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Abstract

Ombrotrophic bogs accumulate large stores of soil carbon that eventually decompose to carbon dioxide and methane.
Carbon accumulates because Sphagnum mosses slow microbial carbon decomposition processes, leading to the production
of labile intermediate compounds. Acetate is a major product of Sphagnum degradation, yet rates of hydrogenotrophic
methanogenesis far exceed rates of aceticlastic methanogenesis, suggesting that alternative acetate mineralization processes
exist. Two possible explanations are aerobic respiration and anaerobic respiration via humic acids as electron acceptors.
While these processes have been widely observed, microbial community interactions linking Sphagnum degradation and
acetate mineralization remain cryptic. In this work, we use ordination and network analysis of functional genes from 110
globally distributed peatland metagenomes to identify conserved metabolic pathways in Sphagnum bogs. We then use
metagenome-assembled genomes (MAGs) from McLean Bog, a Sphagnum bog in New York State, as a local case study to
reconstruct pathways of Sphagnum degradation and acetate mineralization. We describe metabolically flexible
Acidobacteriota MAGs that contain all genes to completely degrade Sphagnum cell wall sugars under both aerobic and
anaerobic conditions. Finally, we propose a hypothetical model of acetate oxidation driven by changes in peat redox
potential that explain how bogs may circumvent aceticlastic methanogenesis through aerobic and humics-driven respiration.

Introduction

Peatlands are a type of wetland ecosystem where net primary
production exceeds organic matter decomposition, leading
to the accumulation of thick layers of organic peat soil,
which store over 1000 Gt of carbon globally [1]. Long-term
accumulation of peat carbon is facilitated by peat mosses,
primarily of the genus Sphagnum, which eco-engineer
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nutrient-poor peatlands through peat acidification and the
production of antimicrobial compounds that inhibit high rates
of Sphagnum decay, resulting in a buildup of Sphagnum
biomass that impedes the flow of mineral nutrients in
groundwater so that their only source of water is rain [2]. In
ombrotrophic (“rain-fed”’) bogs, Sphagnum mosses are the
major contributors to the botanical composition of the peat,
and Sphagnum-derived cell wall polysaccharides contribute to
the bulk soil organic matter in acidic peat bogs [2—4]. These
cell wall polysaccharides include a hemicellulose of xylo-
glucomannans, cellulose, and pectin-like rhamnogalacturonan
I-type polysaccharides (termed ‘“‘sphagnan”), which contain
the sugars arabinose, fucose, galactose, glucose, mannose,
rhamnose, and xylose, in addition to galacturonic and glu-
curonic acids [3-7].

Recently, studies have implicated Acidobacteriota
populations as primary degraders of Sphagnum poly-
saccharides in acidic peat bogs, mainly through the activity
of glycoside hydrolases (GHs) and fermentation reactions
that result in acetate as a dominant metabolic end product
[8-10]. The mode through which acetate is mineralized in
acidic bogs is driven by a variety of factors including

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-020-00782-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-020-00782-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-020-00782-0&domain=pdf
http://orcid.org/0000-0002-5607-2789
http://orcid.org/0000-0002-5607-2789
http://orcid.org/0000-0002-5607-2789
http://orcid.org/0000-0002-5607-2789
http://orcid.org/0000-0002-5607-2789
mailto:ars395@cornell.edu
https://doi.org/10.1038/s41396-020-00782-0
https://doi.org/10.1038/s41396-020-00782-0

294

A. R. St. James et al.

temperature, pH, moisture content, and availability of
terminal electron acceptors (TEAs) [2, 11-15]. In aerobic
regions of peat, aerobic oxidation of acetate to carbon
dioxide (CO,) is the primary acetate mineralization pathway
[10, 12]. Under anaerobic conditions, TEA availability
drives competition for acetate between anaerobic respiratory
processes and aceticlastic methanogenesis [15].

In most ombrotrophic bogs, canonical TEAs such as
nitrate, sulfate, or iron are in low micromolar concentra-
tions and likely do not contribute substantially to acetate
mineralization [15, 16]. Instead, solid-state humic peat
substances are potential TEAs for acetate mineralization
[16—19]. The humics are rich in quinone moieties, which
can accept electrons and reduce their carbonyl groups to
hydroxyl groups [14]. Quinone reduction has been linked
to extracellular electron transfer (EET) via heme-containing
cytochromes typically seen in iron reducers [20-22].
Reduced quinone moieties can be abiotically reoxidized
when oxygen is present, creating a renewable redox cycle,
which can be linked to seasonal and localized water table
fluctuations [14, 23].

After available humic substances have been reduced,
aceticlastic methanogenesis may proceed. Methanogenesis
from acetate fuels only a fraction of acetate mineralization
in many acidic bog soils, and the process may be severely
limited by low temperature, low pH, and a smaller pool of
readily decomposable carbon compounds under anaerobic
conditions [11, 16, 19]. Inhibition of aceticlastic methano-
genesis varies by site, with some sites reporting no acet-
iclastic methanogenesis and an accumulation of acetate
under prolonged anaerobic conditions [10, 16] and other
sites reporting activity of aceticlastic methanogens under
anaerobic conditions [24-26]. These differences in domi-
nant methanogenic pathway are likely attributable to dif-
ferences in microbial community composition across sites,
as sites with high relative abundance of aceticlastic
methanogens have been reported to produce methane pri-
marily through an aceticlastic mechanism [26] and sites
with low relative abundance of aceticlastic methanogens
have been reported to produce methane primarily through a
hydrogenotrophic mechanism [25].

While microbial populations catalyzing Sphagnum
degradation and aceticlastic methanogenesis are well
known, there remains great uncertainty regarding popu-
lations catalyzing respiratory acetate oxidation in peat
soils and the ecological relationships between these
populations, Sphagnum degraders, and methanogens.
Studies show notoriously variable rates of methanogen-
esis and emission of methane into the atmosphere from
different ombrotrophic bogs [27], which has challenged
our ability to incorporate bogs into global models that
forecast future rates [28]. Having a better understanding
of carbon mineralization pathways and the microbial
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players that carry out carbon mineralization will help
parameterize these models.

In this study, we sought to elucidate relationships
between these populations through a global analysis of
publicly available peatland metagenomes and a local ana-
lysis of metagenome-assembled genomes (MAGs) from
McLean Bog (MB), an acidic kettle-hole bog in New York
State. The global analysis was used to identify networks of
functional genes related to Sphagnum degradation. Genes in
this network were then used for a targeted analysis of
MAGs recovered from MB to reconstruct carbon degrada-
tion pathways in dominant MAGs within a characteristic
Sphagnum bog. We hypothesized that (i) carbon degrada-
tion genes characteristic of Sphagnum bogs would be spe-
cialized for degradation of Sphagnum biomass, (ii)
Sphagnum-degrading populations in MB would be domi-
nated by Acidobacteriota, (iii) aerobic and humics-respiring
populations (not aceticlastic methanogens) would be the
most abundant acetate-mineralizing populations, and (iv)
acetate-mineralizing populations would be metabolically
flexible, capable of switching between aerobic and anaero-
bic metabolism.

Materials and methods

Comparative analysis of global peatland
metagenomes

Genome clustering analysis based on metagenome scaffold
functional profiles via enzyme classification (EC) system
annotations of annotated genes from 110 publicly available
peatland metagenomes from 12 sites was performed using
the principal component analysis (PCA) feature on the Joint
Genome Institute (JGI) Integrated Microbial Genomes
System (IMG) platform [29]. A description of the meta-
genomes (including accession numbers) is provided in
Table S1 and site descriptions for each of the sites are
provided in Table S2. The 110 metagenomes were selected
by searching for high throughput-sequenced peat soil
metagenomes using the IMG Genome Browser. Any
metagenome within the IMG database for which a pub-
lication already existed was automatically included in the
study along with any unpublished metagenomes for which
permission to use was obtained. Weighted gene correlation
network analysis (WGCNA) was performed to find net-
works of statistically correlated functional genes (annotated
with EC values) across all 110 metagenome samples and
then relate those networks to sample positioning along the
principal component axes [30, 31]. Networks of genes
associated with the PCA positioning of Sphagnum bogs
were queried to identify potential gene networks associated
with Sphagnum degradation and acetate mineralization.
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These gene networks were then used for a genome-centric
case study in a kettle-hole bog to assay community func-
tioning with respect to Sphagnum degradation and acetate
mineralization.

Site description, peat sampling, and microcosm
incubations

MB is an acidic kettle-hole bog located in McLean, NY,
USA (42°32/55.7" N, 76°1558.4” W). The site is 0.04 km>
across with a peat depth of 8 m. Vegetation is dominated by
a dense lawn of Sphagnum mosses (S. angustifolium and S.
magellanicum) with varying cover of ericaceous shrubs
(Chamaedaphne calyculata and Vaccinium corymbosum),
sedges (Eriophorum vaginatum and Dolichium spp.), and
pitcher plants (Sarracenia purpurea). Water table level is
above the peat surface following spring snowmelt and
recedes to a maximum depth of about 25 cm below the peat
surface by mid-summer [32]. Additional site characteristics
are described by Osvald [33].

Raw peat was collected from the 1040 cm depth interval
of peat in August 2018 and stored in an air-tight glass jar for
immediate transport to the lab. In the lab, the jar was opened
in an anaerobic glovebox within 2 h post sampling and peat
was homogenized using sterile scissors. A sample of raw peat
was frozen and stored at —80°C for later nucleic acid
extraction. Six microcosm incubations for a related project
studying the effects of sulfate availability on the peat micro-
biome (James, unpublished manuscript; Fig. S1) were set up
in 160 mL glass vials sealed with butyl rubber stoppers and a
N, headspace. Sequences from DNA extracted from the
microcosm incubations were used here to increase genomic
coverage for downstream assembly of MAGs using a co-
assembly of the seven metagenomes. Each of the six micro-
cosms contained 10g homogenized raw peat and 90 mL
distilled water. Microcosms were incubated at room tem-
perature without shaking for 45 days with mixtures of elec-
tron donors (e.g., acetate, formate, lactate) with and without
exogenously supplied sulfate. A description of the microcosm
conditions can be found in Table S3. One of the microcosm
incubations, which received 200 uM '*C-acetate, was used for
targeted stable isotope probing analysis to assess acetate
metabolism in MB. At the end of the incubations, peat was
recovered from the vials and was frozen and stored at —80 °C
for nucleic acid extraction.

Peat samples, nucleic acid extraction, sequencing,
and assembly of metagenomes

DNA was extracted from raw peat and microcosm incuba-
tions using a DNeasy PowerSoil Kit (Qiagen; Hilden,
Germany) according to the manufacturer’s instructions.
For the subset of microcosms receiving either '*C-acetate or

13C-formate, the heavy DNA fraction was separated via CsCl
centrifugation according to the protocol by [34], with the
heavy fraction defined by a refractive index of 1.72-1.77.
DNA was diluted to 25 ng/uL and sent to the DOE JGI for
library sequencing and assembly using ~300 ng DNA. DNA
was sequenced by JGI using 2 x 150bp Illumina Regular
Fragments on an Illumina NovaSeq. Raw reads were sub-
jected to quality control and filtration using standard JGI
protocols and reads were assembled into contigs using the
metaSPAdes assembler (v.3.13.0) [35]. Assembled reads were
annotated by JGI using the IMG annotation pipeline (v.5.0.0)
[29]. To aid in recovery of high- and medium-quality MAGs,
JGI performed a co-assembly of all metagenomic libraries
within the site (7 metagenomes total) using the metaSPAdes
assembler (v.3.13.0) [35]. To ensure metagenomes were Sui-
table for co-assembly, mash distances were computed for
pairwise comparisons between each metagenome [36].

Recovery and analysis of MAGs

MAGs were recovered from the metagenome co-assembly
using MetaBat2 (v.2.12.2) [37] and subjected to quality
control using CheckM (v.1.0.6) [38]. MAGs were retained
if they were classified as high-quality (>95% complete,
<5% contamination) or medium-quality (>50% complete,
<10% contamination) according to the guidelines reported
by Bowers et al. [39]. Phylogenetic relatedness of the
MAGs was determined using the PhyloPhlAn2 [40] pipe-
line by aligning MAGs to a database of 400 marker genes
via DIAMOND (v.0.9.24) [41] while taxonomic identifi-
cation was performed in KBase, an open source predictive
biology platform developed by the United States Depart-
ment of Energy, using the GTDB-Tk classify application,
which assigns objective taxonomic classification by align-
ing MAGs to the Genome Taxonomy Database (GTDB)
[42]. Relative abundances of MAGs within the raw peat and
3C-acetate metagenomes were calculated using a method
developed by [43]. In this method, reads from the raw peat
and ’C-acetate metagenomes were aligned to the MAGs
using Bowtie2 [44], and TADg, (truncated average
sequencing depth) scores were calculated per MAG per
metagenome by estimating sequencing depth per base using
BEDTools [45] and truncating to the central 80% values
using the BedGraph.tad.rb script in the enveomics collec-
tion [46]. Total genome equivalents per metagenome were
predicted using MicrobeCensus [47], and the relative
abundance of each MAG was calculated by normalizing
TADg, scores (MAG genome equivalents) to the total
estimated number of genome equivalents. To identify
MAG:s that significantly changed in abundance between the
raw peat and '’C-acetate metagenomes, we computed Z-
scores and p values based on TADS0 values for MAGs in
each metagenome.

SPRINGER NATURE
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For identification of putative EET enzymes that may play
a role in quinone respiration, we adopted methods used
by He et al. to query MAGs for homologs of Cyc2, a
monoheme c-type cytochrome used for EET in Fe(Il) oxi-
dizers; extracellular or outer-membrane associated multi-
heme c-type cytochromes common in Fe(Il) reducers; and
porin-cytochrome ¢ protein complexes, also common in Fe
(IIT) reducers [20]. For identification of other specific genes/
pathways of interest (e.g., GHs, multiheme cytochromes,
tricarboxylic acid (TCA) cycle), the BLASTp feature in
DIAMOND was used [41]. All annotated genes for a spe-
cific function in the IMG database for the MB metagenome
were used as references against our MAG database, with an
e-value cutoff of 1e—100.

Results

Functional comparison of global peatland
metagenomes and identification of Sphagnum-
degrading GHs

Functional clustering of 110 publicly available peatland
metagenomes by PCA based on functional gene abundance
by annotation with the EC system revealed positioning of
metagenomes along PC1 by site description. MB positioned
at the periphery near other Sphagnum-dominated acidic peat
bogs (Fig. 1). Clustering along PC1 explained 84.5% of the
variance while clustering along PC2 explained 7.2% of the
variance. Given the large variance explained by PC1 and
the positioning of MB and other acidic peat bogs on
the negative PC1 axis, we next focused on modules
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significantly correlated with a negative positioning along
PC1. WGCNA resulted in eight modules based on co-
occurrence of functional genes across the 110 metagenomes
(Fig. S2).Two modules significantly correlated with a
negative position on PCl—one module (hereafter termed
“primary bog module”) had a slightly stronger correlation
(Pearson cor. = —0.63, p <0.001) and smaller set of func-
tional genes than the other (Fig. S2, Table S4).

Of the 45 genes in the primary bog module with a strong
correlation between module membership and positioning on
PC1 (Pearson cor.>0.5), 18 encoded GHs involved in the
endohydrolysis of plant polysaccharides and terminal hydro-
lysis of short oligosaccharides (Table 1), which result in
the release of sugars and acids characteristic of Sphagnum
hemicellulose [3-7]. These GHs are hereafter termed
“Sphagnum-degrading GHs.” In addition to Sphagnum-
degrading GHs, the primary bog module also contained genes
for acetate activation and aldolases, epimerases, isomerases,
and phosphotransferases specialized for acting on the sugars
and organic acids released from the GH reactions (Table S5).
The second module contained 347 genes, including some
genes for acting on sugars and organic acids released from
GH reactions. Downstream analyses focused primarily on
analyzing the genes in the primary bog module, however, due
to their strong association with Sphagnum degradation.

Quality filtering and assembly of metagenomes and
MAGs

The raw peat metagenome (“MB metagenome”) contained
135,499,480 reads after quality filtering and error correc-
tion. Contig assembly by metaSPAdes resulted in 1,787,899
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Table 1 List of 18 Sphagnum-degrading glycoside hydrolases.

EC value Gene name Relevant product
EC:3.2.1.139  Alpha-glucuronidase D-glucuronate
EC:3.2.1.172  Unsaturated 5-dehydro-4-deoxy-D-
rhamnogalacturonyl glucuronate; L-
hydrolase rhamnose
EC:3.2.1.177 Alpha-D-xyloside D-xylose
xylohydrolase
EC:3.2.1.20  Alpha-glucosidase D-glucose
EC:3.2.1.21  Beta-glucosidase D-glucose
EC:3.2.1.22  Alpha-galactosidase D-galactose
EC:3.2.1.23  Beta-galactosidase D-galactose
EC:3.2.1.25  Beta-mannosidase D-mannose
EC:3.2.1.31  Beta-glucuronidase D-glucuronate
EC:3.2.1.37  Xylan 1,4-beta-xylosidase =~ D-xylose
EC:3.2.14 Cellulase D-glucose
oligosaccharides
EC:3.2.1.40  Alpha-L-rhamnosidase L-rhamnose
EC:3.2.1.45  Glucosylceramidase D-glucose
EC:3.2.1.46  Galactosylceramidase D-galactose
EC:3.2.1.51  Alpha-L-fucosidase L-fucose
EC:3.2.1.55  Non-reducing end alpha-L- L-arabinose
arabinofuranosidae
EC:3.2.1.78  Mannan endo-1,4-beta- Mannan/
mannosidase galactomannan/
glucomannan
oligosaccharides
EC:3.2.1.8 Endo-1,4-beta-xylanase Xylan oligosaccharides

contigs with an N50 of 191,316 bp. The metagenome from
the '3C-acetate incubation (“!*C-acetate metagenome™)
contained 97,177,238 reads after quality filtering and error
correction. Contig assembly by metaSPAdes resulted in
1,631,687 contigs with an N50 of 217,080 bp. Mash dis-
tances between the raw peat metagenome and the six
microcosm metagenomes were all small (<0.1, Table S6),
indicating a high similarity of average nucleotide identity
across all metagenomes [36] and a suitability for co-
assembly to maximize recovery of MAGs. Thus, a co-
assembly of the MB metagenome with the six metagenomes
from microcosm incubations of MB peat was performed.
The input to the MB co-assembly was 1,531,758,052 reads.
The co-assembly resulted in 7,374,036 contigs with an N50
of 485,808 bp. The co-assembly was used to bin contigs
into MAGs, resulting in the recovery of 272 draft MAGs
(97 high-quality and 175 medium-quality). Characteristics
of draft MAGs are provided in Table S7.

Taxonomic composition and relative abundance of
MAGs in raw peat and acetate microcosms

The taxonomic composition and relative abundance of
MAGs in the MB metagenome is shown in Fig. 2. Only

MAGs with >10% genome coverage in the raw peat
metagenome were considered in the subsequent analyses
(250 of 272 MAGs). Based on an analysis of raw reads
using MicrobeCensus [47], we predicted the metagenome
contained ~5780 genome equivalents, and based on our
analysis of TADg, scores, our MAGs constituted ~3831
genome equivalents. The bacterial community MAGs were
dominated by phylum Acidobacteriota (76 MAGs with
1267 total genome equivalents), with lower abundance of
phyla Desulfobacterota (17 MAGs, 293 genome equiva-
lents), Proteobacteria (43 MAGs, 166 genome equivalents),
Verrucomicrobiota (18 MAGs, 156 genome equivalents),
and Actinobacteriota (20 MAGs, 259 genome equivalents).
The archaeal community was dominated by phyla Cre-
narchaeota (14 MAGs, 659 genome equivalents), Ther-
moplasmatota (10 MAGs, 457 genome equivalents), and
Halobacterota (9 MAGs, 247 genome equivalents). MAGs
from low abundance phyla accounted for the remaining 327
genome equivalents that mapped to 43 MAGs from 15
phyla (Table S7).

In the '*C-acetate metagenome, we predicted ~3719
genome equivalents, with MAGs constituting ~2320 gen-
ome equivalents. There was an increase in the relative
abundance of reads for MAGs associated with Actino-
bacteria (+216%), mostly explained by a significant
increase in six Acidimicrobiia MAGs (Table S7). There was
also a large relative increase in Proteobacteria (+80%),
mostly explained by a significant increase in four Rhizo-
biales MAGs (Table S7). Desulfobacterota, Thermo-
plasmatota, and Crenarchaeota all saw large decreases in
relative abundance (—64%, —58%, and —94%, respec-
tively), the last largely explained by significant decreases in
eight Bathyarchaeia MAGs (Table S7). Small changes were
observed in Acidobacteriota (+13%), Verrucomicrobiota
(—21%), and Halobacterota (+5.9%), (Fig. S3).

Sphagnum-degrading MAGs in MB

To identify MAGs that may play roles in Sphagnum
degradation in MB, we surveyed our library of MAGs and
identified those containing all, or nearly all, of the 18
Sphagnum-degrading GHs identified in the WGCNA. We
identified 66 MAGs (989 genome equivalents) with at least
16 out of 18 of the relevant GHs (Fig. 2). The most abun-
dant taxonomic groups represented were the phyla Acid-
obacteriota (50 MAGs, 884 genome equivalents) and
Verrucomicrobiota (6 MAGs, 76 genome equivalents). The
remaining ten MAGs accounted for 45 genome equivalents.

We performed targeted metabolic reconstructions of
these MAGs using DIAMOND BLAST to identify which
metabolic pathways were present that could utilize products
of the Sphagnum-degrading GH reactions. Pathways for
converting all sugars and acids released by these reactions

SPRINGER NATURE
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Fig. 2 Tree: taxonomic composition and relative abundance of
MAGs from MB. Tree construction was performed using PhyloPhlAn
and phylogenetic inference was inferred using GTDB. The size of the
node tip corresponds to relative abundance of the MAG in the MB
metagenome. Inner circle: phylum or superphylum classification of
MAGs. Green: number of Sphagnum-degrading GHs. Red: presence
of complete WL pathway of acetate oxidation. Blue: presence of

into intermediates of glycolysis were identified. Figure 3
shows an overview of the metabolic reconstructions of the
66 Sphagnum-degrading MAGs. We observed complete
pathways for the liberation of galacturonic and glucuronic
acids from rhamnogalacturonan polysaccharides and
downstream reactions for conversion of these acids into
glyceraldehyde-3P (G3P) and pyruvate in only a small
fraction of MAGs, though genes for the first step in the
conversion of glucuronic and galacturonic acids were pre-
sent in most MAGs. G3P also appeared to be a key inter-
mediate for feeding xylose and arabinose into central carbon
metabolism via xylulose 5-phosphate and, to a lesser extent,
for fucose and rhamnose via glycerone phosphate. Pathways
for converting mannose to fructose 6-phosphate for use in
glycolysis and for converting glucose and galactose to
glucose 6-phosphate were also identified in most MAGs.

SPRINGER NATURE

complete TCA cycle of acetate oxidation. Orange: acetate-oxidizing
MAG with presence of terminal oxidases used in aerobic respiration.
Purple: acetate-oxidizing MAG with presence of EET systems. Brown:
acetate-oxidizing MAG with presence of terminal reductases used in
nitrate/nitrite reduction. Black: acetate-oxidizing MAG with presence
of terminal reductases used in sulfate/sulfite reduction.

Genes for lactic acid fermentations were present in a small
subset of MAGs while genes for acetate fermentation were
present in most MAGs. A large fraction of MAGs also
contained phosphoketolases, which catalyze the conver-
sions of xylulose 5-phosphate and fructose 6-phosphate to
acetyl-phosphate, which could further fuel acetic acid
fermentation.

Acetate metabolism in MB

To identify MAGs that may play a role in the oxidation of
acetate to CO,, we identified, from the total library of MAGs,
those MAGs with (i) the acetate kinase (ack) and phospho-
transacetylase (pta) acetate oxidation pathway and (ii) either
the complete Wood—Ljungdahl (WL) pathway or the com-
plete TCA cycle. We identified 59 MAGs with putative
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Fig. 3 Metabolic reconstruction of central metabolic reactions utilizing products of Sphagnum-degrading glycoside hydrolase reactions in
69 Sphagnum-degrading MAGs. Pie charts represent fraction of MAGs with the functional gene catalyzing the given reaction.

acetate oxidation capabilities (535 genome equivalents),
including 6 MAGs with only the complete WL, 45 MAGs
with only the complete TCA cycle, and 8 MAGs with both
pathways.

To identify potential energy generating mechanisms for
respiratory acetate oxidation, we queried these MAGs for
terminal reductases involved in aerobic respiration, nitrate/
nitrite reduction, sulfate/sulfite reduction, and putative EET
complexes—monoheme cytochrome ¢ (Cyc2) homologs,

extracellular multiheme c-type cytochromes (MHC), and
porin-cytochrome ¢ protein complexes—which are believed
to be involved in iron reduction and/or terminal reduction of
quinone moieties in peat humus [20]. Among the putative
acetate-oxidizing MAGs, terminal reductases for putative
EET and aerobic respiration were present in nearly all
MAGs, while terminal reductases for nitrate/nitrite and
sulfate/sulfite reduction were present in few MAGs (Fig. 2).
There was substantial overlap in MAGs with both aerobic
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cytochrome ¢ oxidases and putative EET complexes.
Acidobacteriota were the most abundant of these MAGs,
with a low abundance of Alphaproteobacteria, Desulfur-
omonadata, and Desulfobacterota (Fig. 2). MAGs with
extracellular multiheme c-type MHCs were dominated by
Acidobacteriota, as were MAGs with porin-cytochrome
complexes (PCCs), while MAGs with Cyc2 were domi-
nated by both Acidobateriota and Alphaproteobacteria
(Fig. S4). Among the 17 Acidobacteriota MAGs identified,
10 also contained all or nearly all the Sphagnum-
degrading GHs.

Methanogenesis in MB

Within our MAG library, we recovered two low abundant
Methanosarcinaceae MAGs (three genome equivalents)
that contain genes for aceticlastic and hydrogenotrophic
methanogenesis. We also recovered six MAGs within the
hydrogenotrophic methanogen family Methanoregulaceae
(220 genome equivalents) and 1 MAG for an unclassified
hydrogenotrophic methanogen, also within phylum Halo-
bacterota (24 genome equivalents). While the Methanor-
egulaceae MAGs did not substantially change in abundance
upon anaerobic acetate incubation (412%), the relative
abundance of the aceticlastic Methanosarcinaceae MAG
increased by 166% (Table S7).

Discussion

Although acidic peat bogs across the globe exhibit functional
differences with respect to macro- and microtopography [48],
the global PCA analysis shows they retain some similarities in
their microbial communities’ functionality (Fig. 1), notably
with respect to the abundance of specific, Sphagnum-poly-
saccharide degrading enzymes (Table 1). While Sphagnum
bogs also contain vascular plants, Sphagnum mosses are the
most abundant plant tissue below the peat surface [49]. In
MB, Sphagnum-degrading enzymes are linked primarily to
Acidobacteriota (Fig. 2). The high abundance of Acid-
obacteriota MAGs is consistent with their role as ubiquitous
large polysaccharide degraders in other acidic peatlands
[8, 9, 50]. Recent studies have identified specific classes of
GHs responsible for Acidobacteriota-driven biopolymer
degradation in bogs, including cellulases, xylanases, gluco-
sidases, galactosidases, and xylosidases [8, 9]. Our global
peatland analysis supports these previous findings, extends
the list of relevant GHs (e.g., to include glucuronidases,
mannosidases, rhamnosidases), and directly links these spe-
cific GHs to the chemical structure of Sphagnum cell wall
polysaccharides [3-7].

To explore the capacity for Sphagnum degradation in
MB, we performed metabolic reconstructions of 66 putative
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Sphagnum-degrading prokaryote MAGs. We identified an
abundant subset of these MAGs with all or nearly all the
enzymes required for incomplete oxidation of Sphagnum
cell wall sugars to acetate, and to a lesser extent lactate, and
for complete oxidation of acetate to CO, via the TCA cycle
or oxidative WL pathway (Fig. 3).

Degradation of Sphagnum cell wall polysaccharides is
likely dominated by aerobic oxidation near the peat surface,
though there may be a contribution from anaerobic degrada-
tion when the water table rises above the peat surface. Low
levels of anaerobic degradation likely occur in the deeper,
anaerobic region of the peat. Biochemical data from MB
show a strong decline in hemicellulose concentrations in the
top 15cm of peat (from ~26% hemicellulose to ~11%
hemicellulose) and a small decline between 15 and 145 cm
(to ~8% hemicellulose) (Pipes and Yavitt, unpublished
manuscript). These data support the claims that anaerobic
degradation of Sphagnum occurs. The presence of both fer-
mentative and respiratory pathways in Sphagnum-degrading
MAGs suggests metabolic flexibility is an important feature
of Sphagnum-degrading species in the 1040 cm fraction of
MB peat, particularly within Acidobacteriota, and that acetate
is a likely major end product of fermentative Sphagnum
degradation under anaerobic conditions.

Acetate as a major product of anaerobic decomposition in
bogs is consistent with previous studies [10, 11], and the work
here expands on these studies by linking acetate production
with Sphagnum degradation. Given the speculative nature of
genomic datasets, we used a highly conservative e-value
cutoff (1e—100) when determining gene functional annota-
tions. Thus, the data presented likely underestimate the actual
percentage of MAGs with various carbohydrate metabolism
pathways as novel enzymes or more distant homologs could
potentially catalyze reactions further.

The metabolic reconstructions and clustering of acetate
kinase in the primary bog module of functional genes in our
WGCNA analysis further support the idea that acetate
metabolism is prevalent in acidic peat bogs, even though
free acetate levels are very low. Based on historically
documented low levels of acetate in MB (<50 uM) [25], we
explored the possibility that acetate oxidation pathways
could be prevalent in MAGs from the site. We focused on
oxidation through the TCA cycle and the oxidative WL
pathway. Syntrophic acetate oxidation is another mechan-
ism through which acetate could be oxidized; however, the
low temperatures seen in MB should be inhibitory to this
process [51], therefore our analysis did not focus on this
process.

In our analysis of MAGs from MB, we identified com-
plete acetate oxidation pathways in a subset of MAGs
accounting for 535 genome equivalents (Fig. 2). While
these pathways could be used acetogenically or aceto-
trophically, the high abundance of MAGs with terminal
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respiratory reductases for aerobic respiration or EET sug-
gest the presence of an oxidative acetotrophic metabolism
fueled by TEA reduction in MB, as has been observed in
other peat soils, particularly at the oxic—anoxic water table
interface [12].

Our analysis of terminal reductases in putative acetotroph
MAGs suggests two primary mechanisms of respiratory
acetate oxidation—aerobic respiration using cytochrome ¢
oxidases and EET using Cyc2 homologs, extracellular
MHCs, and PCCs. Based on phylogenetic analyses of these
MAGsS, we suggest that respiratory acetate oxidation would
primarily be catalyzed by Acidobacteriota and to a lesser
extent Alphaproteobacteria, Desulfuromonadata, and
Desulfobacterota (Fig. 2). Among the 17 putative acetate-
oxidizing Acidobacteriota MAGs, 10 also contained all or
nearly all the Sphagnum-degrading GHs identified in the
WGCNA analysis (Fig. 2). This finding suggests these
populations may be specialized for complete mineralization
of Sphagnum cell wall sugars to CO, under both aerobic
and anaerobic conditions. For humic substances to serve as
TEAs, an oxidized pool of humic substances would need to
be provided. One hypothesis is that this could occur through
cyclic redox of humic substances driven by seasonal oxy-
genation during water table drawdown in late summer
[14, 23]. Once the water table rises and humic substances
are reduced, acetate may accumulate or fuel aceticlastic
methanogenesis [10, 11, 13].

Unlike most anaerobic environments, in many ombro-
trophic bogs, hydrogenotrophic methanogenesis typically
predominates over aceticlastic methanogenesis [52, 53],
which is true for methanogenesis in MB—seen here by the
high relative abundance of Methanoregulaceae MAGs
compared to Methanosarcinaceae and in previous surveys
of MB [25, 32]. This phenomenon could be attributable to a
number of factors, including competitive interactions
between methanogens and acetate-oxidizing populations
[15, 54, 55] and inhibition of aceticlastic methanogenesis by
low temperature [56] or pH [11, 57]. Historically, anaerobic
incubations of peat from MB amended with low levels of
acetate have stimulated growth of aceticlastic methanogens,
specifically Methanosaetaceae and Methanosarcinaceae
[24, 26, 32]. Natively, Methanosarcinaceae species are at
their lowest levels in the summer months when the water
table is below the peat surface and thus oxygen is available
to fuel aerobic respiration or oxidize quinone moieties to
later serve as humic TEAs. However, the higher abundance
of Methanosarcinaceae during spring and winter months
when the water table is above the peat surface and the peat
is anaerobic suggests that anaerobic conditions fuel acet-
iclastic methanogenesis over the long term of annual cycles.
The increase in relative abundance of the Methanosarci-
naceae MAGs in the '*C-acetate metagenome further sug-
gests acetate supports a role for aceticlastic methanogenesis

under anaerobic conditions after alternative TEAs have
been reduced. This is in line with findings from other peat
bogs which demonstrated acetate as a major end product of
anaerobic decomposition [10, 52, 58].

The increased abundance of Acidimicrobiia (phylum
Actinobacteriota) MAGs in the '*C-acetate metagenome
suggests these MAGs represent acetate assimilators which
were activated by the higher levels of acetate in the
microcosm. While the MAGs do not have the Ack/Pta
pathway for acetate activation, they do have AMP-forming
acetyl-CoA transferases, which represent an alternative
mode of acetate activation which is particularly important
for acetate assimilation [59, 60]. Actinobacteriota have been
shown to play important roles in aerobic organic matter
decomposition in some Sphagnum-dominated peatlands
[61]. In an experiment in a Fennoscandian tundra heath,
Acidimicrobiia were identified as copiotrophic taxa in the
soil [62]. In another experiment, Actinobacteriota increased
in abundance in response to higher dissolved organic carbon
concentrations during recovery from acidification [63]. In
the context of these previous studies, we suggest the
increase in Acidimicrobiia seen in the 'C-acetate meta-
genome is a result of a shift from a native oligotrophic
environment in the bog to a copiotrophic environment in the
microcosm incubation supplemented with 1 mM acetate as a
carbon source. Likewise, the increase in abundance of
Rhizobiales MAGs, specifically Beijerinckieaceae, may
indicate a shift toward copiotrophy in the incubations as
these generalist chemoorganotrophs are associated with
growth on simple carbon substrates [50, 64].

Conclusion

In our global analysis of peatland metagenomes, we show
that GHs with specific activity for Sphagnum cell wall sugar
components are characteristic of acidic peat bogs, as are
genes for acetate metabolism. Further, our work expands on
previous studies characterizing Acidobacteriota-driven
degradation of Sphagnum mosses by linking Sphagnum
degradation and terminal acetate mineralization in single
populations. We show that a distinct subset of Sphagnum-
degrading populations in MB have the genomic capability
for complete oxidation of Sphagnum cell wall sugars
through versatile coupling of acetate oxidation to aerobic
respiration or anaerobic reduction of humic substances (e.g.,
quinones) as TEAs via EET. Finally, we show that acet-
iclastic methanogens in MB are stimulated under strictly
anaerobic conditions when humic TEAs are theoretically
fully reduced and we hypothesize TEA reduction in acidic
peat soils may be linked to changes in oxygen availability
driven by water table fluctuations. We suggest future
studies test this hypothesis directly through controlled
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manipulations of water table levels coupled to functional
transcriptomic studies of Sphagnum-degrading and acetate-
mineralizing MAGs.
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