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This study integrated metagenomic and nuclear magnetic resonance (NMR) spectroscopic approaches to investigate microbial
metabolic potential for organic matter decomposition and nitrogen (N) and phosphorus (P) acquisition in soils of an ombro-
trophic peatland in the Marcell Experimental Forest (MEF), Minnesota, USA. This analysis revealed vertical stratification in key
enzymatic pathways and taxa containing these pathways. Metagenomic analyses revealed that genes encoding laccases and di-
oxygenases, involved in aromatic compound degradation, declined in relative abundance with depth, while the relative abun-
dance of genes encoding metabolism of amino sugars and all four saccharide groups increased with depth in parallel with a 50%
reduction in carbohydrate content. Most Cu-oxidases were closely related to genes from Proteobacteria and Acidobacteria, and
type 4 laccase-like Cu-oxidase genes were >8 times more abundant than type 3 genes, suggesting an important and overlooked
role for type 4 Cu-oxidase in phenolic compound degradation. Genes associated with sulfate reduction and methanogenesis were
the most abundant anaerobic respiration genes in these systems, with low levels of detection observed for genes of denitrification
and Fe(III) reduction. Fermentation genes increased in relative abundance with depth and were largely affiliated with Syntropho-
bacter. Methylocystaceae-like small-subunit (SSU) rRNA genes, pmoA, and mmoX genes were more abundant among metha-
notrophs. Genes encoding N, fixation, P uptake, and P regulons were significantly enriched in the surface peat and in compari-
son to other ecosystems, indicating N and P limitation. Persistence of inorganic orthophosphate throughout the peat profile in
this P-limiting environment indicates that P may be bound to recalcitrant organic compounds, thus limiting P bioavailability in
the subsurface. Comparative metagenomic analysis revealed a high metabolic potential for P transport and starvation, N, fixa-
tion, and oligosaccharide degradation at MEF relative to other wetland and soil environments, consistent with the nutrient-poor
and carbohydrate-rich conditions found in this Sphagnum-dominated boreal peatland.

B oreal peatland ecosystems represent an important component
of the global carbon cycle (1, 2). The function of these ecosys-
tems as a carbon sink is attributed to suppressed organic matter
decomposition constrained by a combination of low temperature,
low pH, anoxia, chemically complex substrates, and potential nu-
trient limitation (3, 4). Global climate change is likely to alter the
carbon balance of peatland ecosystems (5). However, peatlands
are complex adaptive systems, and the responses of biological
communities and ecosystem-level biogeochemical processes as
well as potential feedbacks to climate change drivers in peats are
poorly understood (6). Research that employs emerging systems
biology such as -omics approaches along with advanced analytical
chemistry provides new opportunities to bridge the knowledge
gap across scales and to link microbial functions with biogeo-
chemical cycles (7-10). Metagenomic studies of complex soil mi-
crobial communities have been conducted in boreal peatland and
permafrost soils which contain a substantial mineral component
(11-14). A metagenomic study of acidic and ombrotrophic peat-
lands, with extremely low mineral content, will provide novel in-
sights into microbial specialization and functions in this unique
terrestrial ecosystem that covers large areas of northern latitudes.

Ombrotrophic bogs are among the most nutrient poor of ter-
restrial environments, as they lack groundwater input and receive
nutrients mainly from precipitation (15). The microbial N and P
cycles are understudied in peatlands compared to other terrestrial
ecosystems such as forest or agricultural soils (16-19). In particu-
lar, information on the role of organic P and the microbially me-
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diated breakdown and acquisition of organic P in peatlands is rare
in contrast to other wetlands and marine environments (20-22).
This knowledge gap is at least partly due to methodological chal-
lenges and the specialized nature of methods used to characterize
organic P in hydrated soils. Solution *'P nuclear magnetic reso-
nance (NMR) is an advanced analytical tool to identify and quan-
tify P functional groups and has been employed successfully in
soils (23, 24). However, linking P chemical groups with microbial
function has received little attention and could provide novel in-
sight into microbial mediation of the terrestrial P cycle.

Given the global extent of boreal forests and their uncertain
fate with climatic change, these environments are considered “tip-
ping points” among global ecosystems, representing high-priority
biomes for climate change research (25). Thus, a large-scale field
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manipulation experiment known as Spruce and Peatland Re-
sponse Under Climatic and Environmental Change (SPRUCE)
was initiated at the Marcell Experimental Forest (MEF), Minne-
sota, USA, by the U.S. Department of Energy, the U.S. Depart-
ment of Agriculture (USDA) Forest Service, and Oak Ridge
National Laboratory (http://mnspruce.ornl.gov/). The MEF com-
plex has been the subject of numerous studies over the last 5 de-
cades in the areas of C sequestration, greenhouse gas emission,
geomorphology, basic hydrology, geochemistry, and vegetation
(26). Prior to initiation of the climate manipulation, the objective
of this study was to closely couple metagenomics with >'P NMR
spectroscopy to elucidate the metabolic potential of microorgan-
isms that catalyze carbon transformation and nutrient cycling (es-
pecially phosphorus limitation) in peatland soils.

MATERIALS AND METHODS

Study sites and sampling. Samples were taken in February 2012 from the
S1bogand Bog Lake fen sites in the Marcell Experimental Forest (MEF) in
northern Minnesota, USA. The peatland was under snow cover at the time
of sampling. Sampling sites (T3M and T3F at the bog and Fen1 and Fen2
at the fen) for metagenomic studies were 4 of 11 sites subjected to inten-
sive characterization to understand spatial and temporal dynamics in mi-
crobial community composition and biogeochemical conditions, as de-
scribed in our accompanying paper (27). The bog is an acidic (pH 3.5 to
4.0) and nutrient-deficient environment that receives water inputs pri-
marily from precipitation. In contrast, the Bog Lake fen (pH ~4.5 to 4.8)
is a poor fen, which contains a higher coverage of vascular plants along
with Sphagnum. Hydrological and vegetation information is given in
more detail in reference 26. Peat cores were sampled in hollows where the
water level reached the surface of the Sphagnum layer. Core sections from
0- to 10-, 25- to 50-, and 75- to 100-cm depth intervals were homogenized
and subsampled in sterile bags. Samples for DNA extractions were frozen
at —20°C within 2 h of sampling and then transferred to a —80°C freezer
at the end of the sampling day.

DNA preparation and sequencing. Genomic DNA was extracted
from triplicate peat soils using a MoBio PowerSoil DNA extraction kit
(MoBio, Carlsbad, CA) according to the manufacturer’s protocol and
using 0.5 g of peat per extraction. Extracted DNA samples were pooled in
an equimolar ratio. Libraries for metagenomic sequencing were generated
using the Nextera DNA sample preparation kit (Epicentre, Madison, WI).
Fragmented DNA was processed for sequencing by size selection using a
PippinPrep instrument (Sage Scientific, Beverly, MA). Fragments from
400 to 800 bp were selected from each library and quantitated using a
library quantification kit (KAPA Biosystems, Woburn, MA). Libraries
were pooled in an equimolar ratio and sequenced using an Illumina
HiSeq2000 instrument, employing paired-end reads of 100 bases in
length. Recent studies have verified that there is minimal bias associated
with using the Nextera kit for metagenome construction (28).

Solid-phase P analysis. Phosphorus was extracted from each bog sam-
ple by a 2-step extraction method using an EDTA and NaOH solution.
Individual phosphorus components in selected soil samples from the T3F
sites were determined by *'P NMR spectroscopy after first extracting the
solid samples with NaOH-EDTA according to a protocol described else-
where (23). Total P in soils before and after the NaOH-EDTA extraction
was determined by combustion of soil at 550°C in a muffle furnace for 4 h,
dissolution of the ash in 6 mol liter ' HCI, and then detection of the
resulting soluble reactive P using standard molybdate colorimetry.

The mixture was then centrifuged, the precipitate was discarded, and
the supernatant was collected and freeze-dried. Between 200 and 500 mg
of P extract was weighed and then dissolved in 1.5 ml of D,O and 0.5 ml of
1 N NaOH, and this solution was then transferred to a 5-mm NMR tube
for analysis. Solution *'P NMR spectra were obtained using a Bruker
600-MHz NMR spectrometer operating at 242.9 MHz for phosphorus. All
chemical shifts are expressed in parts per million and referenced to an
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external standard of 85% H,PO,. An internal standard of methylene
diphosphonic acid was used for quantification. Peak assignments fol-
lowed those of reference 24.

Bioinformatic analysis. FASTQ files from the metagenomic sequenc-
ing were loaded into the MG-RAST server for quality filtering and down-
stream analysis (29). The paired-end reads from each library were joined
and then filtered with the default parameters. The average coverage (frac-
tion of the genomes recovered in a sequencing data set) of each metag-
enome sample was estimated by the program Nonpareil (30). The rRNA
gene sequences were annotated by RDP with a maximum E value cutoff of
107 and an identity cutoff of 60%. The generated biom-format file in
MG-RAST was downloaded for community composition analysis. The
454 amplicon sequences of 16S rRNA genes from the same samples (27)
were included to compare microbial community composition analyzed
by two methods. Protein and pathway search was performed with SEED
annotations (E value of 10™°) in MG-RAST. The amino acid sequences
derived from the gene calling were also downloaded for searching specific
functional genes associated with biogeochemical cycles and sugar metab-
olisms. Specifically, the Pfam-A database (PFAM release 26, http://pfam
Jjanelia.org), containing curated seed alignments based on a small set of
representative members of each protein family, was downloaded for
searching phenol oxidases, formyltetrahydrofolate synthetase (FTHFS)/
formate-tetrahydrofolate ligase, phosphatases, glycoside hydrolases
(GH), proteins with a carbohydrate-binding motif, carbohydrate es-
terases, polysaccharide lyases, and other carbohydrate-active enzymes by
using HMMER v3.0 tools (http://hmmer.janelia.org/).

In addition, Hidden Markov Models (HMM) for some functional
genes absent in the Pfam database were created using HMM training
sequences downloaded from the Functional Gene Pipeline and Reposi-
tory (http://fungene.cme.msu.edu/). All HMM search hits with E values
below a threshold of 10> were counted. For the taxonomic assignment of
gene sequences, the corresponding BLASTP search outputs were up-
loaded for analysis in MEGAN (31). The number of sequence hits for each
gene or pathway was divided by hits of a housekeeping gene, RNA poly-
merase ropB (Pfam HMM model PF00562.23). Since this conserved gene
marker is one copy per genome, the relative abundance of each gene
presumably represents the sequence counts per cell.

Metagenomes generated in this study were compared with soil metag-
enomes obtained from a variety of environments, including those from
Minnesota farm soil (12), Puerto Rican rainforest soil (http://www.ncbi
.nlm.nih.gov/sra/?term=_SRR034258), Arctic permafrost (32), a tropical
peat swamp (33), and an Arctic fen (11). As all of these metagenomes were
sequenced using Roche 454 pyrosequencing with long reads, the down-
loaded sequences were cut and homogenized to 100 bp using Genome-
tools v1.5.1 (http://genometools.org/index.html) to approximate the
short Illumina reads generated in this study and to minimize count bias
caused by sequence read length. The homogenized sequences were then
uploaded to MG-RAST and subjected to the same analyses as those de-
scribed above.

Functional similarity among the 9 metagenomes was compared using
principal coordinate analysis with the Bray-Curtis similarity of gene
abundance as inputs, performed in the program PRIMER v6 (Primer-E
Ltd., United Kingdom). A heat map of gene and pathway counts and their
clustering analysis was analyzed with the MeV program (www.tm4.org
/mev.html).

RESULTS AND DISCUSSION

Chemical environment: phosphorus content and composition
in solid peats. Total P concentration in the soil declined from 36.8
mg kg™ dry soil at the surface to 19.6 mg/kg at a 175- to 200-cm
depth (Fig. 1), suggesting that a significant amount of P is recycled
and retained in the surface and that this process is primarily con-
trolled by vegetation and microorganisms (34). Figure 1 (see also
Fig. S1 in the supplemental material) summarizes the distribution
of phosphorus species and their spectra as a function of depth.
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FIG 1 Total phosphorus content (in parentheses, mg P/kg dried soil) in bog
samples and P functional groups determined by solution *'P NMR spectros-
copy. See NMR spectra from each depth in Fig. S1 in the supplemental mate-
rial.

Orthophosphate monoester is a dominant form of organic phos-
phorus in this peat, with the presence of smaller concentrations of
orthophosphate diesters observed. The dominance of orthophos-
phate monoester in organic P is consistent with other studies con-
ducted in soils of the western United States (35). Generally, or-
thophosphate monoesters (mainly inositol phosphates) exhibit a
higher charge density and thus stronger adsorption to soils than
do orthophosphate diesters, leading to less microbial degradation
and to preferential stabilization and accumulation of orthophos-
phate monoesters in soils (35, 36). Both polyphosphate and pyro-
phosphate (an inorganic polyphosphate with a chain length of 2)
were detectable only in the surface, suggesting rapid utilization of
these inorganic phosphates. The phosphonate peaks near the mid-
depth suggest a net production by microbial metabolism (37).
Spectra of samples from the 75- to 100-cm and 175- to 200-cm
horizons appear quite similar, reflecting a stable phosphorus pool
dominated by inorganic orthophosphate, with some contribution
from orthophosphate monoesters in the deep zone.

Properties of metagenomes. A total of 6 metagenomic librar-
ies were obtained from the 3 distinct vertical zones (acrotelm,
mesotelm, and catotelm; see reference 27) observed in the peat
column at the Marcell Experimental Forest (MEF) and docu-
mented in companion studies (Table 1) (27, 38). The average cov-
erage of each sequenced metagenome increased with depth and
ranged from 42% to 86% (Table 1). The three zones differed in
physical (e.g., bulk density) and chemical (e.g., organic matter
composition) properties. A neighbor-network analysis showed
that microbial community composition and functional potential
had more pronounced change across depths than over space in
either bog or fen sites (see Fig. S2 in the supplemental material).
Thus, sequences from two surface bog metagenomes were com-
bined into one data set for downstream analyses, and the same
procedure was used for the two surface metagenomes from the fen
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sites. After pooling, Illumina sequencing resulted in 4.6 to 10.4 Gb
per library. On average, 33% and 50% of reads were annotated to
known and unknown proteins, respectively (Table 1).

Generally, our metagenomic results were reproducible and
consistent between samples from the same depth and site. For
example, 76% of the total compared genes and pathways listed in
Table 2 showed less than 30% variation in relative abundance in
pairwise comparisons among 4 surface metagenomes, relative to,
on average, 77% and 88% variation from 0-cm to 25-cm and from
0-cm to 75-cm metagenomes, respectively. High reproducibility
of metagenomic data has also been reported in other studies (39,
40), ensuring that the results reported here are robust and likely to
be characteristic of peatland microbial communities.

Microbial community composition in peats. The small-sub-
unit (SSU) rRNA gene sequences from the metagenomes were
primarily derived from Bacteria (93% * 3%, mean * standard
deviation), with similar contributions by Archaea (3% * 3%) and
eukaryotes (3% = 3%) on average. At the phylum level, there was
a general agreement in community composition between the
bxmetagenomic approach and 454 amplicon sequencing of SSU
rRNA genes (Fig. 2). Bacteria were codominated by Acidobacteria
(32% = 10%), Proteobacteria (18% = 6%), and Verrucomicrobia
(18% = 6%) at all depths assessed by both methods. However,
Firmicutes were on average 11% = 5% of the total metagenomic
libraries relative to <1% of the amplicon sequences. Crenar-
chaeota were less than 2% of the total community in all metag-
enomes, relative to up to 20% of total amplicon sequences at
depth. The discrepancy in crenarchaeotal abundance between two
sequencing approaches is likely due to overamplification of Cren-
archaeota by the primers selected. Shakya et al. demonstrated that
primers targeting the V4 region of the SSU rRNA gene overesti-
mated Crenarchaeota by up to 8 times (41). Eukaryotic SSU rRNA
gene sequences, which comprised up to 6% of the total commu-
nity near the surface, declined to a very low relative abundance at
depth. The major eukaryotic taxa were fungi (mainly Ascomycota
and Basidiomycota) and land plants belonging to Streptophyta,
with minor detection of protists such as Euglenida. Eukaryotic
SSU rRNA sequences probably originated from undecomposed
plant detritus that was degraded at depth, which has also been
observed in metagenomes from permafrost soils (14).

Key enzymes and pathways related to C, N, and P cycles. (i)
Degradation of phenolic and aromatic compounds. Aromatic
compounds are a major class of organic matter in peat, originating
from Sphagnum moss and accounting for 15 to 20% of total peat
organic matter in our samples (27). Aromatic content increased
with depth, suggesting that these compounds are recalcitrant to
microbial degradation and thus accumulated in the deep peat.

TABLE 1 Properties of 6 metagenomes constructed in this study based on the MG-RAST analysis”

Total no. of Coverage % failed % annotated % unknown
Site Type Depth (cm) reads (X107) (%) QC protein protein % GC
Fenl Fen 0-10 5.93 52 9.4 33.9 48.9 59
Fen2 Fen 0-9 4.48 57 6.7 26.8 53.2 55
T3M Bog 0-6 4.83 42 11 35.2 47.6 59
T3F Bog 0-3 4.61 65 9.8 354 47.7 58
T3F Bog 25-50 9.07 67 8.8 37.1 47.1 58
T3F Bog 75-100 4.63 86 5.5 28.8 53.5 57

“ The read length is 100 bp. The coverage indicates the fraction of the genomes recovered in a sequencing data set with the current sequencing effort. QC, quality control.
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TABLE 2 Sequence counts for genes or pathways relative to the total count of the housekeeping gene rpoB”

Sequence count (%) from sample

Searching Bog (cm)
Pathway or gene source Fen, 0-10 cm 0-10 25-50 75-100
Oxidases
Cu-oxidase type 3 PF07732.10 3.3 3.8 0.8 0.3
Cu-oxidase type 4 PF02578.10 14.0 15.8 20.1 15.5
Dioxygenase PF00775.16 13.5 12.2 8.7 2.1
Peroxidase PF00141.18 3.1 3.0 3.8 3.9
Carbohydrate metabolism
Polysaccharides SEED 65.0 9.6 17.5 29.8
Di- and oligosaccharides SEED 76.5 48.5 87.4 241.7
Monosaccharides SEED 217.4 232.9 313.2 406.8
Glycoside hydrolases SEED 1.2 1.2 4.2 5.0
Amino sugars SEED 1.0 8.3 20.6 20.0
Organic acids SEED 40.6 23.6 96.8 13.5
Anaerobic respiration
dsrA Fungene 1.1 1.9 13.9 12.3
Sulfur oxidation (SoxB and SoxY) SEED 2.0 2.0 4.0 4.1
nirK Fungene 0.6 1.5 1.4 0.9
nirS Fungene 0.0 0.1 0.1 0.3
nosZ Fungene 0.8 1.6 0.8 0.4
Decaheme cytochrome ¢, MtrA SEED 0 0 0 0
Fe(III) respiration outer membrane protein, MtrB SEED 0.0 0.1 0.0 0.0
Fermentation and acetogenesis
Fermentation SEED 45.0 40.0 134.7 74.3
Acetoin, butanediol metabolism SEED 6.3 1.7 8.1 3.3
Acetone, butanol, ethanol synthesis SEED 6.5 7.2 45.5 38.1
Acetyl-CoA to butyrate SEED 12.4 9.3 62.6 18.2
Butanol biosynthesis SEED 3.4 7.0 10.9 5.3
Fermentations: lactate SEED 14.0 11.8 6.5 3.5
Fermentations: mixed acid SEED 2.4 3.1 1.1 6.0
hydA Fungene 9.8 17.1 28.1 25.6
Homoacetogenesis: FTHFS PF01268.14 66.9 63.2 64.6 66.2
CH, cycle
mecrA Fungene 0.0 0.4 8.7 13.5
pmoA Fungene 0.1 0.8 1.4 0.2
mmoX Fungene 0.0 0.3 1.2 0.9
N cycle
nifD Fungene 12.6 24.5 23.9 7.1
nifH Fungene 12.6 21.1 20.0 8.1
ureA Fungene 16.8 15.5 7.4 1.9
Aminopeptidases SEED 28 5 4 0
Metallocarboxypeptidases SEED 3 3 2 0
Metalloendopeptidases SEED 6 4 2 1
P cycle
Phosphate transport regulator (distant homolog of PhoU) SEED 68.8 42.9 2.9 0.1
High-affinity phosphate transporter and control of PHO regulon SEED 5.9 3.9 2.0 1.3
PhoR-PhoB two-component regulatory system SEED 1.9 1.5 2.1 0.2
Phosphate regulon sensor protein PhoR (SphS) (EC 2.7.13.3) SEED 62.8 3.3 0.3 0.1
Phosphate starvation-inducible ATPase PhoH SEED 0.3 0.8 0.2 0.0
Alkylphosphonate utilization (C-P lyase complex) SEED 0.5 0.9 168.3 59.3
Acid phosphatase PF01451.16 4.2 5.4 7.4 11.2
Alkaline phosphatase PF00245.15 0.2 0.2 0.1 0.3
ATP-dependent proteolysis (mainly protease La [EC 3.4.21.53]) SEED 8 12 16 107

“ Total numbers of hits of the rpoB gene are 6,365, 5,272, 5,639, and 3,558, respectively, corresponding to the samples listed in the table (in order). Searching sources indicate the
three methods used: HMM search against Pfam seed database (PF), HMM search against customer-created functional gene HMM (Fungene), and SEED subsystem. PFxxxx
indicates Pfam protein.
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FIG 2 Microbial community composition across depths compared by using a
metagenomic approach (M) and 454 amplicon sequencing (A). The number
under each line indicates the sample depth in cm.

Three major enzyme classes responsible for aromatic compound
decomposition are multicopper (Cu) oxidases (laccases or phenol
oxidases), peroxidases, and dioxygenases (42). Currently, there
are two types of Cu-oxidase associated with laccase-like activity:
type 3 (lcc3) and type 4 (lcc4) (http://pfam.sanger.ac.uk/family
/PF00394). The lcc3 enzyme and its encoding genes have been
fairly well studied in microbial ecology (42, 43), while the lcc4
genes are often overlooked in soils. Furthermore, the lcc4 genes
are different from and lack homology to the lcc3 genes (44). In our
metagenomes, the relative abundance of sequences assigned to
both the lcc3 oxidase and dioxygenases decreased 6-fold from the
surface to the deeper portions of the bog (Table 2). In contrast, the
relative abundance of peroxidase and the lcc4 oxidase was fairly
consistent with depth, showing a relatively constant vertical dis-
tribution (Table 2). The lcc4 genes were 5 to 50 times more abun-
dant than the lcc3 genes across all depths sampled. As known lcc4
oxidases have a 5-fold-higher enzyme affinity and a 40-fold-
higher catalysis rate than do the lcc3 oxidases (44), the lcc4 oxidase
dominance across all depths indicates that this enzyme could play
a key role in both aerobic and anaerobic depolymerization and in
the breakdown of lignin and aromatic compounds released from
the peat.

(ii) Carbohydrate metabolism. Carbohydrates dominate the
organic content produced in the surface of the MEF peatland.
Sequences assigned to the metabolism of all four known saccha-
ride groups (monosaccharides, disaccharides, oligosaccharides,
and polysaccharides) consistently increased with depth (Table 2),
in line with an approximately 50% reduction in carbohydrate con-
tent from the surface to the deep peat (38). In addition, glycoside
hydrolases that typically cleave oligo-/polysaccharides into small
monosaccharides also increased with depth, suggesting that mi-
crobes in the subsurface allocate a substantial amount of energy to
utilize sugar compounds prevalent at depth. A large variety of
CAZy (carbohydrate-active enzyme) protein families were also
detected using a PFAM search (see Fig. S3 in the supplemental
material). Similar to a recent study of Arctic peat, oligosaccharide
hydrolases and debranching enzymes exhibited the highest abun-
dance among the CAZy families (11).
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Genes encoding metabolism of both amino sugars (an impor-
tant source of soil organic nitrogen) and organic acids showed
highest representation at mid-depth in the mesotelm (Table 2),
consistent with '>C NMR results showing maxima in N com-
pound and organic acid content released from peat degradation in
this zone (38). The surface samples from bog and fen showed a
different potential for processing of carbohydrates, with the fen
data set containing a lower gene content in amino sugar metabo-
lism and a higher content affiliated with polysaccharide and or-
ganic acid metabolism. The difference likely resulted from differ-
ences in organic matter compositions in vegetation between sites
and is consistent with data from organic matter characterization
showing higher N and carbohydrate contents in the bog than in
the fen at MEF (38).

(iii) Anaerobic processes: anaerobic respiration, fermenta-
tion, and methanogenesis. Anaerobic C mineralization in peat-
lands is catalyzed by diverse bacterial and archaeal groups, which
interact and compete for substrates and terminal electron accep-
tors. Among anaerobic respiration processes represented in our
data set, sulfate reduction was predominant, as indicated by over
10-times-higher dissimilatory sulfite reductase alpha subunit
(dsrA) gene abundance observed below a 25-cm depth than at
surface depths (Table 2). Despite low sulfate concentrations de-
tected in the pore water (27), sulfate reduction could still account
for a substantial fraction of anaerobic C mineralization in many
freshwater wetlands, including the MEF peatland (45-48). Con-
sistently, the sulfur-oxidizing gene (sox) cluster (including soxB
and soxY) also showed the highest relative abundance in the sub-
surface (Table 2). It appears that the reduced inorganic sulfur pool
turns over relatively rapidly, enabling the sulfate reduction pro-
cess (49). Far fewer sequences were assigned to denitrification and
Fe(III) reduction pathways (Table 2). Denitrification as indicated
by nitrous oxide reductase (nosZ) and nitrite reductase (nirS/
nirK) genes generally declined with depth. Decaheme cytochrome
¢ mtrA genes, essential for extracellular respiration of Fe(IIl) in
some Fe-reducing species and used as a potential indicator of Fe
reduction in other soil metagenomes (13), were not detectable in
our metagenomes.

Fermentation and acetogenesis are important processes in
peatland soils, and their metabolites, such as acetate and hydro-
gen, fuel methanogenesis and other respiration pathways (50, 51).
Fermentation processes, as indicated by pathways of lactate and
mixed acid fermentation as well as the terminal FeFe-hydrogenase
group A (hydA) of H,-evolving fermentation, generally showed
the highest relative abundance at mid-depth in the MEF (Table 2).
Formyltetrahydrofolate synthetase (FTHFS) genes, encoding the
key enzyme of the acetyl coenzyme A (acetyl-CoA) pathway of
homoacetogenesis, were abundant at all depths, suggesting the
prevalence of intermediary pathways of carbon oxidation under
anaerobic conditions. A range of bacterial functional guilds pres-
ent in acidic wetlands contain the FTHFS gene marker, including
homoacetogens, acetogenic syntrophs, sulfate reducers, and
methanogens (52). The top hit by far for FTHES genes was affili-
ated with the acetogen Syntrophobacter, and thus, we hypothesize
that secondary fermentation is fueling anaerobic respiration path-
ways such as methanogenesis through the production of acetate
and hydrogen (50).

Methane dynamics are critical to the role of boreal peatlands in
global carbon storage. The majority of previous work indicates
that hydrogenotrophic methanogens dominate in acidic bogs,
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whereas acetoclastic methanogens show increased abundance in
fens (51). Metagenomes constructed from permafrost soils have
also revealed a prevalence of hydrogen-utilizing methanogens (14,
53). In the metagenomes from the MEF, sequences assigned to
methanogenesis pathways and the methyl-coenzyme M reductase
alpha subunit (mcrA) gene consistently increased with depth (Ta-
ble 2), and 16 genera of methanogens were detected. Dominant
genera were associated with both hydrogenotrophic (Methano-
cella and Methanoplanus) and acetoclastic (Methanosaeta and
Methanosarcina) pathways (see Table S1 in the supplemental ma-
terial). The top hits were affiliated with hydrogen-utilizing genera,
Methanocella and Methanoplanus, in corroboration with perma-
frost studies. However, in our companion paper (27), stable iso-
tope geochemistry and potential rates of methane production par-
alleled vertical changes in methanogen community composition
to indicate a predominance of acetoclastic methanogenesis medi-
ated by the Methanosarcinales in the mid-depth mesotelm, while
hydrogen-utilizing methanogens predominated in the deeper ca-
totelm. Further studies are required to definitively link the path-
ways of methane production to methanogen community compo-
sition.

(iv) Methane oxidation. Aerobic methanotrophs act as an im-
portant barrier for the removal of methane produced in subsur-
face soils, and these organisms reside near the surface of the water
table at the oxic-anoxic interface. In the MEF peatland, the distri-
bution of methanotrophs represented by pmoA and mmoX genes,
encoding particulate and soluble methane monooxygenase
(MMO), respectively, showed the highest relative abundance at
the mid-depth mesotelm (Table 2). Indeed, the mesotelm con-
tains the water table and was recognized as a biogeochemical hot
spot at MEF, where the most intense peat decomposition and
methane production occur (38). Thus, more methane is available
for methanotrophs in the mesotelm. Community composition
based on 16S rRNA gene sequences (27) and phylogenetic assign-
ments of pmoA and mmoX genes (see Table S1 in the supplemental
material) both showed that members of the Methylocystaceae
(type II methanotrophs) were more abundant than the Methylo-
coccaceae (type I methanotrophs) in our samples, in corrobora-
tion with observations in other northern peatlands (54-56). This
observation contrasts with the dominance of Methylococcaceae
found in metagenomes from the Arctic fen and mineral soils (11).
The abundance of type II methanotrophs in peatlands could be
explained by the fact that the Methylocystaceae (Methylocystis)
were shown to be acidophilic or acidotolerant, while no acido-
philic representatives are known among type I methanotrophs
(57, 58). In addition, copper limitation in nutrient-poor ombro-
trophic peatlands may also favor non-copper-dependent type II
methanotrophs (56). None of the pmoA gene sequences retrieved
from our metagenomes were grouped with the Methylacidiphi-
laceae-like pmoA gene sequences (data not shown), consistent
with SSU rRNA gene-based amplicon sequencing results indicat-
ing that verrucomicrobial methanotrophs have not yet been de-
tected in acidic peatlands (27, 59).

(v) N and P nutrient limitation and metabolism. Peat bogs
are nutrient-poor environments, with N-fixing cyanobacteria,
methanotrophs, and heterotrophs prevalent in the peat surface
(18, 60). At MEF, nitrogen fixation genes (nifD and nifH) were
most abundant above 75 cm and least abundant in the deep peat
(Table 2), consistent with the availability of soluble inorganic ni-
trogen in the pore waters (27). In addition, sequences annotated
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to ureases (ureA gene) and a variety of proteases also declined with
depth (Table 2), suggesting an occurrence of active organic N
degradation in the surface accompanied by declining activity at
depth. '>C NMR analysis showed that nitrogen is enriched in the
degraded peat material and detected as N-alkyl compounds
(mainly protein) (38), indicating a substantial accumulation of N
(probably as microbial biomass). The loss of N during peat de-
composition in this ombrotrophic environment likely limits N
availability to microorganisms and plants. Moreover, an analysis
of the C, N, and P acquisition enzymes indicated P limitation and
microbial resource allocation to P acquisition, suggesting that P
availability has a stronger influence over microbial growth and
organic matter decomposition at MEF (27). Phosphorus limita-
tion of microbial processes, especially N, fixation, has been re-
ported in other soil environments (61, 62). Since N fixers have
greater demands for P than do nonfixers, P limitation is likely in
the surface peat where N, fixation genes are most abundant (63).

The *'P NMR analysis of solid-phase peat showed that inor-
ganic polyphosphate/pyrophosphate and organic orthophosphate
mono-/diesters declined with depth, with an increase in or-
thophosphate with depth (Fig. 1). This is consistent with the de-
clining vertical distribution of phosphatase activity (27), which
degrades organic P to phosphate. Despite the highest total soil P
and active degradation of P from organic P in the surface, compe-
tition for P between microbes and plants could explain why P is a
limiting resource (34). This is supported by our observation of a
much higher sequence annotation to phosphate transport and
starvation regulation systems in surface peat than in deep peat
(Table 2). Phosphonate peaked at the mid-depth (Fig. 1) and is
presumably produced by microorganisms that take advantage of
the stable C-P bond of phosphonate in a P-limited environment
(37). In addition, pathways of alkylphosphonate utilization
(mainly C-P lyase complex) were also enriched at mid-depth (Ta-
ble 2), suggesting that the phosphonate P is actively recycled re-
gardless of the highly stable C-P bond of phosphonate. Further-
more, high concentrations of organic acids released from peat
decomposition in the mesotelm may help dissolve P from solid
peat and increase P availability (21). Phosphatase gene sequences
per cell in the metagenomes increased in abundance with depth
(Table 2), suggesting that the microorganisms at 75 to 100 cm
allocate more resources to generate phosphatase genes and en-
zymes to meet their P requirement. Interestingly, we observed an
increase of over an order of magnitude in genes encoding ATP-
dependent proteolysis complex (mainly Lon ATP-dependent pro-
tease) from the surface to depths below 75 cm. It is well known
that the Lon ATP-dependent protease degrades abnormal and
regulatory proteins, which allows cells to achieve balanced growth
and respond to external stress, including starvation and acidity
(64, 65).

One of the most interesting features of the phosphorus specia-
tion data is the persistence of solid-phase inorganic orthophos-
phate throughout the peat profile (Fig. 1). Inorganic orthophos-
phate is normally assumed to be the most bioavailable form of
phosphorus, but its persistence here suggests otherwise. Similar
trends have been observed by Hamdan et al. in other wetland soils
(23). Hamdan et al. (23) used hydrofluoric acid pretreatments and
concluded that such persistent inorganic orthophosphate was
most likely bound to relatively recalcitrant organic compounds
such as alkyl and aromatic compounds prevalent at depth, limit-
ing P bioavailability. This effect was most pronounced in highly
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humified soils that are similar to the deeper solid-phase peat at the
MEEF site. Therefore, we hypothesize that P limitation in the sur-
face and that in the deep peat are caused by fundamentally differ-
ent mechanisms.

Taxonomic assignments of key functional genes. Fungi are
generally thought to play a more important role than bacteria in
decomposition processes in peatlands, especially in the aerobic
surface layer or acrotelm (66). In addition, fungi are believed to
predominate over the decomposition of recalcitrant organic com-
pounds such as polyphenolics in forest soils. This does not appear
to be the case in the MEF peatland, where results indicate that
prokaryotes dominate in the overall community and in the abun-
dance of genes encoding laccase, phenol oxidase, and peroxidase.
Alphaproteobacteria generally dominated the sequence annota-
tions of almost all listed functional genes, except dsrA and mcrA,
which were mainly contributed by Deltaproteobacteria and eur-
yarchaeotal methanogens, respectively (Fig. 3). Approximately
65% of the type 3 laccase (lcc3) gene sequences were assigned to 4
subphyla of Proteobacteria, and 12% were associated with Acido-
bacteria. This is in contrast to the more than one-third of total
bacterial laccase sequences assigned to Acidobacteria in other peat
soils (43). Our observation suggests that Proteobacteria may play a
more important role in generating phenol oxidases than do Aci-
dobacteria, at least for producing lcc3. In comparison, Acidobac-
teria had higher representation (50%) in the Icc4 sequence data set
than did Proteobacteria (37%). However, the ecological role of the
lec4 oxidase is less studied than that of the lcc3 oxidase. Fungi and
Streptophyta accounted for only less than 2.5% of total Cu-oxi-
dase sequences. Both dioxygenase and peroxidase genes were
dominated by sequences affiliated with members of the Proteobac-
teria and Actinobacteria. Thus, our data indicate that Proteobacte-
ria, Acidobacteria, and Actinobacteria are the three most important
phyla in generating phenol oxidases at MEF.

Microbial populations with N, fixation potential as indicated
by nifD and nifH genes were diverse and largely distributed among
the Rhizobiales and Syntrophobacterales (see Table S1 in the sup-
plemental material). Phosphatase-like sequences were relatively
more evenly distributed among major bacterial (sub)phyla, re-
flecting the essential role of P acquisition in all microbes at MEF
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(Fig. 3). In addition, Solibacter (Acidobacteria) appeared to play a
dominant role (10.5% of total phosphatase sequences) among all
taxa in generating phosphatase (see Table S1 in the supplemental
material).

Approximately 32% of dsrA sequences were assigned to Syn-
trophobacterales (mainly Syntrophobacter and Desulfobacca), fol-
lowed by Firmicutes (mainly Carboxydothermus) and Euryar-
chaeota (mainly Archaeoglobus) (Fig. 3; see also Table S1 in the
supplemental material). Fermentation and acetogenesis, respec-
tively, were indicated by hydA and FTHFS genes from relatively
diverse bacteria, with Syntrophobacter showing the most abundant
sequence assignment (12%) for the FTHES genes. All other taxa
accounted for less than 4% of total sequences assigned to either
hydA or the FTHEFS genes.

Comparison of the peatland metagenomes with other soil
metagenomes. To provide perspective on the uniqueness of the
metabolic potential of microorganisms at MEF, our data set was
compared with other 5 metagenomes obtained from a variety of
similar soil environments, and several key trends were revealed
(Fig. 4; see also Fig. S5 in the supplemental material). The 9 met-
agenomes were generally grouped into three clusters based on
their functional potential (Fig. 4; see also Fig. S5). It is not surpris-
ing to see the highest abundance of dsrA and mcrA genes detected
in the 25-cm and 75-cm metagenomes. However, a much higher
incidence of alkylphosphate utilization genes in the subsurface
than in all surface metagenomes suggests that production and
degradation of alkylphosphonate may mainly occur in the anoxic
terrestrial subsurface.

Relative to the surface bog and fen metagenomes of this study,
other surface metagenomes contained on average >6-times-
higher relative abundances of genes associated with acidic phos-
phatases, Cu-oxidase, and denitrification (Fig. 4; see also Fig. S5 in
the supplemental material). A lower level of phosphatases and
denitrification genes in our samples may reflect substrate (N and
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P) limitation in this nutrient-poor environment. Microorganisms
in the Minnesota and tropical peatlands harbored an average of
>7-times-higher nifH gene abundance than did other metag-
enomes (Fig. 4; see also Fig. S5), confirming N limitation and an
important role for N, fixation in peatlands, especially in the bog.
Similarly, genes related to P transport and starvation regulation
systems also showed the highest relative abundance in our samples
(Fig. 4; see also Fig. S5), further indicating P limitation in this
ombrotrophic peatland.

Our metagenomes were distinct from the others in terms of
carbohydrate metabolism with a higher abundance of genes asso-
ciated with degradation of oligosaccharides such as B-glucosidase
(GH29 and GH38), B-galactosidase (GH35 and GH42), and fuco-
sidase (GH39) enzyme families and less abundance of carbohy-
drate esterase genes such as the CE4 and CE14 genes (Fig. 4; see
also Fig. S3 in the supplemental material). This can be explained
by the fact that Sphagnum plants contain a higher content of car-
bohydrates than do other plants (67, 68). The higher fucosidase
gene abundance in our bog metagenome (Fig. 4) is in line with a
biomarker study showing that the high fucose content indicates a
Sphagnum origin of organic matter relative to its origin from li-
chen and vascular plants (68). More work is needed to understand
if the microbial genetic repertoire and gene expression reflect the
complex composition of organic matter in peat.

Concluding remarks. In agreement with peat decomposition
as determined by the vertical distribution of plant-derived organic
compounds (38), metagenomic analysis revealed diverse genes
and pathways associated with the depth-dependent microbial po-
tential for sugar and phenolic compound metabolism, fermenta-
tion, methane dynamics, and nutrient acquisition. Moreover, by
closely coupling metagenomics with NMR, our results show
strong evidence for depth-dependent P limitation in the peat col-
umn. Genes for P transport and P starvation regulons were most
abundant in the surface and least abundant at mid-depth, in cor-
roboration of evidence from enzyme activities that indicates P
stress (27). In the mesotelm, the dissolution of solid-phase P com-
pounds by the high concentration of organic acids released from
peat decomposition and the presence of specific microbial path-
ways such as C-P lyase complex are hypothesized to alleviate P
stress. The increased abundance of phosphatase genes indicated
that more resources are allocated to P acquisition in the deep peat
or acrotelm, presumably induced by the P limitation. Phosphorus
limitation in the acrotelm is likely caused by (i) energy consump-
tion by microbes responding to environmental stress, as indicated
by a higher content of ATP-dependent proteolysis genes, and (ii)
the lack of available P, due to the fact that a large portion is likely
bound to relatively recalcitrant solid-phase inorganic and organic
compounds such as alkyl and aromatic compounds prevalent at
depth (23).

In general, microbial community composition and taxonomic
assignments were consistent when analyzed by metagenomics or
with SSU rRNA gene amplicon sequencing. However, some ex-
ceptions provided guidance for further study, as the Crenar-
chaeota and Firmicutes were over- and underrepresented in am-
plicon libraries, respectively. Consistent with the nutrient-poor
and carbohydrate-rich conditions found in Sphagnum-domi-
nated boreal peatlands, comparative metagenomics revealed a
high metabolic potential for P transport and regulation, N, fixa-
tion, and oligosaccharide degradation relative to other wetland
and soil environments. Thus, our study provides a gene-level ex-
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planation for microbial functional specialization in the ombro-
trophic peatland and suggests potential mechanisms controlling
microbial C, N, and P cycles.
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