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SHORT COMMUNICATION

Metabolic potential of fatty acid oxidation and
anaerobic respiration by abundant members of
Thaumarchaeota and Thermoplasmata in deep

anoxic peat
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'School of Biology, Georgia Institute of Technology, Atlanta, GA, USA; *Department of Ecology and Evolution,
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®College of Environmental and Resource Sciences, Zhejiang University, Hangzhou, China

To probe the metabolic potential of abundant Archaea in boreal peats, we reconstructed two near-
complete archaeal genomes, affiliated with Thaumarchaeota group 1.1c (bin Fn1, 8% abundance),
which was a genomically unrepresented group, and Thermoplasmata (bin Bg1, 26% abundance), from
metagenomic data acquired from deep anoxic peat layers. Each of the near-complete genomes
encodes the potential to degrade long-chain fatty acids (LCFA) via B-oxidation. Fn1 has the potential
to oxidize LCFA either by syntrophic interaction with methanogens or by coupling oxidation with
anaerobic respiration using fumarate as a terminal electron acceptor (TEA). Fn1 is the first
Thaumarchaeota genome without an identifiable carbon fixation pathway, indicating that this
mesophilic phylum encompasses more diverse metabolisms than previously thought. Furthermore,
we report genetic evidence suggestive of sulfite and/or organosulfonate reduction by Thermo-
plasmata Bg1. In deep peat, inorganic TEAs are often depleted to extremely low levels, yet the
anaerobic respiration predicted for two abundant archaeal members suggests organic electron
acceptors such as fumarate and organosulfonate (enriched in humic substances) may be important

for respiration and C mineralization in peatlands.
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Peatlands represent carbon rich environments
shown to sequester approximately one-third of all
soil carbon on Earth (Gorham, 1991). Archaea are
particularly abundant in peat soils, with Crenarchaea
and Thaumarchaeota comprising up to 60% of the
microbial community in subsurface peats (Kemnitz
et al., 2007; Lin et al., 2012; Basiliko et al., 2013;
Hawkins et al., 2014; Lin et al., 2014). Thaumarch-
aeotal groups 1.1b and 1.1c were recently estimated
to account for 76 +33% of total archaea in global soil
samples (Auguet et al., 2010), suggesting they may
have key roles in Earth’s biogeochemical cycles.
Currently, all cultured members of the Thaumarch-
aeota are autotrophic ammonia oxidizing archaea,
belonging to group 1.1a and 1.1b (Konneke et al.,
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2005; de la Torre et al., 2008; Hatzenpichler et al.,
2008; Tourna et al., 2011; Stieglmeier et al., 2014).
The carbon metabolism and energy sources used by
group 1.1c remain unknown. Characterization of
uncultivated groups such as group 1.1c is essential to
better understand the metabolic and evolutionary
complexity of this phylum. Thermoplasmata repre-
sent another important component of soil microbial
communities, accounting for ~5% of total archaeal
sequences in global soil samples (Auguet et al.,
2010). Poor genomic representation of both these
archaeal groups makes it extremely difficult to assign
unassembled whole-genome shotgun and transcrip-
tomic sequences to these groups.

This study elucidates ecophysiological potential
for archaeal taxa prevalent in peatlands using de
novo assembly of metagenomic sequences from
two deep peat column sections (Fen-75cm and
T3M-75 cm) that were collected at 75—-100 cm depth
from the Bog Lake Fen (47°30'22.62", —93°29'20.46")
and S1 bog T3M (47°30'22.3914", —93°27'11.772")
sites within the Marcell Experimental Forest, MN,
USA. Extraction of genomic DNA, sequencing and
bioinformatics analysis is described in detail in the
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Supplementary methods. Assembly resulted in the
first reconstruction of two near-complete genomes
for members of the Thaumarchaeota group 1.1c and
Thermoplasmata terrestrial miscellaneous group
(TMEG).

The Fen-75-cm and T3M-75-cm metagenomes
contained six and four distinct genomic bins,
respectively (Supplementary Table S1 and
Supplementary Figures S1 and S2). Bins Fnl and
Bg1 representing two archaeal genomes are further
characterized here, owing to their high abundance
(Fn1, 8%; Bgl, 26% in relative abundance;
Figure 1), genomic novelty and near completeness
(Supplementary Table S1). Out of 104 archaeal
marker genes, Fnl had 95 and Bgl had 102
(Supplementary Table S1), suggesting that each
assembly likely represents a substantial fraction of
a single draft genome. Phylogenetic analysis placed
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the Fn1 genome in the Thaumarchaeota group 1.1c
and the Bgl in the Thermoplasmata (Figure 1 and
Supplementary Figure S3). Thus far, there are no
cultured representatives or assembled genomes in
group 1.1c and in Thermoplasmata TMEG. Therefore,
our Fn1 and Bgl genomes provide novel insights into
the metabolic potential of these archaeal groups.

A metabolic reconstruction for Fnl revealed
a set of typical anaerobic pathways (Figure 2 and
Supplementary Table S2). A long-chain fatty
acid (LCFA) B-oxidation cycle was predicted. An
incomplete glycolysis pathway (Supplementary
Figure S4), and the presence of genes encoding
fructose-bisphosphatase and phosphoenolpyruvate
carboxykinase suggested that Fn1 uses a gluconeo-
genesis pathway for synthesis of sugars (Pilkis and
Claus, 1991). Fn1 did not contain genes encoding
ATP citrate synthase and lyase (which catalyzes the
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Figure 1 Maximum likelihood tree based on SSU rRNA gene sequences. Solid triangles, sequences retrieved from assembled contigs;
open triangles, sequences reconstructed by EMIRGE (Expectation maximization iterative reconstruction of genes from the environment,
see Supplementary methods). Numbers in parentheses indicate the percentage of sequences or read coverage.
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Figure 2 Metabolic reconstruction of central carbon metabolism, electron transport chains, energy conservation pathways and ABC
transporters deduced from Thaumarchaeota Fnl and Thermoplasmata Bgl genomes. Shared functions and intermediates are shown in
black color. Blue and red colors highlighted those only found in Fn1 and Bg1, respectively. Dotted lines indicate possible electron flow for
the Fn1 and Bgl populations. Dashed lines indicate putative reactions or proton movement across the membrane. Gray arrows indicate
missing functions. Numbers correspond to enzymes: 1, phosphoglucomutase; 2, glucokinase; 3, glucose-6-phosphate isomerase; 4,
fructose-1,6-bisphosphatase; 5, 6-phosphofructokinase; 6, fructose-bisphosphate aldolase, class I, 7, glyceraldehyde-3-phosphate
dehydrogenase (NAD(P)); 8, phosphoglycerate kinase; 9, 2,3-bisphosphoglycerate-independent phosphoglycerate mutase; 10, enolase;
11, pyruvate kinase; 12, pyruvate ferredoxin oxidoreductase; 13, AMP-type acetyl-CoA synthetase; 14, phosphoenolpyruvate
carboxykinase; 15, pyruvate carboxylase; 16, citrate synthase; 17, aconitate hydratase; 18, isocitrate dehydrogenase (NAD+); 19,
2-oxoglutarate ferredoxin oxidoreductase subunit alpha; 20, succinyl-CoA synthetase alpha subunit; 21, succinate dehydrogenase
(ubiquinone) flavoprotein subunit; 22, fumarate hydratase; 23, malate dehydrogenase; 24, acetyl-CoA C-acetyltransferase; 25, aldehyde
dehydrogenase (NAD+); 26, alcohol dehydrogenase; 27, transketolase; 28, ribulose-phosphate 3-epimerase; 29, ribose 5-phosphate
isomerase; 30, ribose-phosphate pyrophosphokinase; 31, long-chain acyl-CoA synthetase; 32, acyl-coA dehydrogenase; 33, Enoyl-CoA
hydratase; 34, 3-hydroxyacyl-CoA dehydrogenase; 35, 3-ketoacyl-CoA thiolase; 36, NADH-quinone oxidoreductase; 37, Succinate
dehydrogenase/fumarate reductase; 38, ubiquinol-cytochrome c reductase; 39, F-type H+-transporting ATPase; 40, inorganic pyropho-
sphatase; 41, sulfate adenylyltransferase; 42, thiosulfate sulfurtransferase; 43, sulfur:oxygen oxidoreductase; 44, dissimilatory sulfite
reductase. EC# for each enzyme is listed in Supplementary Table S2. Information on gene annotation, length, and annotation sources are
listed in the Supplementary files ‘Supplementary information of genes annotated for the Fnl genome.pdf and ‘Supplementary
information of genes annotated for the Bgl genome.pdf’.

cleavage of citrate into acetyl coenzyme A (acetyl-  (Muller et al, 2010) and facultative ammonia

CoA) and oxaloacetate in a CoA- and ATP-dependent
matter), suggesting that the TCA and reverse TCA
cycles are not operative in Fn1. Instead, Fn1 contains
an incomplete reverse TCA cycle as seen in
methanogens (Goodchild et al, 2004). All six
carbon fixation pathways known to date (Berg
et al., 2010) were incomplete or undetectable in
Fn1 (Supplementary Figure S5a). This latter feature
is distinct from other sequenced thaumarchaeal and
autotrophic crenarchaeal genomes (Berg et al., 2010;
Beam et al., 2014; Konneke et al.,, 2014), further
building on previous evidence which suggests a
more versatile metabolism for members of the Phylum
Thaumarchaeota (for example, bacterial ectosymbionts
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oxidizers (Mussmann et al., 2011)). Fnl is not
predicted to ferment pyruvate to end products such
as acetate, butyrate, ethanol, H,, lactate, and propio-
nate (Supplementary Table S3). Regeneration of
NAD+ and energy production in Fn1l likely relies
on the p-oxidation cycle and an anaerobic electron
transport chain (ETC) (Figure 2). The lack of a
cytochrome bd/c-type terminal oxidase suggests that
Fn1l does not respire oxygen. The presence of
succinate dehydrogenase/fumarate reductase suggests
that Fnl may use fumarate as a TEA under anoxic
conditions (Kroger, 1978; Maklashina et al., 1998),
although the function of these genes (whether for
fumarate reduction or succinate oxidation) cannot be



deduced solely from the presented gene sequences
and phylogenetic reconstruction (Supplementary
Figure S6). All genes related to dissimilatory sulfate
reduction and denitrification were absent, as were
genes encoding glycoside hydrolase (GH) families for
carbohydrate degradation (Supplementary Table S4).
Ultimately, genomic inference suggests that fatty
acids could be the major carbon and energy sources
for Fn1. On the other hand, it should be stressed that
predictions of gene function in Archaea are difficult
and we cannot exclude the possibility that some
metabolic functions might be encoded on extra-
chromosomal elements or were not detected as the
genomes are not closed. Thus, experimental verifica-
tion is needed to confirm the absence of functions.

Metabolic predictions from the Bgl genome
suggest a versatile heterotrophic lifestyle. The gen-
ome contains a complete glycolysis pathway, TCA
cycle, p-oxidation cycle (Figure 2) and two types of
GH families (GH15 and GH57; Supplementary Table
S4), which respectively contain glucoamylases and
alpha-amylase activities, as seen in the euryarch-
aeota, Pyrococcus furiosus (Laderman et al., 1993).
Like Fn1, the Bg1l genome lacks key genes in any of
the six carbon fixation pathways (Supplementary
Figure S5b), suggesting obligate heterotrophy.
Energy conservation likely relies on an anaerobic
ETC, owing to the presence of 4 ETC complexes
(I, I, II and V) (Figure 2). Genes encoding for
dissimilatory adenylyl-sulfate reductase, thiosulfate
reductase (Phs) and sulfur reductase (Sre) were
absent, indicating that Bg1 is unable to respire these
inorganic sulfur species. However, detection of genes
encoding for a desulfoviridin (dissimilatory sulfite
reductase, dsrAB) implies Bg1 uses sulfite as a TEA,
generating sulfide in a 6-electron transfer. The
presence of an alkanesulfonate transporter, but no
identifiable alkanesulfonate monooxygenase, suggests
Bgl may have an unknown mechanism for degrading
organosulfonate to sulfite, possibly in a similar manner
to sulfonate, but non-sulfate, reducing Bilophila
wadsworthia, (Laue et al., 2001). The predicted Bgl
dsrA protein sequence was most closely related
to those of thermophilic Crenarchaeota such as
Thermoproteus and Volcanisaeta, by <60%
sequence identity (Supplementary Figure S7), and
thus represents a phylogenetically novel wetland
dsrA gene (Pester et al., 2012).

We predict LCFA degradation via a p-oxidation
mechanism for both Thaumarcheaota Fnl and
Thermoplasmata Bgl. LCFA oxidation is thermo-
dynamically impossible without coupling to respira-
tion activity or the consumption of reducing
equivalents (hydrogen/formate) (Schink, 1997). Con-
sidering the lack of genes related to sulfate/nitrate
reduction in Fnl and occurrence of abundant
hydrogenotrophic methanogens in the deep peat
(Lin et al., 2014), it is possible that Fn1 establishes a
syntrophic interaction with methanogens and/or
uses fumarate as a TEA to degrade LCFA. In
addition, we reason that Thermoplasmata Bgl may
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couple sulfite (and potentially sulfonate) reduction
to LCFA oxidation, and organosulfonate is abundant
in peat soils and humic substances (Autry and
Fitzgerald, 1990) relative to the low levels of
inorganic sulfate observed in peats.
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