted
Nutrient Accumulation Along the
Qiangyong Chronosequence

The relative abundance of Proteobacteria, Bacteroidetes,
Modestobacter, and Flavobacterium in rhizosphere soil was
significantly higher than that in bulk soil; some genera were
in the opposite succession trend compared with bulk and
rhizosphere soil (Figure 2). The LEfse detected differential
clades infractions, which consistently explained the statistically
significant difference between the bulk soil and rhizosphere
soil prokaryotic communities (Figure 5). In general, the
phyla Proteobacteria, especially class Alphaproteobacteria,
and Actinobacteria were significantly enriched in rhizosphere
soil; meanwhile, Acidimicrobiia, and Gemmatimonadetes
were significantly enriched in bulk soil. At three sites, bulk
and rhizosphere soil also had enriched clades. This result was
different from reports found for low elevation, such as the
finding that rhizobacterial communities were mainly composed
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of Acidobacteria and Proteobacteria, whereas bare soil was
colonized by Acidobacteria and Clostridia in the foreland of
Weisskugel Glacier (2,400 m a.s.l.) (Ciccazzo et al., 2014).

Meanwhile, in this research, the detected nutrient contents
in rhizosphere soil were significantly higher than in bulk soil
(Supplementary Figure 1). The a-diversity in rhizosphere soil
was higher than in bulk soil (Figure 3); PCoA and Adonis
analysis showed the bulk and rhizosphere soil microbial
community was significantly different along the chronosequence
(Figure 4). Based on the RDA analysis, plants also showed
a significant effect on microbial community structures in
Qiangyong Glacier foreland (Figure 6). These results suggest
that the plants altered the soil C and N accumulation by shifting
the soil prokaryotic community structure. This consisted of the
most enriched phyla in rhizosphere soil (phyla Proteobacteria,
especially class Alphaproteobacteria, and Actinobacteria)
(Figure 5). Proteobacteria were detected as autotrophic
microbial communities in Qiangyong Glacier-originated water
(Kong et al., 2019). They were also supposed to have the ability
for N fixation at a glacial foreland on Anvers Island (Strauss et al.,
2012). Actinobacteria and Betaproteobacteria have the potential
to photosynthesize; Betaproteobacteria and Alphaproteobacteria
have the potential to perform nitrification and denitrification of
microbes from supraglacial cryoconite of polar regions (Cameron
et al.,, 2012). Furthermore, the dominance of Actinobacteria in
Antarctic soils has been linked to specific trace elements
(magnesium, calcium, and potassium) and salts in the associated
glacier forelands (Bajerski and Wagner, 2013). Actinobacteria are
adapted to oligotrophic environments where their hyphae allow
them to restore nutrients and moisture through pores in the soil
(Arocha-Garza et al., 2017; Zhang et al., 2019). The rhizosphere
soil microbial development significantly affected soil organic C
and total N accumulation in the Hailuogou Glacier forefield (Li
et al., 2020). The results above suggest that the emergence of
plants had a selective effect on microorganisms and promoted
the accumulation of C and N in this high-elevation glacier retreat
in rhizosphere soils.

Environmental Parameters Related to
Pedogenesis Shape the Prokaryotic
Communities in Bulk and Rhizosphere

Soils

The concentration of key nutrients related to soil fertility
changed from site IS to BD along the Qiangyong chronosequence
(Supplementary Figure 1). All detected environment parameters
had effects on the high-elevation prokaryotic community
composition succession (Figure 6). This result means that the
distance, plant, and soil physicochemical properties together
determine microbial community structures in the Qiangyong
Glacier foreland. This result was partly similar to the reports of
others. Microbial community structure is strongly conditioned
by the successional stage, deglaciation time, water content,
plants, spruce leachate, and the C and N contents of the
foreland soil (Tscherko et al., 2004; Noll and Wellinger, 2008;
Goransson et al., 2011; Knelman et al., 2012, 2018; Gorniak et al.,
2017; Kim et al., 2017; Bai et al.,, 2020). Most of the above

reports did not include rhizosphere soil, and these studies were
on elevations of < 1,000 m (Knelman et al., 2012, 2018; Kim
et al, 2017), 1,780 m (Goérniak et al., 2017), 1,920-2,054 m
(Goransson et al.,, 2011), 1,950-2,050 m (Noll and Wellinger,
2008), 2,280-2,450 m (Tscherko et al., 2004), and 2,951 m
at glacier termini (Bai et al, 2020). The effects of the high-
elevation environmental parameters on the glacier foreland
prokaryotic community were seldom found in field research.
In this research, the effect of C/N on the bulk soil microbial
community was greater than that in rhizosphere soil, while
NH4"-N, NO; ~-N, and WC had the opposite trend. The above
detected different physicochemical properties in each research,
and most of them were in a relatively low elevation glacier
retreat area. These results suggest that the distinct habitat was not
ignorable. All the above results showed that plants, habitat, and
glacier retreat chronosequence collectively control prokaryotic
community composition and succession.

CONCLUSION

The soil TOC and TN contents showed an increasing trend along
the deglaciation chronosequence, while ammonium and nitrate
content showed the opposite trend. TOC, TN, ammonium,
and nitrate contents in rhizosphere soil were significantly
higher than in bulk soil (p < 0.05). In total, 11 phyla
(relative abundance > 1%) and 7 dominant genera (relative
abundance > 0.5%) were observed in all samples. According
to LEfSe analyses, the Proteobacteria, Alphaproteobacteria,
and Actinobacteria were significantly enriched in rhizosphere
soil. Acidimicrobiia and Gemmatimonadetes were significantly
enriched in bulk soil. No statistically significant difference
was observed in the values from multiple a-diversity indices.
Bacterial p-diversity showed that bulk and rhizosphere soils
were obviously separate. Distance, soil C/N ratio, plants,
and physicochemical properties all affected the soil bacterial
community composition along the chronosequence. These
results indicated that plants, habitat, and glacier retreat
chronosequence collectively control prokaryotic community
composition and succession.
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Shedding Light on Microbial “Dark
Matter”: Insights Into Novel
Cloacimonadota and Omnitrophota
From an Antarctic Lake
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" School of Biotechnology and Biomolecular Sciences, UNSW Sydney, Sydney, NSW, Australia, 2 EMBL Australia Node
for Single Molecule Science, School of Medical Sciences, UNSW Sydney, Kensington, NSW, Australia

The potential metabolism and ecological roles of many microbial taxa remain
unknown because insufficient genomic data are available to assess their functional
potential. Two such microbial “dark matter” taxa are the Candidatus bacterial phyla
Cloacimonadota and Omnitrophota, both of which have been identified in global
anoxic environments, including (but not limited to) organic-carbon-rich lakes. Using
24 metagenome-assembled genomes (MAGs) obtained from an Antarctic lake (Ace
Lake, Vestfold Hills), novel lineages and novel metabolic traits were identified for both
phyla. The Cloacimonadota MAGs exhibited a capacity for carbon fixation using the
reverse tricarboxylic acid cycle driven by oxidation of hydrogen and sulfur. Certain
Cloacimonadota MAGs encoded proteins that possess dockerin and cohesin domains,
which is consistent with the assembly of extracellular cellulosome-like structures that are
used for degradation of polypeptides and polysaccharides. The Omnitrophota MAGs
represented phylogenetically diverse taxa that were predicted to possess a strong
biosynthetic capacity for amino acids, nucleosides, fatty acids, and essential cofactors.
All'of the Omnitrophota were inferred to be obligate fermentative heterotrophs that utilize
a relatively narrow range of organic compounds, have an incomplete tricarboxylic acid
cycle, and possess a single hydrogenase gene important for achieving redox balance
in the cell. We reason that both Cloacimonadota and Omnitrophota form metabolic
interactions with hydrogen-consuming partners (methanogens and Desulfobacterota,
respectively) and, therefore, occupy specific niches in Ace Lake.

Keywords: Cloacimonadota, Omnitrophota, cellulosome, autotrophy, metagenome, Antarctic bacteria

INTRODUCTION

Microorganisms make up the majority of the biomass of the planet, yet the genomic potential
of many microbial species remains elusive. The existence of many hitherto unknown taxa has
only been revealed through cultivation-independent approaches, particularly from 16S rRNA gene
libraries, and metagenome data and the analysis of metagenome-assembled genomes (MAGs)
(Hugenholtz et al., 1998; Rinke et al., 2013; Momper et al, 2017; Parks et al, 2017, 2020;
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Nayfach et al, 2020; Zamkovaya et al., 2021). Uncultivated
clades, referred to as “microbial dark matter,” include lineages
that are inferred to play key roles in ecosystem formation and
nutrient cycling (Rinke et al, 2013; Parks et al., 2017, 2020;
Nayfach et al, 2020; Zamkovaya et al., 2021), including in
Antarctica (Cavicchioli, 2015; Panwar et al., 2020). The phyla
Candidatus Cloacimonadota and Candidatus Omnitrophota
(hereafter Cloacimonadota and Omnitrophota, respectively)
are inferred to contribute to anaerobic recycling of organic
matter, although their ecophysiological traits remain largely
undetermined (Baricz et al., 2020; Suominen et al., 2021).

Phylum Cloacimonadota [originally WWE1 (“Waste Water of
Evry 17); Chouari et al., 2005a,b] belongs to the “Fibrobacteres-
Chlorobia-Bacteroidetes” (FCB) superphylum of bacteria (Rinke
et al, 2013). Cloacimonadota can be a major component
of anaerobic digestors and especially important in lipid-rich
waste (Toth and Gieg, 2018; Saha et al., 2019; Shakeri Yekta
et al, 2019). The first named member of this phylum, Ca.
Cloacimonas acidaminovorans, is based on a MAG from an
anaerobic digester of a municipal wastewater treatment plant
(Chouari et al, 2005a,b; Pelletier et al., 2008). Based on
single-cell amplified genome (SAG) and metatranscriptomic
analyses, syntrophic propionate oxidation was inferred for a
novel Ca. Cloacimonas species from a terephthalate-degrading
bioreactor (Nobu et al., 2015) and for Ca. Syntrophosphaera
thermopropionivorans based on a MAG from a thermophilic
biogas reactor (Dyksma and Gallert, 2019). As well as being
recovered from anaerobic digesters, abundant Cloacimonadota
have also been detected in natural environments, including in
anoxic and sulfidic water layers of the Black Sea (Suominen
et al, 2021; Villanueva et al., 2021), Ursu Lake, Romania
(Baricz et al., 2020), and from the Thuwal cold seep brine
pool of the Red Sea (Zhang et al., 2016). Based on incubations
with complex carbon substrates and analysis of MAGs, the
Black Sea Cloacimonadota were inferred to be fermentative
heterotrophic generalists capable of assimilating diverse carbon
sources, including proteins (Suominen et al., 2021).

Phylum Omnitrophota [originally candidate division OP3
(Obsidian Pool 3)] was first discovered in 16S rRNA gene libraries
generated from a hot spring sediment at the Yellowstone National
Park (Hugenholtz et al., 1998). Further Omnitrophota sequences
were detected in anoxic environments such as terrestrial
subsurface fluids, flooded paddy soils, marine sediments,
lagoon sediments, hypersaline deep sea waters, freshwater lakes,
aquifers, methanogenic bioreactors, and acidic peatland soils
(Derakshani et al., 2001; Glockner et al., 2010; Rinke et al., 2013;
Dombrowski et al., 2017; Momper et al., 2017; Lin et al., 2020;
Santos et al., 2020). Phylogenetically, Omnitrophota has been
assigned to the “Planctomycetes-Verrucomicrobia-Chlamydiae”
superphylum based on 16S rRNA analysis (Wagner and Horn,
2006; Pilhofer et al., 2008; Glockner et al., 2010), which was
confirmed using metagenome-based analysis (Rinke et al., 2013).
The nominative species Candidatus Omnitrophus fodinae SCGC
AAAO011-A17 is based on a SAG from groundwater (Homestake
Mine, South Dakota); genome analysis of this SAG, and
other MAGs from the same deep subsurface locality, indicated
capacities for carbon fixation by the Wood-Ljungdahl (WL)

pathway (reductive acetyl-CoA pathway) (Rinke et al, 2013;
Momper et al., 2017). The latter MAGs also possessed genes for
hydrogen (H,) oxidation, methane oxidation, and dissimilatory
nitrate reduction (Momper et al.,, 2017). Single-cell analysis of
Ca. Omnitrophus magneticus SKK-01 isolated from the suboxic
layer of lake sediments (Lake Chiemsee, Bavaria) revealed ovoid,
flagellated cells that harbored intracellular sulfur inclusions
and chains of magnetite (Kolinko et al., 2012); analysis of
genome sequences identified genes associated with magnetosome
biosynthesis, sulfur oxidation, and carbon fixation (Kolinko et al.,
2016). Genomic analysis of an Omnitrophota MAG (“bin146”)
from the Black Sea inferred a fermentative heterotroph that
scavenged low-molecular-weight organic substrates and was
capable of glycolysis to acetate as well as H, production
(Suominen et al., 2021).

Both Cloacimonadota and Omnitrophota were detected in
Ace Lake (Panwar et al., 2020), a marine-derived, meromictic
(stratified) system in the Vestfold Hills of Antarctica (Rankin
et al., 1999; Lauro et al., 2011). The interface of the lake (12—
15 m) is defined by a strong halocline and oxycline, dominated
in the austral summer months by a species of the green sulfur
bacterium Chlorobium (Ng et al., 2010; Lauro et al, 2011;
Panwar et al., 2020). The oxic-anoxic interface and lower
anoxic zone (16-24 m) support anaerobes, including members
of Cloacimonadota and Omnitrophota, which were among the
most abundant taxa, with peak relative abundances of 16 and 5%,
respectively (Panwar et al., 2020). Preliminary analysis of the Ace
Lake Cloacimonadota MAGs inferred a chemolithoautotrophic
carbon fixation capacity driven by H, oxidation, while the
functional potential of the Ace Lake Omnitrophota MAGs was
not examined (Panwar et al., 2020). The Ace Lake data represents
120 metagenomes generated from size-fractionated samples
representing a depth profile and a 10-year sampling period
(Panwar et al., 2020). The large metagenome dataset provided
a unique opportunity to reconstruct the metabolisms of these
two “dark matter” candidate phyla, infer their ecophysiology, and
consider the potential ecological niches they occupy in Ace Lake.

MATERIALS AND METHODS

Microbial biomass was sampled from Ace Lake in austral
summers of 2006/2007 and 2008/2009, and a full Antarctic
seasonal cycle of summer 2013/2014 to summer 2014/2015.
Biomass was collected by sequential size fractionation through
a 20 pm prefilter onto 3.0, 0.8-, and 0.1-wm pore-sized, large
format (293-mm polyethersulfone membrane) filters, and DNA
was extracted from the biomass as described previously (Ng
et al., 2010). Six depths were sampled (surface, 5, 11.5-13,
12.7-14.5, 14-16, 18-19, and 23-24 m) with the precise depths
varying depending on the water level in the lake (Panwar et al.,
2020). In winter 2014, samples were not taken below the oxic-
anoxic interface (Panwar et al, 2020). DNA was sequenced
and the sequences uploaded to Integrated Microbial Genomes
(IMG) (Huntemann et al., 2015) generating 120 individual
metagenomes, as described previously (Panwar et al, 2020).
High- and medium-quality MAGs were auto-generated from
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individual metagenomes during the IMG pipeline process. QC-
filtered raw reads from the individual Ace Lake metagenomes
were co-assembled using Megahit v1.1.1 (Li et al, 2016) with
a setting of meta-large, and MAGs were generated from the
co-assembly using MetaBAT v2.12.1 with minContig length
2,500 bp (Kang et al, 2019). MAGs from the co-assembly
(available in IMG as Metagenome ID 3300035698) were assessed
for completeness and contamination using CheckM v1.0.7 (Parks
etal,, 2015), for taxonomic identity using RefineM v 0.0.23 (Parks
et al, 2017), and for phylogenetic placement using Genome
Taxonomy Database Toolkit (GTDB-Tk) v.1.4.0 with GTDB
release R95 (Chaumeil et al., 2019; Parks et al., 2020). The GTDB-
Tk dependencies were pplacer (Matsen et al., 2010), FastANI (Jain
et al,, 2019), Prodigal (Hyatt et al., 2010), FastTree 2 (Price et al.,
2010), HMM (Eddy, 2011), and Mash (Ondov et al., 2016).

Metagenome-assembled genomes from the individual Ace
Lake metagenomes and from the co-assembly that belonged to
the phyla Cloacimonadota (one high- and 21 medium-quality
MAGs) and Omnitrophota (9 high- and 72 medium-quality
MAGs) were grouped based on average nucleotide identity
(FastANI v 1.32; Jain et al., 2019), and average amino acid identity
(CompareM v 0.1.1') to identify representative MAGs for further
examination (Supplementary Table S1).

Phylogenetic trees showing all Cloacimonadota and
Omitrophota MAGs were generated by GTDB-Tk, based on
a ~5,000 amino acid-long concatenated multiple sequence
alignment of 120 bacterial reference genes, and viewed
with Dendroscope 3.5.7 (Huson and Scornavacca, 2012).
Maximum likelihood phylogenies of selected novel and reference
Cloacimonadota and Omnitrophota taxa were generated from
the same GTDB-Tk concatenated multiple sequence alignments
using W-IQ-Tree (Nguyen et al,, 2015; Trifinopoulos et al,
2016) with autoselection of the best-fit model and 1,000 ultrafast
bootstraps (Minh et al., 2013).

Of the total of 22 Cloacimonadota and 81 Omnitrophota
MAGs identified in Ace Lake, certain MAGs were chosen for
in-depth genomic examination, based on the aim of sampling
the total known phylogenetic diversity of the respective phyla, as
well as completeness of the MAGs (Supplementary Table S1).
On this basis, 10 Cloacimonadota MAGs and 14 Omnitrophota
MAGs were chosen. The genomic functional potential of the
MAGs was assessed by considering cellular and metabolic traits
based upon manual examination of proteins and pathways that
was performed in a similar way to previous assessments of
the veracity of gene functional assignments (Allen et al., 2009;
Panwar et al., 2020; Williams et al., 2021). This method included
the vetting via manual curation of the IMG protein annotations
used in this study. All protein sequences were submitted to
ExPASy BLAST (using the “UniProtKB/Swiss-Prot only” option)
(Gasteiger et al,, 2003); proteins needed to show > 35%
sequence identity to an experimentally verified protein in the
ExPASy BLAST database for the functional annotation to be
considered valid. If this threshold was not reached, protein
sequences were submitted to InterProScan (Blum et al., 2020) to
identify functional domains (e.g., catalytic domains; dockerin and

Uhttps://github.com/dparks1134/CompareM

cohesin domains) and potential subcellular locations (e.g., using
signal peptides for an extracytoplasmic location; transmembrane
helices for a membrane location). IMG annotations that could
not be verified using this process were discarded. All of our
protein identifications are considered putative. GH families
were identified according to the CAZy (Carbohydrate-Active
enZymes) classification (Lombard et al., 2014). Protein sequences
that were identified as hydrogenases based on catalytic domains
were classified further using the hydrogenase classifier HydDB
(Sondergaard et al., 2016). Only those MAGs that were subjected
to in-depth examination are named here; these were named
according to recommendations for describing novel Candidatus
species (Konstantinidis et al., 2017; Chuvochina et al., 2019;
Murray et al., 2020).

RESULTS AND DISCUSSION

Genomic Assemblies and Phylogenetic
Analysis

The genomes of 10 Cloacimonadota MAGs were interrogated
(58-97% completeness; 0-4.4% contamination), which represent
four novel genus-level and eight novel species-level taxa
(Table 1 and Supplementary Table S2). Based on phylogenetic
analysis and GTDB taxonomy, the four novel genera are
deeply nested within the phylum Cloacimonadota, within the
class Candidatus Cloacimonadia. None of the four genera
were found to be closely related to Ca. Cloacimonas or Ca.
Syntrophosphaera, both of which belong to the family Candidatus
Cloacimonadaceae (Dyksma and Gallert, 2019; Figure 1 and
Supplementary Figure S1).

The genomes of 14 Omnitrophota MAGs were interrogated
(61-93% completeness; 0-9.1% contamination) that represent
11 novel genus-level and 13 novel species-level taxa (Table 2
and Supplementary Table S2). Phylogenetic analysis and GTDB
taxonomy revealed that the 11 genera represent two class-level
and eight order-level clades. None of the Ace Lake MAGs
were closely related to Ca. Omnitrophus (class Candidatus
Omnitrophia, order Candidatus Omnitrophales), which the
phylogenetic analysis recovered in a relatively basal position
within the phylum (Figure 2 and Supplementary Figure S2).

For both Cloacimonadota and Omnitrophota, individual
genera and species are provided along with etymologies of all
proposed names (Tables 1, 2 and Supplementary Table S2).
Proteins and pathways discussed for all MAGs assigned to each
genus are provided for Cloacimonadota (Supplementary Tables
$3, S4) and Omnitrophota (Supplementary Tables S5, S6).

Cloacimonadota: Biopolymer

Degradation and the Cell Envelope

Cloacimonadota are here inferred to be capable of degrading
recalcitrant organic matter under anoxic conditions in Ace
Lake. The MAGs of the four Ace Lake genera encode multiple
glycoside hydrolase (GH) enzymes with signal peptides
(indicating an extracytoplasmic location) and include enzymes
that degrade polysaccharides and certain glycoconjugates,
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TABLE 1 | Metabolic capacity of the Ace Lake Cloacimonadota inferred from metagenome-assembled genomes (MAGs).

Cloacimonadota

Metabolic capacity

All genera and species

Anaerobic heterotroph

secreted glycoside hydrolases and peptidases

F-type ATP synthase

Candidatus Genus Candidatus MAGs Extracellular Fermentation Carbon fixation Sulfur Other Hydrogenases
Species (% completeness) features + secreted substrates metabolism bioenergetic
GHs complexes/enzymes
Tenebribacter burtonii” 3300035698_1346 Poly-y-glutamate Sugars, amino Reverse Oxidation of sulfur Rnf, Nar, Sud, Membrane-bound,
davisii (97%) synthesis; acids, 2-oxoacids, tricarboxylic acid compounds HppA Ho-evolving NiFe
mawsonii 3300035698_1468 B-glucanase, aldehydes, cycle (including hydrogenase
(97%) B-glucosidase, alcohols, glycerol, thiosulfate), linked (Group 4g) linked to
3300035698_1174 glucosylceramidase, formate to Hdr reduction Mrp; FeFe
(91%) chitinase hydrogenase
(Group C1) for
redox balance
Stygibacter australis” 3300025642_13 (88%), Poly-y-glutamate Sugars, amino Reverse Oxidation of sulfur Rnf, Nar, Sud, Membrane-bound,
frigidus 3300035698_2003 synthesis; acids, 2-oxoacids, tricarboxylic acid compounds HppA Hs-evolving NiFe
(69%) halomucin-like aldehydes, cycle (including hydrogenase
3300035698_198 protein; alcohols, glycerol, thiosulfate), linked (Group 4g) linked to
(58%) cellulosome-like; formate to Hdr reduction Mrp;
B-glucanase, FeFe hydrogenases
B-glucosidase, (Groups A3 and C1)
a-amylase, for redox balance
glucosylceramidase,
chitinase
Zophobacter franzmannii 3300035698_360 Poly-y-glutamate Sugars, amino - - Rnf, Nqr, Sud, -
(80%) synthesis; acids, 2-oxoacids, HppA
B-glucanase, aldehydes, glycerol,
B-glucosidase, formate
chitinase
Celaenobacter antarcticus T 3300025698_8 (92%), B-glucosidase, Sugars, amino Reverse Assimilatory sulfate Rnf, Nar, Sud, Membrane-bound,
polaris 3300035698_1683 B-galactosidase acids, 2-oxoacids, tricarboxylic acid reduction HppA NiFe Hz-evolving

(65%)
3300035698_1703
(91%)

aldehydes, formate

cycle

hydrogenase
(Group 4g) linked to
Mrp;

Hy-oxidizing,
Hdr-linked
cytoplasmic NiFe
hydrogenase
(Group 3c)

GH, glycoside hydrolase; Har, heterodisulfide reductase; HppA, pyrophosphate-energized sodium pump; Mrp, multicomponent Na™:H* antiporter; Nqr, sodium-translocating NADH:quinone oxidoreductase; Rnf,

ferredoxin:NAD* -oxidoreductase complex; Sud, bifunctional sulfide dehydrogenase/ferredoxin:NADP oxidoreductase. TIndicates type species.
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0.1 ._{

f

GB_GCA_002376725.1 Syntrophosphaera
RS_GCF_004353895.1 Ca. Syntrophosphaera thermopropionivorans
GB_GCA_002379855.1 UBA4175
GB_GCA_002391675.1 UBA3900
GB_GCA_002432865.1 Cloacimonas
RS_GCF_000146065.2 Ca. Cloacimonas acidaminovorans
GB_GCA_002840645.1 UBA5553
GB_GCA_002410505.1 UBA1032
GB_GCA_002427325.1 UBA5456
GB_GCA_002842035.1 Cloacimonetes-2
GB_GCA_002841975.1 Cloacimonetes-1
GB_GCA_002435865.1 UBA5614
3300035698_360 Ca. Zophobacter franzmannii
GB_GCA_003564135.1 PWNZ01
GB_GCA_003564155.1 PWOAO1
GB_GCA_002742885.1 GCA-2742885
3300035698 _1174 Ca. Tenebribacter mawsonii
3300035698 1346 Ca. Tenebribacter burtonii
3300035698_1468 Ca. Tenebribacter davisii
GB_GCA_001577185.1 TCS61
GB_GCA_003647825.1 B137-G9
GB_GCA_001412425.1 SDB
GB_GCA_002085205.1 4484-275
3300035698 198 Ca. Stygibacter frigidus
3300025642_13 Ca. Stygibacter australis
3300035698_1703 Ca. Celaenobacter polaris
{ F GB_GCA_000404785.1 JGIOTU-2
3300025698 _8 Ca. Celaenobacter antarcticus
GB_GCA_001577135.1 TCS60
GB_GCA_003647765.1 B8-G9
GB_GCA_002376865.1 (Fermentibacterota)
GB_GCA_003645805.1 B17-G2 (Omnitrophota)
GB_GCA_002030045.1 (Patescibacteria)

FIGURE 1 | Phylogeny of phylum Candidatus Cloacimonadota. Maximum likelihood tree constructed in 1Q-Tree with autoselection of the best-fit model

(LG + F+ |+ G4)and 1,000 ultra-fast bootstraps. UFBootstraps > 95% (black dot); Metagenome-assembled genomes (MAGs) featured in this study (green) with
their IMG MAG ID and proposed Candidatus genus and species name. Reference Cloacimonadota MAGs are shown with their Genome Taxonomy Database
(GTDB) accession and GTDB taxonomy, except for Candidatus Cloacimonas acidaminovorans and Candidatus Syntrophosphaera thermopropionivorans, which
already have names. The tree is rooted using a representative of the Patescibacteria.

which would release oligosaccharides and simple sugars
such as glucose (Table 1). These hydrolytic enzymes belong
to various GH families, indicating a range of potential
substrates, such as starch, B-glucans, p-glucosides, chitin,
and glucosylceramides (Table 1 and Supplementary Tables S3,
$4). The Ace Lake Cloacimonadota also encode diverse proteases
and peptidases, including both secreted and cytoplasmic,
indicating that polypeptides could be used as amino acid
sources (Supplementary Tables S3, S4). Histidine degradation

pathways are encoded in MAGs of all four genera, and Ca.
Celaenobacter gen. nov. encodes proteins for tryptophan
degradation (Supplementary Table S3). The abilities of
Cloacimonadota to use complex sugars and proteins as organic
substrates have been previously reported for this clade in both
anaerobic digestors and lakes (Pelletier et al., 2008; Limam et al.,
2014; Suominen et al., 2021).

However, in MAGs of the Ace Lake genus Ca. Stygibacter
gen. nov. we identified genes for components of a putative
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TABLE 2 | Metabolic capacity of the Ace Lake Omnitrophota inferred from metagenome-assembled genomes (MAGS).

Omnitrophota

Metabolic capacity

All genera and species

Anaerobic heterotroph

incomplete TCA cycle, terminating at fumarate (reductive branch) and 2-oxoglutarate (oxidative branch)
secreted glycoside hydrolases and peptidases

V-type ATP synthase
Candidatus Genus Candidatus Species MAGs (% Fermentation Other carbon Other bioenergetic Hydrogenase
completeness) substrates metabolism complexes/enzymes
Aceula lacicola’ 3300035698_1100 Sugars, glycerol Glycogen synthesis Rnf, Sud, HppA NiFe hydrogenase
(92%) (Group 3d)
meridiana 3300035698_985
(92%)
Zapsychrus exiliT 3300035698_1555 Sugars, glycerol Glycogen synthesis Rnf, Ngr, Sud, HppA NiFe hydrogenase
(89%) (Group 3d)
Gygaella obscura’ 3300035698_1934 Sugars, 2-oxoacids Glycogen synthesis Rnf, Sud, HppA FeFe hydrogenase
(85%) (Group A3)
Susulua stagnicola” 3300035698_1005 Sugars, 2-oxoacids Glycogen synthesis Rnf, Sud, HppA FeFe hydrogenase
(82%) (Group A3)
Saelkia tenebricola’ 3300035698_749 Sugars, alcohols Glycogen synthesis Rnf, Mrp, Sud, HppA NiFe hydrogenase
(91%) (Group 4g), Mrp-linked
Kaelpia aquatical 3300035698_2000 Sugars, Glycogen synthesis Rnf, Sud, HppA FeFe hydrogenase
(93%) 2-oxoacids, alcohols (Group A3)
imicola 3300035698_1655
(92%)
Kappaea frigidicola” 3300035698_1500 Sugars Trehalose synthesis Rnf, HppA FeFe hydrogenase
(76%) (Group A3)
Tantalella remota’ 3300035698_1097 Sugars, glycerol, Glycogen synthesis, Rnf, Sud, HppA NiFe hydrogenase
(93%) 2-oxoacids, alcohols trehalose synthesis (Group
3b)/sulfhydrogenase
Aadella gelida’ 3300035698_848 Sugars, glycerol, Trehalose synthesis Rnf, Sud NiFe hydrogenase
(91%) 2-oxoacids (Group
3b)/sulfhydrogenase
Gorgyraea atricola” 3300035698_32 (93%) Sugars, 2-oxoacids Wood-Ljungdahl Rnf, Mrp, Sud, HppA NiFe hydrogenase
pathway, glycogen (Group 4g), Mrp-linked
synthesis, trehalose
synthesis
Orphnella occulta’ 3300025586_21 (85%), Sugars, 2-oxoacids Trehalose synthesis Rnf, Sud, HppA NiFe hydrogenase
3300035698_104 (Group
(61%) 3b)/sulfhydrogenase

HppA, pyrophosphate-energized sodium pump; Mrp, multicomponent Na™:H* antiporter; Nqr, sodium-translocating NADH:quinone oxidoreductase; Rnf, ferredoxin:NAD™ -oxidoreductase complex; Sud, bifunctional

sulfide dehydrogenase/ferredoxin:NADP oxidoreductase. "Indicates type species.
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extracellular, multienzyme complex for the binding and
degradation of biopolymers (Table 1 and Figure 3A),
not previously reported for Cloacimonadota. In Ca.
Stygibacter, certain signal-peptide-bearing enzymes contain
C-terminal dockerin domains: chitinase homolog (GHI8),
a-amylase/a-mannosidase homolog (GH57), serine peptidase
(Peptidase S8/S53 domain), and gingipain-like peptidase
(Peptidase C25). Ca. Stygibacter also encodes a large (3,755
amino acids) non-catalytic scaffoldin-like protein (Artzi
et al, 2017) that contains tandemly repeated cohesin and
carbohydrate-binding (CBM2/CBM3) domains. We infer
that these dockerin- and cohesin-domain proteins combine
to produce a cellulosome-like structure, with biopolymer-
degrading enzymes integrated into this scaffoldin-like
protein via complementary cohesin-dockerin interactions
(Artzi et al.,, 2017).

Canonical cellulosomes are extracellular complexes equipped
with cellulose-, hemicellulose-, and polypeptide-targeting
enzymes that are used by cellulolytic Clostridia (Firmicutes) to
bind and degrade plant cell walls (Schwarz and Zverlov, 2006;
Peer et al.,, 2009; Fontes and Gilbert, 2010). As in clostridial
cellulosomes, the Ca. Stygibacter complex has a scaffoldin-like
protein with tandem cohesin domains for integration of multiple
dockerin-containing enzymes, and a conserved C-terminal
domain (CTD) for direct attachment to its own cell surface
(Lasica et al., 2017). In common with the clostridial cellulosome,
we infer that the cellulosome-like structure in Ca. Stygibacter
can mediate attachment of cells to insoluble substrates and
promote degradation to soluble products that are taken up by the
cell (Lamed et al., 1983). Unlike cellulosomes, we propose that,
based on the annotated GHs and peptidases, this complex in
Ca. Stygibacter is utilized for the attachment to and degradation
of starch (via endohydrolysis) and chitinous and proteinaceous
material rather than cellulose-rich plant-derived material.
A non-canonical cellulosome-like structure (“planctosome”)
has also been reported in certain freshwater Planctomycetes
(Nemodlikiaceae) for polypeptide degradation (Andrei et al,
2019), also distinct from the Ca. Stygibacter structure described
here; our finding for the Ace Lake Ca. Stygibacter therefore
adds to the repertoire of cellulosome-like complexes represented
across the domain Bacteria.

The Ace Lake Cloacimonadota MAGs also encode other
putative extracellular structures not previously reported for
this phylum, all of which indicate an elaborate cell envelope
(Figure 3A). Three genera (Ca. Stygibacter, Ca. Tenebribacter
gen. nov., Ca. Zophobacter gen. nov.) encode poly-y-glutamate
synthetase (CapBC) and other proteins required for synthesis
and transport of poly-y-glutamate (PGA), a biopolymer involved
in capsule formation or released extracellularly as a water-
binding component of a biofilm matrix (Rehm, 2010). The
water-binding properties of PGA allow it to locally decrease
high salt concentrations, allowing survival of the cell in high-salt
environments (Kandler et al., 1983; Rehm, 2010). Additionally,
the Ca. Stygibacter MAGs encode a glycine-rich protein (944
amino acids), with the N-terminal half containing a ~440
amino acid region that has 27-30% identity to a ~400-
500 amino acid repeat sequence in halomucin (a very large
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— 3300035698_418
0.1 3300035698_568
3300035698_303
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GB_GCA_001730085.1 PVC superphylum

FIGURE 2 | Phylogeny of phylum Candidatus Omnitrophota. Maximum
likelihood tree constructed in IQ-Tree with autoselection of the best-fit model
(LG + F+ I+ G4)and 1,000 ultra-fast bootstraps. UFBootstraps > 95%
(black dot); Metagenome-assembled genomes (MAGs) featured in this study
(blue) with their IMG MAG ID and proposed Candidatus genus and species
names. Reference Omnitrophota MAGs are shown with their Genome
Taxonomy Database (GTDB) accession and GTDB taxonomy, except for
Candidatus Omnitrophus fodinae and Candidatus Omnitrophus magneticus,
which already have names. The tree was rooted with a basal representative of
the “Planctomycetes-Verrucomicrobia-Chlamydiae” (PVC) superphylum.

protein in the halophilic archaecon Haloquadratum walsbyi)
(Bolhuis et al., 2006), and the C-terminal half includes a
dockerin domain. As proposed for H. walsbyi, it is possible
that both PGA and the halomucin-like protein form a water-
enriched capsule around the cell that facilitates growth in high
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FIGURE 3 | Metabolic capacity of Cloacimonadota. Metabolic capacities inferred from MAGs for (A) Candidatus Stygibacter and (B) Candidatus Celaegnobacter.
AAT, amino acid transporter; ABC, ATP-binding cassette transport system; BCAA, branched-chain amino acids; CoB-SH, coenzyme B; CoM-SH, coenzyme M;
CoM-S-S-CoB, heterodisulfide; Dfr, desulfoferrodoxin; Feo, ferrous iron transporter; Fhu iron ABC transporter; Foc, formate transporter; GH, glycoside hydrolase;
Hdr, heterodisulfide reductase; HppA, pyrophosphate-energized sodium pump; Mal, maltooligosaccharide transport system (permease + solute-binding protein);
Kat, catalase; Liv, branched-chain amino acid ABC transporter; Mbh, membrane-bound [NiFe] hydrogenase; Mrp, multicomponent Nat:H* antiporter; Msm,
multiple sugar ABC transporter; Mvh, cytoplasmic [NiFe] hydrogenase; Nar, sodium-translocating NADH:quinone oxidoreductase; PEP, phosphoenolpyruvate; PGA,
poly-y-glutamate; Pgs, poly-y-glutamate synthase; Phn, phosphonate ABC transporter; PiT, inorganic phosphate transporter; PKD, Polycystic Kidney Disease
domain (implicated in adhesion); Rnf, ferredoxin:NAD* -oxidoreductase complex; rTCA cycle, reverse tricarboxylic acid cycle; S*, unknown sulfur species; TST,
thiosulfate:sulfurtransferase (rhodanese-like) (periplasmic); Znu, zinc ABC transporter; ZupT, zinc transporter. Note that the precise sulfur oxidation pathway for (B) is
speculative; thiosulfate is shown here as the source of reductant, but the identity of the sulfur species is unclear.
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concentrations of salt (Bolhuis et al., 2006). These cell envelope
features combined with Na™-translocating homeostasis abilities
(see section “Cloacimonadota: Fermentation”) may assist growth
of Cloacimonadota at the bottom of the Ace Lake water column
where salinity is at its highest (43 g L™!) (Rankin et al., 1999;
Lauro et al., 2011).

Cloacimonadota: Fermentation

A fermentative metabolism is inferred for the Ace Lake
Cloacimonadota, by which energy is derived from the oxidation
of organic substrates (sugars, amino acids, 2-oxoacids, aldehydes,
alcohols, and formate), and protons are used as the electron
acceptor (Calusinska et al., 2010; Table 1 and Figures 3A,B).
Simple sugars and amino acids, including those generated by
extracellular degradation of biopolymers, appear to be principally
imported by secondary transport, although a complete primary
transporter for branched-chain amino acids (BCAAs) was
identified in Ca. Celaenobacter MAGs. For simple sugars,
the Embden-Meyerhof-Parnas (EMP) pathway for glycolysis
generates NADH and reduced ferredoxin, as well as anabolic
precursors (such as for the pentose phosphate pathway). There
is no evidence in any of the 10 Ace Lake Cloacimonadota MAGs
of a capacity for propionate oxidation, unlike members of Ca.

Cloacimonadaceae (Pelletier et al., 2008; Dyksma and Gallert,
2019).

Ca. Tenebribacter, Ca. Stygibacter, and Ca. Zophobacter
MAGs encode a membrane-bound [NiFe] hydrogenase (Mbh)
(Group 4g) (Sendergaard et al., 2016). It has been proposed
that Mbh transfers electrons from reduced ferredoxin to
protons, thereby producing H, gas; this would generate a Na™
gradient across the cell membrane via a Mrp-type Nat/H™
antiporter module (Mayer and Miiller, 2014; Sendergaard
et al, 2016; Yu et al, 2018). All four genera encode the
Rnf complex, which couples electron transfer from reduced
ferredoxin to NAD™ to generate NADH, with concomitant
translocation of Na%t ions across the membrane (Biegel et al.,
2011). The Na' gradient drives ATP synthesis via a Na-
dependent F-type ATP synthase (Meier et al, 2009). This
Na™ gradient can also be used for other purposes, such as
phosphate uptake via a Nat/phosphate cotransporter (NptA-
like). NADH can also be used for anabolic purposes. Additionally,
Ca. Tenebribacter, Ca. Stygibacter, and Ca. Zophobacter
encode a NaT-translocating NADH:quinone oxidoreductase
complex (NQR), which couples NADH re-oxidation to Na™-
extrusion, as well as maintaining ionic balance inside the cell
(Verkhovsky and Bogachev, 2010).
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All 10 Ace Lake Cloacimonadota MAGs lack genes for two
essential enzymes of the oxidative tricarboxylic acid (TCA) cycle:
citrate synthase and succinate dehydrogenase. Thus, we infer that
they cannot operate a complete oxidative TCA cycle. All four
genera encode phosphoenolpyruvate (PEP) carboxykinase, which
converts oxaloacetate to PEP. The Ace Lake Cloacimonadota
MAGs encode a pyrophosphate-dependent phosphofructokinase
(PP;-PFK) as well as the more widely distributed ATP-dependent
6-phosphofructokinase (ATP-PFK), the former of which can
reversibly function in both glycolysis and gluconeogenesis
(Mertens, 1991; Kemp and Tripathi, 1993). Because PP; is a
byproduct of biosynthetic reactions, the use of PPi-PFK rather
than ATP-PFK increases the energetic efficiency of glycolysis,
especially during fermentation (Mertens, 1991; Reshetnikov
et al., 2008). The presence of the reversible enzyme PP;-
PFK is consistent with the absence of the gluconeogenesis-
specific enzyme fructose-1,6-bisphosphatase from the Ace Lake
Cloacimonadota MAGs. Having dual enzymes for the conversion
of fructose-6-phosphate to fructose 1,6-bisphosphate might allow
the Ace Lake Cloacimonadota to respond to the flux of high-
energy phosphoryl donors in the cell (ATP vs. PP;). Furthermore,
PP; may also be diverted directly to energy conservation using a
PP;-dependent Na™ pump (HppA) that utilizes the energy of PP;
hydrolysis as the driving force for Na™ translocation.

In addition to the abilities to ferment sugars, the
Ace Lake Cloacimonadota MAGs encode multiple
ferredoxin  oxidoreductases  that  oxidize  2-oxoacids
(including products of amino acid degradation), as
inferred for Ca. Cloacimonas (Pelletier et al, 2008).
These include pyruvate:ferredoxin oxidoreductase (POR);
2-oxoglutarate:ferredoxin oxidoreductase (OGOR); branched-
chain 2-oxoacid (2-oxoisovalerate):ferredoxin oxidoreductase
(VOR);  indolepyruvate:ferredoxin  oxidoreductase;  and
aldehyde:ferredoxin oxidoreductase (Supplementary Tables
S3, S4). In addition to VOR, the Ace Lake Cloacimonadota
encode phosphate butyryltransferase and butyrate kinase,
suggesting the potential for further catabolism of branched-chain
2-oxoacids derived from degradation of BCAAs.

Ca. Stygibacter and Ca. Zophobacter MAGs encode phosphate
acetyltransferase and acetate kinase for the conversion of
acetyl-CoA to acetate via acetyl phosphate with concomitant
production of ATP via substrate-level phosphorylation (Sapra
et al., 2003), also inferred for Cloacimonadota MAG TCS47
(Zhang et al., 2016). In addition to Mbh, two reversible [FeFe]
cytoplasmic hydrogenases were identified in certain Ace Lake
Cloacimonadota: a tetrameric Group A3 hydrogenase (Ca.
Stygibacter) and a monomeric Group C1 hydrogenase (Ca.
Tenebribacter and Ca. Stygibacter) (Sondergaard et al., 2016).
As a bidirectional hydrogenase, the Group A3 hydrogenase
could use H, as an energy source through the bifurcation of
electrons from H; to ferredoxin and NAD* (Poudel et al., 2016;
Sendergaard et al., 2016; Kpebe et al., 2018), or it could serve as
a confurcating hydrogenase to dissipate surplus reductant (from
both NADH and reduced ferredoxin) that is generated during
fermentation (Schut and Adams, 2009; Poudel et al., 2016). For
the latter, substrate-level phosphorylation in the conversion of
glucose to acetate would be facilitated by the dissipation of both

reducing equivalents (NADH and reduced ferredoxin) as Hj
(Herrmann et al., 2008). These findings indicate that the Ace Lake
Cloacimonadota would generate H, and acetate as byproducts of
carbohydrate fermentation.

In both the Ca. Tenebribacter and Ca. Stygibacter MAGs, the
Group C1 [FeFe] hydrogenase gene is immediately downstream
of a gene for a histidine kinase domain protein, providing support
for a putative sensory function (Greening et al., 2016). However,
in one Ca. Tenebribacter MAG (3300035698_1346) the same
gene cluster also encodes homologs of hydrogenase subunits
associated with electron bifurcation (Poudel et al., 2016), which
raises the possibility of a metabolic role for the Group Cl
[FeFe] hydrogenase.

Cloacimonadota: Carbon Fixation Using

a Reverse Tricarboxylic Acid Cycle

The gene inventories of certain Ace Lake Cloacimonadota suggest
that they are capable of operating the reverse tricarboxylic acid
(rTCA) cycle for carbon fixation, driven by sulfur oxidation
(Ca. Tenebribacter and Ca. Stygibacter) (Figure 3A) or H,
oxidation (Ca. Celaenobacter) (Figure 3B). The MAGs of these
three genera encode ATP citrate lyase (ACL), thiol:fumarate
reductase (TFR), and OGOR; these three enzymes allow the
TCA cycle to proceed in the reductive direction (Rubin-Blum
et al, 2019). PEP carboxykinase would connect the rTCA
cycle to gluconeogenesis (Marietou et al., 2020) (see section
“Cloacimonadota: Fermentation”). In the Ca. Celaenobacter
MAGs, the genes for TFR and OGOR are part of a gene cluster
that also includes fumarate hydratase, succinyl-CoA synthetase,
[NiFe] hydrogenase (Mvh) (Group 3c), and heterodisulfide
reductase (Hdr), which is consistent with a functional link
between all these proteins. ACL is encoded elsewhere in the
Ca. Celaenobacter genome, in a gene cluster that also includes
the TCA cycle enzymes aconitase and isocitrate dehydrogenase.
In general, the cytoplasmic Mvh hydrogenase forms a complex
with Hdr, and bifurcates electrons from H, to heterodisulfide
(CoM-S-S-CoB) and ferredoxin; the Mvh-Hdr complex couples
the exergonic reduction of heterodisulfide with the endergonic
reduction of ferredoxin with H, (Heim et al., 1998; Kaster
et al., 2011; Greening et al., 2016). Thus, in Ca. Celaenobacter,
carbon fixation using the rTCA cycle would be driven by H,
oxidation (Figure 3B), as in Aquifex aeolicus (Brugna-Guiral
et al, 2003; Guiral et al, 2005), although the latter have
been inferred to use a Group 2d cytoplasmic hydrogenase for
carbon fixation (Greening et al, 2016). ACL, OGOR, TFR,
and Hdr genes were also identified in MAGs assigned to
Ca. Tenebribacter and Ca. Stygibacter. Hdr genes in one Ca.
Stygibacter MAG (3300025642_13) are within a gene cluster
that also contains genes implicated in sulfur metabolism,
including thiosulfate:sulfurtransferase (TST) (with a predicted
signal peptide), a cytoplasmic sulfur relay protein TusA, and
a sulfur compound transporter (Gristwood et al., 2011; Tanaka
et al., 2020). Homologs of these four proteins are also encoded
in MAGs assigned to Ca. Tenebribacter. Thus, energy required
for carbon fixation in Ca. Tenebribacter and Ca. Stygibacter
may be derived from sulfur oxidation catalyzed by TST and
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Hdr, as in certain other autotrophic bacteria (Boughanemi et al,,
2016; Koch and Dahl, 2018; Wang et al., 2019). Based on the
presence of a TST homolog in these Ace Lake Cloacimonadota
MAGs, the electron donor may be thiosulfate, with the initial
reaction occurring in the periplasm (Figure 3A); however,
elemental sulfur might also be utilized, as in A. aeolicus
(Boughanemi et al., 2016).

Omnitrophota Ecophysiology

Based on interrogation of 14 Ace Lake Omnitrophota MAGs, this
candidate phylum possesses a heterotrophic and fermentative
metabolism. None of the MAGs possess any genes necessary for
motility or magnetotaxis. We infer the Ace Lake Omnitrophota
to be heterotrophs that are capable of fermenting a narrow range
of substrates for energy conservation. All MAGs encode proteases
and peptidases (some with signal peptides) to degrade proteins to
amino acids. However, there are very few enzymes encoded for
the catabolism of amino acids, and there is no evidence in any
of the 14 MAGs of genes required for amino acid fermentation,
unlike Clostridium spp. (Herrmann et al., 2008; Perret et al,
2011). Thus, we posit that these Ace Lake Omnitrophota
use amino acids derived from peptide hydrolysis as nitrogen
sources (especially by deamination or transamination) or for
protein synthesis.

The Ace Lake Omnitrophota MAGs encode ABC transporter
systems for sugars (disaccharides and/or oligosaccharides)
and a number of GHs (including B-glucosidases and sugar
phosphorolytic enzymes) to break down di- and oligosaccharides
into simpler sugars such as glucose and/or glucose-1-phosphate
(Table 2 and Supplementary Tables S5, S6). Enzymes necessary
for the initial depolymerization of polysaccharides are absent
from all MAGs, which suggests that the Ace Lake Omnitrophota
are dependent on other microorganisms for initial degradation
of biopolymers, as inferred for the Black Sea Omnitrophota
(Suominen et al., 2021). Simple sugars imported into the cell
could also be utilized by the Ace Lake Omnitrophota for the
synthesis of the compatible solute trehalose, or for the synthesis
of glycogen for carbon and energy storage; enzymes for both
processes were encoded across the Omnitrophota MAGs (Table 2
and Supplementary Table S5).

The Ace Lake Omnitrophota MAGs also encode the capacity
for fermentation of glucose to acetyl-CoA via the EMP pathway.
The Rnf complex is predicted to couple the reduction of NAD™ to
the oxidation of reduced ferredoxin and translocation of protons
across the cell membrane, allowing ATP generation via a V-type
ATP synthase. The majority of MAGs also encode the enzymes
phosphate acetyltransferase and acetate kinase for the subsequent
conversion of acetyl-CoA to acetate with concomitant production
of ATP via substrate-level phosphorylation (Sapra et al., 2003).

Excess reductant generated during fermentation could be
dissipated as H; using a cytoplasmic hydrogenase (Dombrowski
et al,, 2017; Suominen et al., 2021). The Ace Lake Omnitrophota
MAGs encode various hydrogenases, although it is noteworthy
that each MAG has only one identifiable hydrogenase: Group 3d
[NiFe] hydrogenase (Ca. Aceula gen. nov. and Ca. Zapsychrus
gen. nov.); Group 3b [NiFe] hydrogenase (Ca. Tantalella gen. nov.,
Ca. Aadella gen. nov., and Ca. Orphnella gen. nov.); Group 4g

[NiFe] hydrogenase (Ca. Saelkia gen. nov., and Ca. Gorgyraea
gen. nov.), and Group A3 [FeFe] hydrogenase (Ca. Gygaella.
gen. nov, Ca. Susulua gen. nov., Ca. Kaelpia gen. nov., and Ca.
Kappaea gen. nov.). We infer that these hydrogenases are used
for redox balance, associated with the need to dispose of surplus
reductant. MAGs of both genera that encode Group 4g Mbh also
encode Mrp (Ca. Saelkia and Ca. Gorgyraea) (Figure 4A); this
hydrogenase may therefore function in a complex with the Mrp
antiporter to generate an ionic gradient across the cell membrane,
as in the other Mbh (Mayer and Miiller, 2014; Sendergaard
et al, 2016; Yu et al, 2018). The Group 3b hydrogenases of
Ca. Tantalella, Ca. Aadella, and Ca. Orphnella were annotated
as a bifunctional sulfhydrogenase (Shy) with dual hydrogenase
and sulfur reductase activity (Figure 4B), meaning that excess
reductant generated during fermentation can be disposed of as
H, and sulfide, respectively (Ma et al., 1993; Silva et al., 1999; Ma
et al., 2000).

None of the 14 Ace Lake Omnitrophota MAGs encode a
complete TCA cycle (Figures 4A,B), either in the oxidative
or reverse directions, with OGOR, succinyl-CoA synthetase,
succinate dehydrogenase, ACL, and fumarate reductase absent
from all MAGs (Table 2). We infer that the Ace Lake
Omnitrophota possess an incomplete, “horse-shoe”-type TCA
cycle as found in certain other anaerobic bacteria (e.g.,
Herlemann et al, 2009; Marco-Urrea et al, 2011). The type
of citrate synthase varies, with either (but never both) citrate
(Si)-synthase or citrate (Re)-synthase (Li et al., 2007; Marco-
Urrea et al., 2011) encoded in individual MAGs, with the
distribution of the functional analogs mostly conforming to
separate Omnitrophota clades (Supplementary Table S6). The
right branch of the incomplete TCA pathway of Omnitrophota
is inferred to occur in the oxidative direction and commence
at citrate synthase and terminate at 2-oxoglutarate. The left
branch allows the interconversion of oxaloacetate, malate, and
fumarate (Herlemann et al., 2009). This could proceed in the
oxidative direction, with fumarate (such as generated as a
byproduct of arginine synthesis) converted to oxaloacetate and
used for gluconeogenesis (van Vugt-Lussenburg et al., 2009).
Alternatively, this left branch may operate in the reductive
direction, and be initiated by PEP carboxykinase (Herlemann
etal., 2009); the subsequent reduction of oxaloacetate to fumarate
would provide redox balance to the oxidative branch (Meléndez-
Hevia etal., 1996). The “horseshoe-type” TCA cycle has no energy
conservation function but serves solely for biosynthesis (Wood
et al., 2004). The carbon skeleton 2-oxoglutarate is required
for ammonia assimilation, and all 14 MAGs encode enzymes
for this process (Supplementary Tables S5, S6). However,
the fate of fumarate in Omnitrophota is unclear; there is
no identifiable fumarate reductase (for anaerobic respiration),
fumarate-adding enzymes (for hydrocarbon degradation), or
aspartase (for synthesis of aspartate directly from fumarate) in
any of the 14 Omnitrophota MAGs.

Although autotrophic pathways have been inferred in other
Omnitrophota (Rinke et al, 2013; Kolinko et al., 2016)
(see section “Cloacimonadota and Omnitrophota in the Ace
Lake Ecosystem”), the Ace Lake Omnitrophota appear to be
obligate heterotrophs. Ca. Gorgyraea encodes WL pathway genes
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FIGURE 4 | Metabolic capacity of Omnitrophota. Metabolic capacities inferred from MAGs for (A) Candidatus Gorgyraea and (B) Candidatus Tantalella. ABC,
ATP-binding cassette transport system; Dfr, desulfoferrodoxin; Feo, ferrous iron transporter; Foc, formate transporter; GH, glycoside hydrolase; HppA,
pyrophosphate-energized sodium pump; Mbh, membrane-bound [NiFe] hydrogenase; Mrp, multicomponent Na*:H* antiporter; Msm, multiple sugar ABC
transporter; Opp, oligopeptide ABC transporter; PEP, phosphoenolpyruvate; Rnf, ferredoxin:NAD* -oxidoreductase complex; Shy, sulfhydrogenase.
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(Table 2, Figure 4A, and Supplementary Table S5), but in the
absence of rTCA cycle genes that link acetyl-CoA to central
biosynthetic pathways (Youssef et al., 2019), we infer that the WL
pathway does not function in autotrophic CO; fixation. Instead,
we propose that the WL pathway, in combination with the Rnf
complex, functions in the reductive direction as an electron sink
during homoacetogenic glucose fermentation, to maintain redox
balance (Schuchmann and Miiller, 2016; Youssef et al., 2019).

Overall, we infer only minor differences in the metabolic
strategies among the 14 Ace Lake Omnitrophota MAGs
(e.g., ability to catabolize glycerol, alcohol, or certain sugars;
mechanisms for redox balance) (Table 2). Thus, all 11
Omnitrophota genera described here appear to conform to the
same metabolic template: fermentative heterotrophs capable of
degradation of a narrow range of organic compounds (especially
simple sugars), with a hydrogenase for redox balance. The
biosynthetic potential of the Ace Lake Omnitrophota MAGs are
impressive, with the genomic capacity to synthesize nucleosides,
fatty acids, the majority of proteinogenic amino acids, and
essential cofactors (Supplementary Table S5).

Cloacimonadota and Omnitrophota in

the Ace Lake Ecosystem

Although the ecophysiology of Ace Lake Cloacimonadota
broadly agree with the fermentative, heterotrophic generalists
inferred for members of this phylum from the Black Sea

(Suominen et al., 2021), we infer a number of traits in
certain Ace Lake Cloacimonadota that have not been previously
reported for this candidate phylum. These include the presence
of an extracellular cellulosome-like structure for the binding
and degradation of biopolymers, PGA synthesis, a halomucin-
like protein, and a chemolithoautotrophic pathway for carbon
fixation via the rTCA cycle, fueled by oxidation of H, or sulfur
compounds. These abilities attest to the physical and metabolic
diversity of the Cloacimonadota, and emphasize the potential
importance of this group in cycling of carbon, hydrogen, and
sulfur in Ace Lake.

Chlorobium, which is the dominant organism in Ace Lake, also
employs the rTCA cycle; this anaerobic photoautotroph grows at
the limits of the penetration of photosynthetically active radiation
at the oxic-anoxic interface (Panwar et al., 2020; Figure 5). As a
consequence, the abundance of Chlorobium in this lake system is
dictated by the polar light cycle, with a peak relative abundance
of 83% at the interface in summer, and a marked decline in
winter (6%) to spring (1%) (Panwar et al., 2020). Chlorobium is
not metabolically active in the perennially dark anoxic zone of
Ace Lake, and sinks to the bottom as particulate matter (Rankin
et al., 1999; Lauro et al., 2011; Panwar et al., 2020). By contrast,
light-independent, facultative chemolithoautotrophs, including
the Ace Lake Cloacimonadota, would not be directly impacted
by the marked seasonal variation in light availability. Although
Cloacimonadota were most abundant in the deepest part of the
anoxic zone of Ace Lake, they were detected throughout the
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