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P

eatlands store approximately one-third of all soil carbon (C)
and currently act as major sinks for atmospheric C (1, 2). The
future role of peatlands in C sequestration remains uncertain and
will depend on the impact of global climate change on the microbial C cycle (3). The majority of field and modeling studies predict
that climate change (warming and CO2 enrichment) will result in
an acceleration of organic matter decomposition in peatlands and
increased flux of CO2 and CH4 to atmospheric pools (4–8). Recent
studies indicate that the response of soil C to climate change will
depend on the C use efficiency of specific microbial groups (9, 10),
and ecological and evolutionary forces such as microbial community shifts, adaptation, or selection (11, 12) could counteract the
acceleration of C loss. Therefore, particularly in critical habitats
such as boreal peatland soils that represent massive C pools, lack
of knowledge on the in situ dynamics of decomposer communities
may represent a barrier to the reliable prediction of future global
fluxes of carbon to the atmosphere or the resilience of these belowground carbon reservoirs to future perturbations.
Peatlands comprise a range of terrestrial ecosystems, including
ombrotrophic bogs that rely almost solely on precipitation for
water and nutrients as well as fens which are in contact with mineral soil (13). Peat can be separated with depth into two main
layers: the acrotelm, which is exposed to the atmosphere and
dominated by living plants, and the catotelm, which tends to be
anoxic and is where the majority of organic matter is stored as
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peat. In addition, Clymo and Bryant identified a third layer,
termed the mesotelm, which represents a transition zone between
the surface acrotelm and deep catotelm, where the fluctuating
water table results in redox oscillations and elevated carbon turnover (14). Carbon sequestration in peatlands results from the imbalance between plant production and the microbially mediated
respiration of complex organic matter which is regulated by physicochemical parameters such as temperature, pH, O2, CO2, water
potential, redox potential, and nutrient availability (15, 16).
Despite the fact that peatlands make a major contribution to
the global carbon cycle that may be vulnerable to climate change,
the microbiology of these complex, extreme wetland ecosystems is
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This study investigated the abundance, distribution, and composition of microbial communities at the watershed scale in a boreal peatland within the Marcell Experimental Forest (MEF), Minnesota, USA. Through a close coupling of next-generation sequencing, biogeochemistry, and advanced analytical chemistry, a biogeochemical hot spot was revealed in the mesotelm (30- to
50-cm depth) as a pronounced shift in microbial community composition in parallel with elevated peat decomposition. The relative abundance of Acidobacteria and the Syntrophobacteraceae, including known hydrocarbon-utilizing genera, was positively
correlated with carbohydrate and organic acid content, showing a maximum in the mesotelm. The abundance of Archaea (primarily crenarchaeal groups 1.1c and 1.3) increased with depth, reaching up to 60% of total small-subunit (SSU) rRNA gene sequences in the deep peat below the 75-cm depth. Stable isotope geochemistry and potential rates of methane production paralleled vertical changes in methanogen community composition to indicate a predominance of acetoclastic methanogenesis
mediated by the Methanosarcinales in the mesotelm, while hydrogen-utilizing methanogens predominated in the deeper catotelm. RNA-derived pyrosequence libraries corroborated DNA sequence data to indicate that the above-mentioned microbial
groups are metabolically active in the mid-depth zone. Fungi showed a maximum in rRNA gene abundance above the 30-cm
depth, which comprised only an average of 0.1% of total bacterial and archaeal rRNA gene abundance, indicating prokaryotic
dominance. Ratios of C to P enzyme activities approached 0.5 at the acrotelm and catotelm, indicating phosphorus limitation. In
contrast, P limitation pressure appeared to be relieved in the mesotelm, likely due to P solubilization by microbial production of
organic acids and C-P lyases. Based on path analysis and the modeling of community spatial turnover, we hypothesize that P
limitation outweighs N limitation at MEF, and microbial communities are structured by the dominant shrub, Chamaedaphne
calyculata, which may act as a carbon source for major consumers in the peatland.

Microbial Community Stratiﬁcation in Boreal Peatland

TABLE 1 Enzymes assayed in this study, their abbreviations used in the text, nutrient cycles in which they are involved, and their target substrates
Enzyme name

Abbreviation

Nutrient cycle

Enzyme function

Beta-glucosidase
Cellobiohydrolase
Xylosidase
N-Acetylglucosaminidase
Alanine-aminopeptidase
Leucine-aminopeptidase
Acid phosphomonoesterase

BG
CB
XYL
NAG
AAP
LAP
PHOS

C
C
C
N
N
N
P

Hydrolysis of terminal ␤-D-glucosyl residues
Hydrolysis of ␤-D-glucosyl linkages
Hydrolysis of ␤-D-xylose residues
Hydrolysis of chitin N-acetyl-␤-D-glucosaminide
Hydrolysis of N-terminal amino acid alanine
Hydrolysis of N-terminal amino acid leucine
Hydrolysis of phosphate monoester

MATERIALS AND METHODS
Study sites and sampling. Samples were collected during four field excursions to the Marcell Experimental Forest (MEF) in August 2011, February
2012, April 2012, and July 2012. Samples were collected from the S1 bog
and the Bog Lake fen for comparison (see Fig. S1 and Table S1 in the
supplemental material). The S1 bog is an acidic (pH ⬇3.5 to 4.0) and
nutrient-deficient environment that receives water inputs primarily from
precipitation and is mainly covered by Sphagnum moss, shrubs, black
spruce, and eastern tamarack (28). In contrast, the Bog Lake fen (pH 4.5 to
4.8) is a poor fen, which is influenced by inputs of more nutrient-rich
groundwater and is dominated by Sphagnum moss and sedges. Site hydrological and vegetation information is given in more detail in the work
of Sebestyen et al. (28), and specific micrometeorological data are available from the SPRUCE website (http://mnspruce.ornl.gov). In August
2011 and April 2012, peat cores were obtained from the area of the EM2
station in the southern end of the S1 bog (see Fig. S1). In February and July
2012, peat cores were obtained from 10 sites within the S1 bog (including
EM2) and the Bog Lake fen. Peat cores were sampled in hollows where the
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water level fluctuates seasonally from the surface to approximately 20 to
30 cm below the top of the Sphagnum layer. Pore water samples were
collected using piezometers and a peristaltic pump in parallel with peat
cores during the July 2012 trip as described in reference 29. Cores from
each site were sectioned into increments of 0 to 10, 10 to 20, 20 to 30, 30 to
40, 40 to 50, 50 to 75, 75 to 100, 100 to 125, 125 to 150, 150 to 175, and 175
to 200 cm. Each section was homogenized in a sterile bag and subsampled
for microbiological and geochemical analyses. Samples for DNA and RNA
extractions were immediately frozen at ⫺20°C and ⫺80°C, respectively.
Physical and chemical characterization. In situ profiling of oxygen
and pH was conducted in peat pore waters during the July 2012 campaign.
Oxygen concentrations were profiled in situ with an optode fiber microsensor (Microx TX3; PreSens Precision Sensing, GmbH). Pore water pH
was profiled using a soil pH probe (Hanna Instruments). Methane, stable
carbon isotope analysis, and fractionation factors were determined on
pore waters extracted from piezometers according to a previous study
(29). Determination of physical and chemical properties of the peat and
organic functional groups by Fourier transform infrared spectroscopy
(FT-IR) was described in reference 30. Hydraulic conductivity, a measure
of the rate of water movement through soil, was calculated from dry bulk
density of peat according to a regression model for peat material (31).
Pore water nitrate, ammonium, and sulfate concentrations were determined by chemiluminescence detection, colorimetry, and ion chromatography, respectively (see details in the supplemental material).
Enzyme activities. Each sample was assayed for the potential activity
of seven different hydrolytic enzymes involved in C, N, and P acquisition
(Table 1), according to the assay protocols in references 32 and 33. Ratios
of beta-glucosidase (BG) to N-acetylglucosaminidase (NAG) and alkaline
phosphatase (AP) activity were calculated to indicate microbial resource
allocation to the acquisition of C, N, and P, respectively (34).
DNA and RNA extraction, pyrosequencing, and qPCR. Total
genomic DNA was extracted from 0.5 g of duplicates of peat soil per
sample using a MoBio PowerSoil DNA extraction kit (MoBio, Carlsbad,
CA) according to the manufacturer’s protocol. MoBio PowerSoil RNA
extraction kits (MoBio, Carlsbad, CA) were used to extract total RNA
from 2 g of peat soil per sample. For RNA samples, DNA was removed
from the extracted total RNA using a Turbo DNA-free kit (Applied Biosystems, Carlsbad, CA), and an aliquot of DNA-free RNA was used for
first-strand cDNA synthesis using the GoScript reverse transcription system (Promega, Madison, WI). Both genomic DNA and cDNA were sent
to Research and Testing Lab (Lubbock, TX) or Molecular Research LP
(Shallowater, Texas) for amplification and 454 sequencing using the standard pyrosequencing protocols (Roche 454, Branford, CT). PCR amplification of bacterial and archaeal small-subunit (SSU) rRNA genes and
fungal internal transcribed spacer (ITS) regions of rRNA genes was performed using the primer pairs 515F/806R (35) and ITS1F/ITS4 (36), respectively. Quantitative real-time PCR (qPCR) was performed with 1/40diluted genomic DNA as the templates to quantify the abundance of total
bacterial, archaeal, and fungal SSU rRNA genes according to the procedures described elsewhere (23, 37).
A total of ⬎160 samples were sequenced for 16S rRNA genes of Bacteria and Archaea. To understand seasonal and vertical variation, the sequencing was performed for samples across the whole-peat profiles at
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not well studied relative to that of other terrestrial ecosystems
(17–20). To date, few next-generation-sequencing-based studies
have characterized the overall diversity and environmental controls of community dynamics in northern peatlands (17, 19).
Studies of microbial communities in peat soils have been conducted over relatively small scales, limited to few samples, and
often with molecular approaches lacking in phylogenetic resolution or a consideration of spatial and temporal variation (6, 21–
24). In particular, microbial communities in the anoxic, deep peat
layers (catotelm) have been largely ignored and the mechanism of
microbially mediated carbon turnover in deep peat is relatively
unknown (25–27).
The objective of this study was to quantitatively link the abundance and distribution of specific microbial groups to the dynamics of specific plant-derived organic carbon compounds and environmental parameters at the ecosystem scale in a northern
peatland by closely coupling analytical organic chemistry, biogeochemistry, and next-generation sequencing approaches. We hypothesized that peat decomposition as reflected in organic matter
composition would directly correlate with shifts in specific heterotrophic microbial populations and that these relationships would
be further impacted by the availability of nutrients and vegetation
coverage. This study was conducted at the Marcell Experimental
Forest (MEF) in northern Minnesota, USA, where the U.S. Department of Energy (DOE) Oak Ridge National Laboratory and
the USDA Forest Service are conducting a large-scale field climate
manipulation known as Spruce and Peatland Response Under Climatic and Environmental Change (SPRUCE). A secondary objective of this study was to quantify the heterotrophic microbial
groups linked to carbon turnover, before the SPRUCE experiment
begins.

Lin et al.
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(http://folk.uio.no/ohammer/past/) to assess seasonal differences in enzyme activities and differences in relative abundances of specific microbial
groups between samples.

RESULTS

Physical and biogeochemical characterization of peat. Temperature in February gradually increased from ⫺0.8 ⫾ 0.6°C at 0 cm
to 5.9 ⫾ 0.3°C at 200 cm, while it decreased from 19.9 ⫾ 0.3°C at
0 cm to 6.2 ⫾ 0.8°C at 200 cm in July (Fig. 1). Hydraulic conductivity sharply declined from ⬎1,000 to 3 to 6 cm day⫺1 over the
surface 30- to 40-cm depth and rebounded to 100 to 200 cm day⫺1
in the deeper peat (Fig. 1). Overall, higher dissolved organic carbon (DOC) and total nitrogen concentrations were observed in
the bog than in the fen (Fig. 1). Maxima in DOC concentrations
were observed at mid-depth near 50 cm, suggesting that the most
active peat degradation and DOC release occurred in the mesotelm. Total nitrogen concentration in peat generally increased
with depth at all sites, except a mid-depth peak observed in the bog
(Fig. 1).
Based on physical and chemical properties of the peat column
(see Fig. S2 and S3 in the supplemental material), three distinct
vertical zones, each with unique properties, were identified within
the peat column (see the Discussion). All data (except temperature) indicated that changes with depth in the peat column are
more pronounced than temporal or lateral spatial differences
(30).
Pore water chemistry. In situ profiles measured in July 2012
revealed that oxygen concentrations were variable in the surface
peat but generally decreased to below detection within 2 to 3 cm
below the water level (data not shown). Pore water pH was nearly
constant in situ, ranging from 3.5 to 4.0 at the bog and from 4.5 to
4.8 at the fen sites. Nitrate and nitrite concentrations averaged
below 1 M, while sulfate concentrations were below a detection
limit of 1.2 M in the summer season. A maximum in pore water
methane (CH4) concentrations was observed at mid-depth of
both bog and fen sites (Fig. 1), consistent with a companion study
showing the highest rates of CH4 production in this zone (30).
Fractionation factors calculated from the carbon isotopic composition of methane indicated a shift in the relative importance of
methane production pathways at the depth interval where the
highest methane accumulation was observed (Fig. 1) (17).
Distribution and abundance of microorganisms. Among the
3 microbial domains, bacterial rRNA gene abundance was highest
by at least an order of magnitude in the surface peat, followed by
Archaea and then fungi as determined by qPCR (Fig. 2). The rRNA
gene abundance of bacteria and fungi declined with depth, with a
much sharper decline observed for fungi. The relative abundance
of Archaea increased from ⬍1% of total rRNA gene copies at the
surface to up to 60% below the 75-cm depth. Archaeal abundance
was on average 10 times higher (Tukey’s pairwise test, P ⫽ 0.003)
in the deep fen than in the deep bog. Fungal rRNA gene abundance above 30 cm comprised on average 0.1% of total bacterial
and archaeal rRNA gene abundance, indicating archaeal and bacterial dominance. Seasonal differences in bacterial and archaeal
biomass were not significant (P ⬎ 0.05). However, fungal biomass
at the surface was 4.3 times higher (Tukey’s pairwise test, P ⫽
0.008) in winter than in summer at both bog and fen sites.
Activities of enzymes that mediate the mineralization of carbon, nitrogen, and phosphorus. Activities of all 7 enzymes consistently decreased with depth (Tables 1 and 2). Seasonal trends
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EM2 of August 2011; fen, T3M, and T3F of February 2012; EM2 of April
2012; and fen, T3M, and T3F of July 2012. Horizontal distribution patterns were analyzed by sequencing 3 representative depths (0 to 10, 30 to
40, and 75 to 100 cm) at all 10 S1 bog sites sampled in July 2012. RNAderived amplicon sequencing was performed for July 2012 samples from
the whole profiles of T3M, T3F, EM2, and fen sites. A total of 83 samples
were sequenced for the fungal ITS fragment, focusing on 3 depths (0 to 10,
20 to 30, and 30 to 40 cm) near the peat surface.
Processing of pyrosequencing data. Original sequence outputs were
filtered to remove low-quality sequences and denoised with Acacia using
default settings (38). The denoised fasta files were used to pick operational
taxonomic units (OTUs) and representative sequences at 97% identity in
QIIME (39). For bacterial SSU rRNA gene sequences, the PyNAST aligned
representative sequences were used to identify chimeric sequences using
ChimeraSlayer in QIIME. Chimera check of fungal ITS gene sequences
was done with UCHIME de novo in a de novo mode (40). Taxonomy was
assigned to each representative sequence by using BLAST with a maximum E value of 0.001 against the Greengenes core set for Bacteria and
using a customized database for fungi (http://www.emerencia.org
/fungalitspipeline.html). For all OTU-based analyses, the original OTU
table was rarefied to depths of 1,620 bacterial and archaeal sequences and
1,000 fungal ITS sequences per sample.
Statistical analyses and modeling. Pairwise comparisons of microbial
community structure were computed as Bray-Curtis similarity and were visualized using nonmetric multidimensional scaling (NMDS) in PRIMER v6
(Primer-E Ltd., United Kingdom). A heat map of dominant microbial taxa
and its clustering analysis was created with the MeV program (www.tm4.org
/mev.html). This heat map included the 32 most abundant bacterial and
archaeal taxa at a genus level (or level six within the Hugenholtz framework)
plus the two most abundant methanotrophs (Methylocystaceae and Methylomonas) and the 10 most abundant fungal genera. In cases involving
clades without a genus-level classification, sequences were summed to a
defined clade of a higher taxonomic level (41).
A distance-based linear model combined with a forward model selection procedure was performed to identify key environmental variables
explaining the community spatial turnover. This analysis was run in the
PERMANOVA package (Primer-E). Independent variable significance
(␣ ⫽ 0.05) was evaluated stepwise, and the order of variable evaluation
was based on improvement in the model’s adjusted R2. Model selection
proceeded until the next independent variable was nonsignificant as determined by 1,000 permutations. Separate model selection procedures
were carried out for community horizontal variation at 0 cm, 30 cm, and
75 cm and the vertical depth variation (including all 10 depths) in the
system.
As a complement to the linear regression modeling, structural equation model-based path analysis (42) was employed to compare the
strengths of organic matter composition, vegetation, and nutrient effects
upon microbial community composition. Vegetation data were downloaded from the website of the SPRUCE project (Spruce and Peatland
Response Under Climatic and Environmental Change; http://mnspruce
.ornl.gov/), including total tree basal area (BA) and counts of tree species
(Picea mariana and Larix laricina) and shrub species (Chamaedaphne calyculata and Ledum groenlandicum) for the nearest points to each core
location. Model performance was determined via chi-square tests. Nonsignificant chi-square tests (P ⬎ 0.05) indicate that the observed covariance structure of our data matches the model, and the hypothesis cannot
be rejected as a potential explanation of microbial community composition. Standardized path coefficients with values less than 0.10, around
0.30, and ⬎0.5 generally indicate small, medium, and large effects, respectively (42). Note that the total indirect effect between two variables in a
path model equals the sum of the products of each direct effect. Path
analysis was done with the Lavaan package in R (43).
Seasonal differences in microbial community composition were examined using ANOSIM in PRIMER v6 (Primer-E) (see details in the supplemental material). The t tests or paired t tests were performed in PAST
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for the activities of beta-glucosidase (BG) and N-acetylglucosaminidase (NAG) were not apparent (P ⬎ 0.2; see Fig. S4 in the
supplemental material). Ratios of enzyme activity associated with
C, N, and P acquisition are used to indicate nutrient availability.
For all samples, both C/N and N/P enzyme ratios were close to the
mean of global soil ecosystems (34). However, the C/P ratio was
0.52, which is similar to those published for lentic ecosystems (34),
indicating P limitation as more energy is allocated to PHOS (acid
phosphomonoesterase) activity relative to BG activity compared
to global ecosystem averages. Calculation of C/P ratios in each

layer showed that values were 0.56, 0.78, and 0.42 in the surface,
mid-, and deep layers, respectively.
Microbial community composition: bog versus fen, total
versus active, and attached versus planktonic. A total of 65
bacterial and archaeal phyla were detected in microbial communities. Acidobacteria (35%), Proteobacteria (18%), Verrucomicrobia (14%), and Crenarchaeota (14%) dominated the DNA-derived
microbial communities of both bog and fen when relative abundance was averaged across all samples (Fig. 3). In agreement with
qPCR results, bacterial phyla showed the highest relative abun-

FIG 2 Microbial SSU rRNA gene abundance across depths in different seasons. Each profile is based on mean values averaged from samples taken from different
sites. (A) Bacteria. (B) Archaea. (C) Fungi.
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FIG 1 Physical and chemical characterization of solid peats and pore water samples from the bog (circles) and fen (triangles) sites. Each profile was based on
values averaged from multiple sites (see Table S1 in the supplemental material) and different seasons. DOC and total N are in millimolar concentrations of C and
N, respectively. Temperature is in degrees Celsius.

Lin et al.

TABLE 2 Enzyme activity and ratios averaged from each and all layers across the peat column in July 2012
Avg (SD) from layer:
0–30 cm

30–75 cm

75–200 cm

All

Activity (nmol g⫺1 dry soil h⫺1) of enzyme
BG
CB
XYL
NAG
AAP
LAP
PHOS

24,488 (16,931)
5,353 (3,665)
3,742 (2,616)
14,983 (12,849)
668 (223)
428 (139)
59,150 (60,630)

4,832 (5,993)
1,248 (1,460)
2,393 (3,753)
4,057 (4,548)
236 (203)
168 (123)
7,442 (8,612)

2,952 (3,017)
3,109 (2,107)
3,227 (4,524)
2,937 (1,755)
239 (95)
192 (74)
7,894 (9,650)

12,118 (3,017)
3,460 (2,107)
3,188 (4,524)
8,084 (1,755)
410 (95)
280 (74)
28,264 (9,650)

Ratio
C/N
C/P
N/P

2.01 (1.17)
0.56 (0.28)
0.36 (0.24)

1.13 (0.36)
0.78 (0.34)
0.73 (0.35)

0.86 (0.34)
0.42 (0.17)
0.55 (0.24)

1.40 (0.34)
0.52 (0.17)
0.53 (0.24)

dance of amplicon sequences in the acrotelm and mesotelm,
whereas the Crenarchaeota showed a higher relative abundance in
the catotelm. The relative abundance of Acidobacteria was significantly (paired t test, P ⫽ 0.002) higher in bog than in fen, while
Crenarchaeota below 30 cm were two times more abundant
(paired t test, P ⫽ 0.016) in the fen than in the bog. The most
striking disparity in community composition between DNA- and

RNA-derived communities was that the DNA-derived microbial
community relative to the RNA-derived one contained on average
a ⬎2-times-higher abundance (paired t test, P ⫽ 0.002) of Proteobacteria and approximately a 44% lower abundance (paired t test,
P ⫽ 0.002) of Crenarchaeota (Fig. 3). Interestingly, the NC10 phylum, containing known members of denitrifying methanotrophs,
had on average a 4-times-higher representation (paired t test, P ⫽

FIG 3 DNA- and RNA-derived bacterial and archaeal community composition across depths in bog and fen sites, compared between winter (February) and
summer (July) samples. Data are averaged from specific depths across sites. The x axis is the sequence percentage of each phylum relative to the total sequences.
The y axis is the depth in centimeters.
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Enzyme activity or ratio

Microbial Community Stratiﬁcation in Boreal Peatland

0.008) in RNA-derived communities than in DNA-derived communities below 30 cm (Fig. 3).
In parallel with stratified physical and chemical properties in
peat columns, dominant microbial taxa also showed distinct clustering with depth (Fig. 4). Cluster 1 contains diverse heterotrophs
(e.g., Sinobacteraceae OTU450 and Chthoniobacter) and methanotrophs prevalent in the surface peat. A large diversity of methanotrophs belonging to Alpha-, Beta-, and Gammaproteobacteria
was detected. Methylocystaceae and Methylomonas codominated
both DNA- and RNA-derived methanotrophs across seasons in
the bog and fen sites (see Fig. S5 in the supplemental material).
OTUs assigned to Methylacidiphilales (family LD19 of Verrucomicrobia) were as abundant (1.5% of total community) as were total
proteobacterial methanotrophs (on average 1.1%), but these phylotypes are distantly (sequence identity, ⬍0.91) related to sequences of the four cultured verrucomicrobial methanotrophs
(see Fig. S6). Cluster 2 mainly harbors acidobacterial OTUs, Syntrophobacter, and putative acetoclastic methanogen Methanococcoides, peaking at 30 cm. Microorganisms in cluster 3 showed
increased abundance with depth, including OTUs belonging to
Crenarchaeota, hydrogenotrophic Methanocella, and Solibacter of
the Acidobacteria (Fig. 4). Interestingly, the uncultivated Crenar-
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chaeota lineages in the bog and fen mainly fell into crenarchaeotal
groups 1.1c and 1.3, which showed a maximum abundance at 50
to 100 cm and below 100 cm, respectively (see Fig. S7 and S8).
Fungal community composition was dominated by members
of the Ascomycota and Basidiomycota, which on average accounted for 63% and 33% of the total fungal community, respectively (see Fig. S9 in the supplemental material). Saccharomyces
and Agaricomycotina were two dominant subphyla among the detected Ascomycota and Basidiomycota, respectively. Saccharomyces (mainly yeasts) increased with depth, while Agaricomycotina
decreased with depth in relative abundance. No seasonal trends
were detected at subphylum level (data not shown). Interestingly,
on average a 37-times-higher (t test, P ⫽ 0.001) proportion of
Sebacina (mycorrhizal fungi) sequences was observed in the fen
than in the bog during both seasons (Fig. 4).
Methanogen community composition also showed a vertically
stratified distribution (Fig. 5). Putative acetoclastic Methanosarcinales showed the highest relative abundance near 30 cm, while hydrogenotrophic methanogens (Methanomicrobiales and Methanocellales) comprised the majority of methanogen sequences
below 50 cm. For example, below 50 cm, Methanocellales were 3
times (paired t test, P ⬍ 0.001) more abundant than Methanosar-
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FIG 4 Distribution of dominant microbial taxa (genus level or higher) at three peat layers over seasons. The color bar indicates the fraction of each taxon in the
total community. Numbers after the taxonomic names indicate the OTU numbers.

Lin et al.

depths across sites. The x axis is the sequence percentage of each order relative to the total methanogen sequences.

cinales. The relative abundance of Methanosarcinales was 1.5 times
(paired t test, P ⫽ 0.028) higher in RNA-derived than in DNAderived communities, suggesting a potentially active role of the
Methanosarcinales near 30 cm in both bog and fen. However, the
vertical profile of methane concentration was mainly correlated
(R2 ⫽ 0.39) with the distribution of Methanocellales abundance.
In addition, increasing fractionation from CO2 to CH4 with depth
suggests the greater relative importance of the acetoclastic pathway in the mesotelm and hydrogenotrophic methanogenesis in
the deeper catotelm.
Beta diversity and environmental controls over microbial
community composition. NMDS analysis of bacterial and archaeal communities identified 3 continuous clusters along depth
gradients (Fig. 6A). Deep fen samples are significantly (ANOSIM,
R ⫽ 0.624, P ⫽ 0.001) different from deep bog samples (Fig. 6A),
mainly due to a much higher abundance of Crenarchaeota in the

deep fen. ANOSIM analysis suggested no significant difference in
microbial community composition between winter and summer
in the surface (R ⫽ 0.11, P ⫽ 0.30). Fungal community composition also showed clear separation of surface samples from subsurface peats (Fig. 6B), with high dispersal of the surface community
along the horizontal axis of the ordination space.
Complex interrelationships between environmental variables
and microbial community composition were validated by path
analysis (Fig. 7). For vegetation cover, tree counts can predict tree
basal area, whose shading blocks sunlight and negatively affects
the distribution of shrub species such as Chamaedaphne calyculata
and Ledum groenlandicum. Our data had significant fit with the
hypothesized structure model (P ⫽ 0.13, chi-square ⫽ 25.89). The
strongest factor directly affecting changes in microbial community composition was the C/N ratio (path coefficients, 0.52 versus
0.08 by Chamaedaphne), consistent with the above results from

FIG 6 Nonmetric multidimensional scaling (NMDS) comparing similarities of bacterial and archaeal (A) (stress ⫽ 0.12) and fungal (B) (stress ⫽ 0.20)
community compositions across depths in different seasons. Symbols inside the circle in panel A indicate samples from the deep fen. Symbols inside the circle in
panel B indicate samples from below a 20-cm depth, and those outside the circle are surface samples.
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FIG 5 Temporal and vertical distribution patterns of methanogen community in bog (upper panels) and fen (lower panels) sites. Data are averaged from specific

Microbial Community Stratiﬁcation in Boreal Peatland

TABLE 4 Environmental variables significantly explaining the fungal
community spatial turnover at 30-cm depth and all layers, identified by
distance-based linear modela

FIG 7 Path analysis to analyze direct and indirect effects of organic matter
composition, nutrient availability, and vegetation cover on microbial community structure. Chi-square test, 25.89; P ⫽ 0.13. Solid and dashed arrows indicate significant (P ⬍ 0.05) and nonsignificant (P ⬎ 0.05) causal relations,
respectively. Numbers adjacent to each arrow indicate standardized path coefficients. Values in parentheses are fractions of the variance explained by the
respective variable in the model.

DISCUSSION

Using a combination of advanced analytical chemistry, biogeochemistry, and microbiology approaches, organic matter decomTABLE 3 Environmental variables significantly explaining the bacterial
and archaeal community spatial turnover at 0 cm, 30 cm, and 75 cm
and all layers, identified by distance-based linear modela
Layer

Variable

Adj R2

P

Prop.

0–10 cm
30–40 cm
75–100 cm
All layers

Chamaedaphne
Chamaedaphne
Archaea 16S
C/N ratio
Archaea 16S

0.12
0.09
0.10
0.20
0.26

0.03
0.02
0.03
0.00
0.00

0.26
0.19
0.23
0.23
0.09

a
Prop., proportion of variation explained; Adj, adjusted. A complete list of statistics for
each variable is provided in Table S2 in the supplemental material.
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Variable

Adj R2

P

Prop.

30–40 cm

Aliphat2920

0.11

0.03

0.22

All layers

C/N ratio
Chamaedaphne
Phosphatase
C/P enzyme activity

0.02
0.05
0.09
0.13

0.05
0.05
0.01
0.01

0.06
0.06
0.07
0.06

a
No variables are significantly retained in the forward model selection for the 0- cm
and 20-cm depths; thus, they are not shown in the table. Prop., proportion of variation
explained; Adj, adjusted. A complete list of statistics for each variable is provided in
Table S3 in the supplemental material.

position and microbial community dynamics were shown to be
closely coupled in an extensive field data set compiled across two
seasons and 3 transects in peatlands of the Marcell Experimental
Forest, where the U.S. DOE and USDA Forest Service plan to
initiate a large-scale climate manipulation in late 2014. Multiple
independent lines of evidence point to three distinct, vertical
zones of organic matter transformation within the peat column:
(i) the acrotelm, consisting of living mosses, root material, and
newly formed litter (0 to 30 cm); (ii) the mesotelm, a mid-depth
transition zone (30 to 75 cm) characterized by labile organic C
compounds and intense decomposition; and (iii) the underlying
catotelm (below 75 cm), characterized by refractory organic compounds as well as relatively low decomposition rates (30). These
zones are at least in part defined by physical changes in hydraulic
conductivity and water table depth. FT-IR analysis calibrated by
13
C nuclear magnetic resonance (NMR) indicates that plant-derived compounds, primarily complex carbohydrates, are degraded from the acrotelm to the catotelm, resulting in the increased accumulation of lignin-like aromatic residues with depth.
Similar vertical patterns in organic matter decomposition (44, 45)
and microbial community stratification (19) were observed in
other peatlands and are supported by concomitant changes in
hydraulic conductivity, C/N ratio, and humification index.
In contrast to vertical stratification, results point to relatively
minor lateral or seasonal variation in microbial community dynamics and peat organic matter composition in the MEF peatland
(30), with the exception that modeling results showed that the
spatial distribution pattern of the shrub Chamaedaphne calyculata
plays a key role in structuring microbial community composition
in the acrotelm and mesotelm, where the most intense decomposition occurs. Shrub species affect local community composition
by releasing dissolved organic matter and increasing soil water
retention under the shrub canopy (46). In the MEF peatland,
shrub species Chamaedaphne is more abundant than other shrubs
and produces more roots, and the roots penetrate deeper than
those of tree species (C. M. Iversen, unpublished data), to some
extent explaining the role of shrubs (relative to trees) in the structuring of microbial communities. Direct and indirect roles of vegetation cover (tree and shrub) in microbial community composition have been further confirmed through path analysis. Our
results revealed that seasonal dynamics could be masked by lateral
variation (caused by vegetation distribution) at the ecosystem
level. Similar findings have been revealed in other temperate forests (47). On the other hand, variations in biogeochemical parameters were relatively higher in the top 50 cm of the peat column
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the linear model. In addition, carbohydrate content was the most
influential among those of 4 organic compounds to predict peat
decomposition, followed by aromatic compounds. Although
weak, an indirect effect (0.09) of nutrient availability (indicated by
C/P enzyme ratio) on community composition was similar to the
direct effect (0.08) from Chamaedaphne.
Distance-based linear modeling was performed for each of
the three key zones and revealed that the distribution of
Chamaedaphne (see Fig. S10 in the supplemental material), an
Ericaceae shrub species, significantly affected bacterial and archaeal community composition at the 0- and 30-cm-depth horizons (Table 3; see also Table S2 in the supplemental material). At
the 75-cm horizon, archaeal biomass (A16S) is the most important factor explaining community spatial turnover, suggesting
that undetermined factors controlling archaeal distribution are
important in structuring microbial community composition in
deep peat. When considering all peat layers, both C/N ratio and
archaeal biomass explained the most variation for microbial spatial turnover.
In contrast to the model containing prokaryotic communities,
no environmental variables can be significantly loaded into the
model to explain horizontal variation in fungal community composition at the 0-cm and 20-cm horizons (Table 4; see also Table
S3 in the supplemental material). Aliphatic compounds significantly explained 22% of horizontal variation at 30 cm. In all layers,
C/N ratio and Chamaedaphne, phosphatase activity, and C/P enzyme ratio are significant factors to explain fungal spatial turnover, although each of them explained less than 10% of variation.

Layer
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braries (48). We conclude that either the sequence diversity of
methanotrophic Verrucomicrobia is broader than previously perceived or the Methylacidiphilales-like bacteria detected in acidic
peatlands may not be methanotrophic.
Peatlands represent extremely nutrient-poor environments,
and the microbially mediated carbon cycle has been shown to be
limited by a paucity of major nutrients (3). At MEF, rates of enzyme activity indicate that microbial communities are allocating
more resources to P acquisition than to C and N acquisition in the
surface, thereby indicating that microbial growth and organic
matter decomposition are limited by P availability. Evidence from
enzyme activity is corroborated by our path analysis, which shows
that P limitation and vegetation explained similar amounts of
variation in microbial community composition at the ecosystem
level. Moreover, metagenomic analysis provided further support
for P limitation, as a much higher abundance of genes associated
with P acquisition and starvation regulons was detected in the
surface in comparison to other ecosystems (48). Thus, we hypothesize that P limitation outweighs N limitation at the ecosystem
level at MEF. Nutrient acquisition requires further study in peatland microbial communities. For example, the biogeochemical
cycles of P and N could be closely coupled in peatland soils as P
limits the activity of nitrogen-fixing bacteria, which experience
greater demands for P than do nonfixers, and all peatland microorganisms are likely constrained by N supply as well (57).
In general, fewer studies of fungal community composition
have been conducted in peatlands using cultivation-independent
molecular techniques (19, 23). In this study, fungal communities
were characterized by high horizontal variation, an increasing
proportion of yeast (Saccharomyces), and a reduction of the whiterot fungi (Agaricomycotina) with depth. The high horizontal variation suggests that fungi are very sensitive to vegetation cover,
chemical content, and structure of litter (58), as reflected in the
modeling results showing multiple drivers of fungal spatial turnover. The distribution contrast between yeast and white-rot fungi
emphasizes the declining potential of phenolic compound degradation with depth and a potential role for yeast in anaerobic fermentation and decomposition of low-molecular-weight aromatic
compounds (59).
Mesotelm. The mesotelm represents a transition zone between
the largely oxic acrotelm and the anoxic catotelm (14, 28). The
mesotelm in the MEF peatland is associated with a fluctuating
water table at the 30- to 50-cm depth (28) and is characterized by
intense decomposition as determined by the consumption of carbohydrates along with the accumulation of lignin-like aromatic
compounds (30). As has been shown in marine sediments, organic
matter degradation in peats may be facilitated by redox oscillations (60) associated with cycles of wetting and drying at the surface of the water table. Our results indicate that the microbial C
cycle may also be stimulated by the availability of P in this layer. In
contrast to the surrounding vertical zones, enzyme activity data
point to a lack of P limitation in the MEF mesotelm in comparison
to global ecosystem averages (34). One explanation could be that
relatively abundant organic acids generated in this layer (30) solubilize P from solid-phase peat for utilization by microorganisms,
as microbial production of organic acids is believed to be a principal mechanism for phosphate solubilization (61). In addition,
abundant C-P lyase genes were detected in mesotelm metagenomes, indicating that microbes here can effectively recycle al-

Applied and Environmental Microbiology

Downloaded from http://aem.asm.org/ on May 25, 2014 by guest

and diminished with depth, which suggests that diffusion and
substrate transportation to deep peat are limited due to the existence of the midlayer, with the lowest (3 to 6 cm day⫺1) hydraulic
conductivity. Apparently, this poor permeability combined with
other factors discussed below determines the slow and stable C
decomposition and enzyme activity in the catotelm.
Acrotelm. The surface layer or acrotelm is largely oxic and receives a large amount of carbon input from plant production. At
MEF, the highest microbial diversity, enzyme activity, and CO2 production rates (30) correspond to an abundance of carbohydrate compounds and low aromatic content in the acrotelm. Our results show
evidence for prokaryotic dominance over microbial biomass, suggesting that peatland bacteria may outcompete fungi in utilizing
plant-derived substrates, including both simple and recalcitrant organic matter, as noted in our accompanying article (48; see also reference 49). The dominant microbial taxa detected in the surface
are members of the Acidobacteria, Gammaproteobacteria (Sinobacteraceae), Alphaproteobacteria (Acetobacteraceae), and Verrucomicrobia (Chthoniobacter) (Fig. 4). A substantial number of carbohydrate-utilizing Acidobacteria and Alphaproteobacteria have
been cultivated under aerobic conditions from acidic peatlands
(17), and many of these taxa are well represented in our sequence
data set from peat depths where an abundance of carbohydrates
was observed.
The Acidobacteria and Alphaproteobacteria likely play an important role in the degradation of carbohydrates in the acrotelm at
MEF, as these microbial groups are abundant in RNA-derived
sequence libraries and culture studies show that they are well
adapted to acidic, nutrient-poor conditions (17, 50, 51). Specifically, a potential role for the Acidobacteria in degrading cellulose
has been suggested based on the analysis of genome sequences
(52) and laboratory tests with novel acidobacterial isolates (53,
54). Acidobacterial isolates from acidic bogs were shown to
utilize a range of carbohydrate compounds, including most
sugars, some heteropolysaccharides, glucuronic acid, and gluconic acid (17). In addition, community composition at the
surface was highly correlated with the distribution of the dominant shrub, Chamaedaphne (see Table S2 in the supplemental
material), suggesting that they may be major consumers for
shrub exudates and other plant-derived carbon sources (such
as dead root material and secondary metabolites like terpenoids in litter). Less information is available on the physiological ecology of Alphaproteobacteria from peatlands, but this group
has been shown to utilize most sugars and a range of other lowmolecular-weight carbon substrates under acidic conditions (17).
As expected, bacteria known to carry out aerobic methanotrophy were detected in the highest relative abundance in the acrotelm. However, although the relative abundance of type I and type
II methanotrophs detected in our study was similar to that of
other peatlands (55), a broader sequence diversity (7 genera) of
putative methanotrophs belonging to the Alpha-, Beta-, and Gammaproteobacteria was observed at MEF. The role of acidophilic
methanotrophs of the Verrucomicrobia remains in question in
peatlands. Interestingly, we retrieved an abundance of OTUs affiliated with the Methylacidiphilales similar to that of OTUs affiliated with proteobacterial methanotrophs. However, phylogenetic analysis of these OTUs could not confirm a close relationship
with cultured methanotrophic Verrucomicrobia (56), similar to
the results from other acidic peatlands (24). Methylacidiphilaleslike pmoA genes were also undetectable in our metagenomic li-
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to P limitation, which is likely associated with low rates of organic
matter mineralization and a lack of organic acids to release P immobilized in the solid peat. Nutrient limitation and a lack of electron acceptors comprise two major factors controlling microbial
activity and decomposition in deep peats (57, 66). This is supported by our metagenomic findings, which showed that the catotelm harbors a high abundance of Lon ATP-dependent protease
genes for dealing with environmental stress, including starvation
and acidity (48).
The catotelm has been termed the “carbon bank” of peatlands,
since the bulk of carbon is stored in these deeper layers (67). The
role of carbon stored deep in terrestrial soils (68) and the metabolic pathways by which this carbon may be released to the atmosphere by microbial processes have just begun to be incorporated
into models of the global C cycle (69). The limited availability of
labile organic matter in the deeper bog and fen samples explains
why H2- and CO2-dependent methanogenesis is favored in the
catotelm at MEF (62, 70). However, as has been observed in other
peatlands (27, 71–73), radiocarbon signatures of microbial respiration products in deeper pore waters at MEF resembled the signatures of more modern dissolved organic carbon rather than
solid-phase peat, indicating that organic matter derived from recent photosynthesis fueled the bulk of microbial respiration in the
catotelm. The high ratio of CO2 to CH4 in pore waters and microcosm incubations further indicates that pathways other than
methanogenesis are driving the bulk of carbon oxidation in this
zone. Thus, the source of mineralized carbon is unresolved in the
MEF peatland.
As indicated by qPCR and amplicon sequencing data, members of the Archaea appear to dominate in the catotelm, comprising up to 60% of the microbial community. Sequences of the
Crenarchaeota, which are not known to produce methane, were
particularly abundant, suggesting that this group plays an important role in the carbon cycle of deep peat layers. A predominance
of Crenarchaeota sequences in deep soils and sediments has also
been reported in other terrestrial ecosystems (74) and in the deep
marine biosphere (45). Crenarchaeota lineages in our samples
mainly fall into crenarchaeal groups 1.1c and 1.3, which peaked at
50 to 100 cm and below 100 cm, respectively, suggesting their
niche stratification. The carbon metabolism and energy sources
for these uncultivated Crenarchaea are largely unknown. Studies
thus far suggest a role for this microbial group in the mineralization of detrital proteins (75), in degradation of fossil organic matter (76), and in anaerobic methane oxidation (76, 77). A small but
growing database indicates that humic substances could serve as
an electron acceptor or electron shuttle to facilitate the carbon
cycle in wetlands (62). Therefore, based on our study of the carbon
cycle at MEF, we propose that the crenarchaeal groups mediate
anaerobic fermentation or the coupling of carbon oxidation to the
respiration of some unidentified organic electron acceptor. Given
the lack of cultivated representatives of this group, the importance
of Crenarchaea in the peatland C cycle and their sensitivity to
environmental change (78, 79) should be further investigated using single-cell genomics and other techniques that do not require
cultivation.
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kylphosphonate and other forms of P bound to recalcitrant organic matter such as alkyl and aromatic compounds (48).
The physical and chemical properties of the mesotelm create
a unique ecological niche for microorganisms residing there.
Relative to the acrotelm, we observed a dramatic reduction in
fungal biomass and a shift in microbial community toward
codominance of acidobacterial OTUs, methanogenic archaea,
and Syntrophobacteraceae in the mesotelm. Similar to the acrotelm, the Acidobacteria likely play an important role in the degradation of carbohydrates under aerobic conditions in the mesotelm; however, the metabolism of this group under anaerobic
conditions is virtually unknown (17). As has been observed in
other peatlands (18), the Syntrophobacteraceae likely catalyze secondary fermentation that supports methanogenesis under anaerobic conditions.
The majority of past studies indicate that hydrogenotrophic
methanogens dominate in acidic bogs, whereas acetoclastic methanogens show increased abundance in fens (62). In corroboration
of our previous work in another northern Minnesota peatland
(23), sequences from members of the Methanosarcinales, known
primarily as acetoclastic methanogens, predominated in the bog
and fen at MEF. The relative abundance of Methanosarcinales was
1.5 times higher in RNA-derived than in DNA-derived sequence
libraries, and the highest potential rates of methanogenesis were
also observed in the mesotelm, further suggesting an active role
for this group in methane production. The Methanosarcinales are
the most metabolically versatile group of methanogens, capable of
conserving energy from the consumption of acetate, methanol,
methylamines, and even H2 (63, 64). However, no evidence to
date indicates that the Methanosarcinales play a quantitatively important role in hydrogenotrophic methanogenesis in wetlands
(62). In this study, an isotope mass balance derived from microbial respiration products, ␦-13C-CH4 and ␦-13C-CO2, provides
evidence for a system in which methanogenesis is shifted strongly
toward acetate utilization in the mesotelm (Fig. 1). Thus, we hypothesize that members of the Methanosarcinales mediate the majority of methane production through acetate utilization at MEF.
This hypothesis should be further tested through the examination
of expressed genes for methanogenesis and the generation of
metatranscriptomes from peat.
Sulfate reduction is thermodynamically more favorable than
methanogenesis, and genes associated with sulfate reduction and
sulfur oxidation were observed in abundance in this layer based on
our metagenomic analysis (48). In corroboration of the SSU
rRNA sequence data, a high proportion of sulfite reductase genes
in our metagenomes are affiliated with the Syntrophobacteraceae,
suggesting a potential role in both syntrophic fermentation and
sulfate respiration. Although several studies suggested the global
significance of sulfate reduction and the coupling of humic reduction to organic matter mineralization in peatlands (65, 66), the
identity and ecology of microorganisms responsible for these anaerobic processes are largely unknown.
Catotelm. In the deep anoxic peat layer, or catotelm, of the
MEF peatland, we observed a more homogenous system with regard to organic carbon functionality and microbial community
composition. Potential rates of microbial respiration were approximately 2 orders of magnitude lower in the catotelm than in
the mesotelm, and several lines of evidence indicated a high degree
of humification and organic matter recalcitrance (30, 48). Similarly to the acrotelm, low ratios of C to P enzyme activity pointed
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