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INTRODUCTION

Northern peatlands are important global C reservoirs, largely because of their slow
rates of microbial C mineralization. Particularly in sites that are heavily influenced by
anthropogenic disturbances, there is scant information about microbial ecology and
whether or not microbial community structure influences greenhouse gas production.
This work characterized communities of bacteria and archaea using terminal restriction
fragment length polymorphism (T-RFLP) and sequence analysis of 16S rRNA and functional
genes across eight natural, mined, or restored peatlands in two locations in eastern
Canada. Correlations were explored among chemical properties of peat, bacterial and
archaeal community structure, and carbon dioxide (CO;) and methane (CH4) production
rates under oxic and anoxic conditions. Bacteria and archaea similar to those found in
other peat soil environments were detected. In contrast to other reports, methanogen
diversity was low in our study, with only 2 groups of known or suspected methanogens.
Although mining and restoration affected substrate availability and microbial activity, these
land-uses did not consistently affect bacterial or archaeal community composition. In
fact, larger differences were observed between the two locations and between oxic
and anoxic peat samples than between natural, mined, and restored sites, with anoxic
samples characterized by less detectable bacterial diversity and stronger dominance by
members of the phylum Acidobacteria. There were also no apparent strong linkages
between prokaryote community structure and CH4 or CO2 production, suggesting that
different organisms exhibit functional redundancy and/or that the same taxa function
at very different rates when exposed to different peat substrates. In contrast to other
earlier work focusing on fungal communities across similar mined and restored peatlands,
bacterial and archaeal communities appeared to be more resistant or resilient to peat
substrate changes brought about by these land uses.
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Microbial community controls may be particularly impor-

Northern peatlands are important long-term sinks of atmo-
spheric carbon dioxide (CO;) due to net imbalances between
primary production and heterotrophic mineralization of soil
organic matter (peat) and plant litters (Roulet et al., 2007). They
are also persistent sources of methane (CH4) due to waterlogging
of soil profiles that helps sustain methanogenesis. Soil microor-
ganisms, including bacteria and archaea, are largely responsible
for the production of both of these greenhouse gases through
decomposition processes. However, we do not fully understand
the factors that control microbial community structure at these
sites, nor can we yet make meaningful linkages between diversity
and activities that ultimately result in greenhouse gas emissions
(Andersen et al., 2013).

tant to greenhouse gas flux dynamics in sites that are commer-
cially mined (or “cutover”) for horticultural substrates and soil
amendments (Andersen et al., 2013). In these sites the micro-
bial environment is dramatically altered through removal of
newly-formed peat and exposure of biorecalcitrant peat that is
thousands of years old and the resulting hydrological and plant
community alterations (Andersen et al.,, 2006; Basiliko et al.,
2007). Depending on the method of peat extraction, natural
restoration of mined peatlands can lead to the relatively rapid for-
mation of new peat (Robert et al., 1999). However, active restora-
tion as a tool to return peatlands mined using contemporary
methods to sinks for CO, and small sources of CH4 has produced
variable results (Tuittila et al., 1999; McNeil and Waddington,
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2003; Marinier et al., 2004; Waddington et al., 2010). Restoration
efforts likely can set peatlands on a trajectory toward renewed car-
bon sequestration, however because this is a process that would
subsequently takes thousands of years, there is a clear trade-off
between loss of contemporary carbon stocks and provision of peat
as a natural resource. Croft et al. (2001) first demonstrated that
numbers of cultivatable bacteria were reduced after mining and
Glatzel et al. (2004) later suggested that understanding the micro-
bial role in both the impacts of mining and the effectiveness of
restoration is essential.

In restored or revegetated mined peatlands, functional micro-
bial fingerprints using physiological profiling techniques have
linked substrate utilization abilities to the newly established veg-
etation on peatland surfaces (Artz et al., 2008; Yan et al., 2008).
Previous work in mined and/or restored peatlands has also
explored the role of decomposer community structure. Litter
chemistry and plant communities have been linked to changes
in fungal communities and carbon loss in mined peat surfaces
recently colonized by different plant functional groups (Artz
et al., 2007; Trinder et al., 2008, 2009). However, recent work
has suggested that bacterial activities and numbers predomi-
nate over those of fungi across natural North American peat-
lands, including non-saturated surface peat of acidic bogs and
poor fens (Winsborough and Basiliko, 2010; Lin et al., 2012;
Myers et al., 2012), although mining and restoration impacts
on bacterial communities have not been extensively studied.
Across other non-impacted peat environments it has been shown
that bacterial and archaeal decomposer communities can be
quite similar despite different vegetation and litter chemistry
and even when exhibiting different rates of activity (Kim et al.,
2008; Preston et al., 2012). Given the importance of wetlands
in global CHy emissions, methanogenic archaea in peatlands
have been the focus of study for some time (e.g., Williams
and Crawford, 1984; Hales et al., 1996; Basiliko et al., 2003;
Brduer et al., 2006), including sites that have been drained for
forestry and reflooded (Galand et al., 2005b; Juottonen et al.,
2012). Restoration of peatlands used for forestry in Finland re-
established methanogen communities similar to those in undis-
turbed sites, though methanogen abundance and CHy emissions
rates remained lower, despite generally similar water table posi-
tions (Juottonen et al., 2012). However, the impacts of horticul-
tural mining and subsequent restoration on methanogens remain
unknown.

The objectives of this work were to characterize commu-
nities of bacteria and archaea across eight natural, mined, or
restored peatlands in two eastern Canada locations using terminal
restriction fragment length polymorphism (T-RFLP) fingerprint-
ing combined with sequence analyses of small sub-unit ribosomal
RNA and methyl-coenzyme M reductase (crA) gene fragments.
Correlations were explored among chemical properties of peat
that are altered through land-use changes, bacterial and archaeal
community structure, and CO, and CHy4 production rates. We
predicted that that organic substrate quality and nutrient avail-
ability, which are reduced by mining and potentially enhanced
through restoration, would link to differences in bacterial and
archaeal community structure. In particular we predicted that
mined sites, relative to natural and restored sites, would have low

detectable bacterial and archaeal richness and evenness, concomi-
tant with low rates of greenhouse gas production. Because peat
substrate might be a stronger control on community structure
than dispersal constraints for prokaryotes, we predicted that land-
use effects on community structure within a location would be
greater than differences in similar sites across locations.

METHODS

STUDY SITES, SAMPLING, AND PEAT PHYSICOCHEMICAL ANALYSES
Canadian peatlands near Riviere du Loup, QC and Shippagan, NB
used in the present study were previously described in detail by
Basiliko et al. (2007). In each location, we sampled natural sites,
actively mined sites, mined sites that had been abandoned for
~30 years and did not have post-harvest peat accumulation, and
reflooded block-cut mined sites that had accumulated ~35 cm of
Sphagnum-dominated peat over ~30 years. Natural and restored
sites were dominated by Sphagnum moss and shrub vegetation
characteristic of bogs or poor fens, and peat in all sites appeared
to be dominated by Sphagnum remains (Basiliko et al., 2007). The
20-30 and 30-40 cm depth segments were chosen for oxic and
anoxic incubations and community analysis. The 30-cm depth
was the approximate water-table position at sampling time in the
natural, abandoned, and restored sites. Samples were taken in
early September and frozen at —20°C and thawed for 3 days at
4°C prior to subsequent analyses. Peat properties characterized
by Basiliko et al. (2007) with fresh samples were used in corre-
lation analyses described below. Briefly, microbial biomass and
extractable organic C, N, and P, and inorganic N and P were deter-
mined using a CHCl3-fumigation, K,SO4 extraction procedure.
Peat organic chemistry was characterized using FTIR-spectral
analysis to determine the relative concentrations of organic acids
or polysaccharides to aromatic molecules, and through differ-
ential solvent (diethyl ether and CHCIl3) extraction of lipids.
The humic acid fraction of water-extractable dissolved organic C
(DOC) was measured through acid precipitation methods, and
the physical degree of humification was measured using the Von
Post humification index. Peat moisture content was measured and
pH determined in a 4:1 water:peat mixture. Water-extractable
inorganic ions (Na*, K*, Mg?*, Ca?*, and SOif) were measured
using ion chromatography.

MICROBIAL ACTIVITY, COMMUNITY STRUCTURE, AND PHYLOGENETIC
CHARACTERIZATION

After thawing, peat was incubated under oxic and anoxic con-
ditions at 20°C to restore microbial activity and standardize
temperature and O, availability, and CO, and CHy4 exchange
was measured following methods from Glatzel et al. (2004) and
Basiliko et al. (2005). The rate of aerobic CO; production fol-
lowing the final aeration (incubation day 9-10) and the rate of
anaerobic CHy and CO; production from day 25 to 30 were cho-
sen to represent aerobic and anaerobic production, respectively
and are expressed per g dry peat per day. Immediately follow-
ing the final gas measurements, DNA was extracted from each of
the 48 samples using the FastDNA SPIN Kit for Soil (Qbiogene,
Carlsbad, CA, USA) according to the manufacturer’s instructions,
except that DNA was washed four times with 0.5 ml of guani-
dine thiocynate (5M) to remove humic substances (Bengtson
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etal., 2009). Fragments of genes encoding for bacterial 16S rRNA
were amplified from the oxic and anoxic peat DNA using PCR
protocols described by Lukow et al. (2000), except that 27f and
1492r PCR primers were used (Preston et al., 2012). Fragments
of genes encoding for the alpha-subunit of methanogen-specific
methyl-coenzyme M reductase (mcrA) and archaeal 16S rRNA
genes were amplified from the anoxic peat DNA using proto-
cols from Lueders et al. (2001), and Ramakrishnan et al. (2001).
Archaeal 16S rRNA genes could not be amplified from any sam-
ples from the mined site at Shippagan and one sample from the
mined site at Riviere du Loup. T-RFLP analysis of mcrA, bacte-
rial 16S rRNA, and archaeal 16S rRNA gene products followed
Ramakrishnan et al. (2001) and Lukow et al. (2000). Relative
abundances of individual operational taxonomic units (OTUs)
were calculated as the intensities of single peaks larger than 50 bp
as a fraction of the sum of all peaks. Peaks with relative intensities
less than 1% of the total were removed.

Individual bacterial and archaeal 16S rDNA sequences were
isolated from PCR products from anoxic samples with the
TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA, USA). Cells
from transformed colonies were used in direct-colony PCRs
using the included vector-specific M13 primer pair for bacte-
rial 16S rRNA genes or the original 109af-912ar primer pair
for archaeal 16S rRNA genes. Ninety-eight bacterial and 138
archaeal PCR products with the correct-size amplification prod-
ucts were purified with the GenElute PCR CleanUp-Kit and
sequenced with a 48 lane ABI 377 sequencing instrument (P-E
Applied Biosystems, Foster City, CA). Sequence similarity was
determined using the contig formation function in SeqMan
(Lasergene, DNASTAR, Madison, WI, USA) and in cases where
sequences were >98% similar over at least 600 bp length, one
sequence was chosen for further phylogenetic analysis For bac-
teria, the longest sequence with few base-assignment uncertain-
ties was chosen within each >98%-similar contig for further
phylogenetic analysis. For archaeal sequences, reverse sequences
were also obtained and assembled with the forward sequence.
Sequences were deposited in GenBank under the accession num-
bers JQ934752-JQ934792. Similar sequences from environmental
samples and cultured organisms were identified using BLASTN
2.2.21+ searches (Zhang et al., 2000) and included in further
analysis. Alignment and phylogenetic tree construction used the
MEGA v5 software package with neighbor-joining and maximum
composite likelihood methods (Tamura et al., 2011). GeneBank
sequences had at least 598 bp of coverage with those from
this study. In silico T-RFLP analysis was performed on cloned
sequences using restriction digest tools in BioEdit Sequence
Alignments Editor v 7.0.9.0 (Hall, 1999), and real T-RFs were
putatively phylogenetically identified when possible.

STATISTICAL ANALYSES

T-RFLP data alone (i.e., no clone library data) were used for
all community structure analyses. OTU richness, evenness, and
Simpson’s diversity (Simpson, 1949) indices were calculated.
Evenness refers to the pattern of distribution of the individuals
between the OTUs and compares the observed Shannon diversity
index against an equal distribution of OTUs that would maximize
diversity (Krebbs, 1999). Analyses of variance with Tukey post-hoc

tests were performed on SYSTAT 10 (SPSS Inc. Chicago, IL,
USA) to compare inter-site gas fluxes and diversity indices within
and between Riviere du Loup and Shippagan. Links between
peat properties or CO; and CHy fluxes and diversity indices
were explored through Pearson correlation with Bonferroni prob-
abilities. Agglomerative hierarchical cluster analysis (CA) was
performed using Ward’s method among samples to characterize
similarities based on bacterial and archaeal OTU presence and
abundance using PC ORD version 4.0 software (MJN Software
Design, Gleneden Beach OR, USA). To further examine differ-
ences or similarities between sites and samples and to determine
if any peat properties, including CO, and CHjy fluxes in incuba-
tions, potentially described (predicted) any of the variation in the
OTU data, Canonical correspondence analysis (CCA) was per-
formed on CANOCO version 4.0 (Microcomputer Power, Ithaca,
NY, USA).

RESULTS

PHYLOGENETIC CHARACTERIZATION OF BACTERIA AND ARCHAEA
Bacteria from 5 phyla were detected and many of the sequences
were similar to sequences or isolates from other peat envi-
ronments and mineral soils distributed globally (Dedysh, 2011;
Figure 1). Six identical or nearly identical bacterial sequences
were found in both Shippagan and Riviere du Loup (Table1).
On average 57 and 75% of T-RFs could be linked to par-
ticular clone sequences for oxic and anoxic samples, respec-
tively. These T-RFs represented 7 of 8 encountered classes
or phyla (no T-RFs corresponding to Verrucomicrobia were
greater than 1% of total community peak height); however,
there were no apparent land-use, inter-site, or inter-location
differences based on in silico community composition analy-
ses (Figure2, Table1). The T-RFs corresponding to the phy-
lum Acidobacteria represented the dominant OTU in 3 out
of 8 sites in the oxic incubations and in all sites in the
anoxic incubations (Figure 2). All of the main bacterial groups
were represented in both oxic and anoxic samples except
the class Clostridia, which was not present in oxic samples
(Figure 2). In general, the relative abundance of Actinobacteria
and Betaproteobacteria decreased in anoxic compared to oxic
samples (Figures 2A,B).

Euryarchaeota detected in the anoxic samples were closely
related to members of the genus Methanobacterium and similar
sequences retrieved from North American, Finnish, and German
peat soils and rice field soils (Figure 3). Others were related to
members of the methanogenic group Rice Cluster II that have
previously been detected in North American and UK peat bogs
(Hales et al., 1996; Basiliko et al., 2003; Cadillo-Quiroz et al.,
2008; Figure 3). Sequences were also retrieved that have no close
relatives among described archaea, but are similar to sequences
detected in rich field soil, a Finnish fen and a USA mine biofilm
(Lu and Conrad, 2005; Baker et al., 2006; Conrad et al., 2008;
Juottonen et al., 2008; Figure 3). Crenarchaeotal 16S rRNA gene
sequences were closely related to some other sequences detected
in soils including moorlands (Jurgens and Saano, 1999; Kemnitz
et al., 2007; Nicol et al., 2007; Lesaulnier et al., 2008; Figure 3).
No single archaeal T-RF was dominant in most samples; however,
unknown Euryarchaeota were generally relatively more abundant
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FIGURE 1 | Bacterial 16S rRNA gene-based phylogenetic tree

(neighbor-joining method) of representative sequences retrieved from
sites at Riviére du Loup and Shippagan in bold and similar sequences
from GenBank. Distances were computed using the maximum composite
likelihood method in the MEGA v5 package. Vertical bars and labels refer to

phyla. In reference to Figure 2, sequences with open circles, black squares,

and black upward pointing triangles represent classes in the phylum
Proteobacteria, black circles represent the phylum Adicobacteria, black
diamonds represent the phylum Actinobacteria, open and black upward
pointing triangles represent classes in the phylum Firmicutes, and open
squares represent the phylum Verrucomicrobia. Scale bar units are the
number of base substitutions per site.
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Table 1 | Terminal restriction fragment lengths, taxonomic affiliations, and source sites of sequences.

Bacteria
Seq T-RF Taxonomic Found
no. (bp) affiliation in:
1 265 Acidobacteria RDL Abd,
SHP Nat
2 262 Acidobacteria RDL Nat,
RDL Har,
SHP Nat,
SHP Rst
3 262 Acidobacteria RDL Abd,
SHP Abd,
SHP Rst
4 264 Acidobacteria RDL Nat,
RDL Rst
5 261 Acidobacteria RDL Har
6 267 Acidobacteria RDL Har,
SHP Rst
7 264 Acidobacteria SHP Rst
8 264 Acidobacteria RDL Abd
9 149 Acidobacteria SHP Rst
10 265 Acidobacteria SHP Rst
i 264 Acidobacteria RDL Nat
12 94 Acidobacteria RDL Adb,
RDL Rst
16 156 Alphaproteobacteria RDL Nat,
SHP abd
18 148 Alphaproteobacteria RDL Rst
19 69 Actinobacteria RDL Har
21 145 Actinobacteria RDL Abd,
SHP Abd
22 135 Betaproteobacteria RDL Abd,
RDL Rst
24 134 Betaproteobacteria RDL Nat
25 437 Alphaproteobacteria SPH Abd
27 140 Betaproteobacteria RDL Har
28 490 Gammaproteobacteria SHP Nat
29 134 Actinobacteria SHP Nat
31 181 Acidobacteria RDL Rst
39 276 Clostridia RDL Nat,
RDL Rst
43 119 Bacilli RDL Nat
47 597 Verrucomicrobia RDL Rst

in the Riviere du Loup sites and the Methanobacteria were gen-
erally more abundant at the Shippagan sites (Figure 2C). Gene
fragments of mcrA could only be amplified from the natural and
restored samples from Shippagan. Samples from the Shippagan

Archaea

Seq TRF Taxonomic Found

no. (bp) affiliation in:

2 490 Rice Cluster I SHP Nat

4 184 unknown RDL Nat,
Crenarchaeota RDL Rst

6 391 Rice Cluster Il RDL Abd

8 184 unknown RDL Nat
Crenarchaeota

9 184 unknown RDL Nat,
Crenarchaeota RDL Rst

10 89 Methanobacteria SHP Rst

" 184 unknown RDL Nat
Crenarchaeota

12 184 unknown RDL Rst
Crenarchaeota

13 184 unknown RDL Nat
Crenarchaeota

14 184 unknown RDL Rst
Crenarchaeota

17 89 Methanobacteria SHP Rst

21 184 unknown RDL Rst
Crenarchaeota

22 184 unknown RDL Nat
Crenarchaeota

31 805 unknown RDL Min
Euryarchaeota

32 184 unknown SHP Rst
Euryarchaeota

natural site were dominated with a T-RF that corresponded
to a group of methanogenic Euryarchaeota known as Rice
Cluster I with recent isolates from the newly described order
Methanocellales and the family Methanobacteriacea (Lueders et al.,
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FIGURE 2 | Bacterial (A and B) and archaeal (C) community
compositions (averaged across replicates) based on in silico mapping
of terminal restriction sites of cloned sequences across natural (Nat),
actively mined (Min), mined and abandoned (Abd), and mined and

Rst

B Bacteria (anaerobic)

Nat Min  Abd  Rst

Riviére du Loup |

Min
Shippagan

Abd Rst

restored (Rst) sites at Rivere du Loup and Shippagan. Unlabeled
portions of each community (i.e., where bars did not add up to 100%)
were a result of not being able to assign T-RFs to specific clone library
sequences isolated from the anoxic samples.

2001), despite our analyses of 16S rRNA gene clone sequences and
T-RFLP analysis not detecting the former group. The 237-bp T-
RF might also indicate members of Rice Cluster II or other poorly
described methanogenic Euryarchaeota.

LAND USE EFFECTS ON MICROBIAL COMMUNITY AND LINKAGES
AMONG MEASURED VARIABLES

CA and CCA indicated that community structure varied with
land-use and between locations (Figures 4, 5, Table 2). In partic-
ular, CA of aerobic bacterial taxa grouped most replicate samples
together within sites and Riviere du Loup and Shippagan did not
have similar community structures (Figure 4). CCA of aerobic
bacterial taxa clearly separated mined and abandoned sites from
natural and restored sites at Shippagan, indicating that mining
and abandonment led to changes in community structure, while
restoration returned communities to a state similar more to nat-
ural communities (Figure 5). Differences in sites at Riviere du
Loup could not be resolved well on the same CCA plot, indicating
that community changes through mining and restoration were
more pronounced at Shippagan, consistent with CA results. For
anaerobic bacterial communities, CA indicated more similarity

between sites, likely resulting from substantially increased dom-
inance of Acidobacteria in all samples. CCA illustrated clearer
differences between sites and locations, indicating both land-use
and geographical differences, with the exception of the restored
sites that had similar community structure and were clustered
together. Although this contrasts with CA results, it is important
to note that in defining the axes, CCA down-weighted the impor-
tance of the universally-dominant OTU, resulting in less apparent
similarity between sites and locations; CCA axes were most heav-
ily defined by members of the class Gammaproteobacteria and the
phylum Actinobacteria in the anoxic incubations. Archaeal com-
munities were largely different between samples from Riviere du
Loup and Shippagan based on CA and CCA clustering patterns,
however with the exceptions of the replicates at the natural sites
clustering together in the CA, restoration did not lead to clear
changes in archaeal community structure resolved in CA or CCA.

Diversity indices generally did not illustrate effects of min-
ing, abandonment, and restoration within Riviere du Loup
or Shippagan for aerobic and anaerobic bacterial communi-
ties (Table 3). Geographic differences were also not strong. The
abandoned site at Riviere du Loup had the greatest archaeal OTU
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@ EC Arch 13

Uncultured archaeon clone Arc-R39 from red soil, China, FJ174719

Uncultured archaeon clone GBX-A-COQ1-75 from hot spring, Colombia, JF280299

@ EC Arch 11

Uncultured crenarchaeote clone MFT6-A1 from moorland, Scotland, DQ449496

@ EC Arch 22

Archaeal sp. clone FFSB3 from humus layer of forest soil, Finland, X96690

Uncultured crenarchaeote clone A109-16 from acidic upper forest soil, Germany, AM291987

@ ECArch 4

Uncultured crenarchaeote clone PsMMW_27 from boreal forest tree rhizosphere, Finland, GU815312
Uncultured crenarchaeote clone A109-04 from acidic deciduous forest soil mineral horizon, AM291981

CArch9

@ EC Arch 12
@ EC Arch 14

@ ECArch8

Methanococcus aeolicus, U39016
A ECArch 10

A ECArch 17

@ ECArch 32

W ECArch2

W ECArch6

—
0.02

FIGURE 3 | Archaeal 16S rRNA gene-based phylogenetic tree
(neighbor-joining method) of sequences retrieved from sites at Riviere
du Loup and Shippagan in bold and similar sequences from GenBank.
Distances were computed using the maximum composite likelihood method
in the MEGA v5 package. In reference to Figure 2, black circles represent

Uncultured crenarchaeote clone MFT9-C11 from moorland, Scotland, DQ449489
Uncultured archaeon clone Amb_16S_arch_649 from trembling aspen rhizosphere, EF021059

Uncultured crenarchaeote clone MFT10-A2 from moorland, Scotland, DQ449487

Uncultured crenarchaeote clone BpMMM_35 from boreal forest tree thizosphere, GU815338
Archaeal sp. clone FFSB10 from humus layer of forest soil, Finland, X96695
Uncultured crenarchaeote clone MFT7-C11 from moorland, Scotland, DQ449493

Uncultured archaeon clone isolate 2312F 10a from fen soil, Germany, FR745110

Il EC Arch 21
4‘_‘7Uncultured archaeon clone ArSMyy02 from forest soil, Germany ,HQ269192
Uncultured archaeon clone Amb_16S_arch_412_2 from trembling aspen rhizosphere, EF020840
Methanococcus vannielii strain SB, NR_025718

Uncultured Methanobacteriaceae clone AMC 7 MB31 from bog peat, Germany, AJ459885

Uncultured archaeon clone MeB_D5C from bog, Canada, JN649100
Methanobacterium bryantii, M59124
Methanobacterium defluvii, X99046
I Methanobrevibacter gottschalkii strain HO, NR_044789

L— Uncultured Methanosarcinaceae clone HrhA74 from rice rhizosphere, AJ878982
Methanomicrobium mobile, M59142
Methanogenium cariaci, M59130
Methanogenium thermophilum, M59129
Methanoculleus marisnigri, NR_044723
Methanospirillum hungatel JF-1 strain JF1, NR_042789
—_— Methanosaeta concilii, M59146
Methanosarcina barkeri, M59144
Methanosarcina sp., L48408
Uncultured archaeon clone RB_DSF from peat bog, USA, JN649241
Uncultured archaeon clone CB_A1B from quaking bog, USA, JN649170
Uncultured archaeon clone SnDO3 from boreal fen, Finland, AM905418
%cultured archaeon clone C24 from forest peat soil, Slovenia, HQ233452
EC Arc
L(Uncultured archaeon clone SnDO5 from boreal fen, Finland, AM905420

clones related to unknown Crenarchaeota or the single sequence EC Arch 32,
open circles and black diamonds represent unknown Euryarchaeota, upward
pointing black triangles represent the class Methanobacteria, and downward
pointing black triangles represent Rice Cluster Il. Scale bar units are the
number of base substitutions per site.

richness, evenness, and Simpson’s diversity and had significantly
greater values for richness than all other sites. The natural and
abandoned sites at Shippagan had significantly greater values
for evenness and Simpson’s diversity (Table 3). The relationships
between peat properties and diversity indices (richness, even-
ness, Simpson’s) were markedly different between oxic and anoxic
samples (Table 4). Aerobic bacterial OTU diversity and evenness
correlated positively with peat properties characteristic of greater
bioavailability, and negatively with properties characteristic of
biorecalcitrance. These and similar properties correlated with pri-
mary CCA axes. In contrast, diversity and evenness of anaerobic
bacteria and archaea were in some cases positively correlated with
peat properties characterized as biorecalcitrant by Basiliko et al.
(2007) such as the total lipid content or the humic acid fraction of

extractable dissolved organic matter. Correlation of properties on
CCA axes defined by anaerobic bacterial communities, which sep-
arates sites, indicated that diversity in natural and restored sites
correlated with peat properties indicative of bioavailability such as
the proportion of polysaccharide to aromatic molecules and total
extractable K, while diversity in mined and abandoned sites cor-
related to peat properties indicative of biorecalcitrance (Figure 5,
Table 2). Factors that might structure communities therefore
appeared to be dependent on land-use, regardless of the loca-
tion (Riviere du Loup or Shippagan) in which land-use occurred.
Anoxic conditions led to less diverse communities dominated
by Acidobacteria-like organisms, while the bacterial community
under oxic conditions was characterized by a more even distribu-
tion of taxa. While diversity indices correlated positively to peat
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FIGURE 4 | Hierarchical cluster analysis (calculated with Ward’s
method; Euclidean distances) of bacterial and archaeal communities
in peat from natural, actively mined, once mined and then
abandoned, and once mined and then restored sites that had new

SHP restored — |
RDL mined —
RDL mined
RDL abandoned ~
SHP abandoned | ——
SHP restored ‘

SHP abandoned *
SHP abandoned 7 ‘
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SHP natural -J

SHP natural -

peat accumulation at Riviéere du Loup (RDL) and Shippagan (SHP).
Operational taxonomic units were defined as unique T-RFs from T-RFLP
analysis of 16S rDNA amplified from peat incubated under oxic or anoxic
conditions.

properties related to substrate bioavailability and microbial CO;
and CHy4 production, direct correlations between diversity and
activity were not significant. Aerobic CO; production correlated
significantly with the first two CCA axes defined by aerobic bac-
terial OTUs, and varied primarily with bacterial communities of
samples from natural and restored sites (Figure 5, Table 2).

DISCUSSION

LAND USE EFFECTS ON MICROBIAL COMMUNITY AND LINKAGES
AMONG MEASURED VARIABLES

Horticultural peat mining and restoration strongly impacts sub-
strate availability (Basiliko et al., 2007) and rates of microbial C
mineralization across the eight sites in this study. However, these
land-use practices did not consistently affect bacterial or archaeal
diversity indices or community composition based on relative
proportions of broad phylogenetic groups (phylum and/or class
level) of bacteria or archaea. Multivariate analyses based on T-RF-
defined OTU presence and abundance could resolve differences
between some sites but not clearly across land-uses. Community
structure differences across the sites were small compared to
overall community structure differences between the 2 locations
and between oxic and anoxic incubations. The latter point is
somewhat surprising given the relatively short incubation time
and known insensitivity of DNA-based T-RFLP approaches (e.g.,
over rRNA) to detect changes in bacterial communities following

flooding (Noll et al., 2005). Although not consistent with our
initial predictions, observing only weak effects of land-use change
is consistent with studies in other non-mined/restored North
American and European bogs and fens, where bacterial com-
munity structure was similar across sites that differed in peat
physicochemical characteristics and vegetation (Kim et al., 2008;
Preston et al., 2012). Across peatlands in the James Bay low-
lands region of Canada a similar pattern was also described for
archaeal community structure (Preston et al., 2012). Considering
that plant communities were similar across the four natural and
restored sites in this study, patterns observed for bacterial and
archaeal communities contrast with previously reported controls
on fungal communities where vegetation was a strong predic-
tor of community structure. In particular, litter chemistry has
been shown to play a larger role than water table position in
structuring fungal communities (Trinder et al., 2008). Artz et al.
(2007) studied a set of mined peatlands, including some that
had revegetated a few years previously to others that revegetated
>50 years previously, and linked fungal community structure pri-
marily to the successional stage of the plant communities and
related chemical differences. It is becoming clear that fungal com-
munity structure and function are strongly related to vegetation
on previously mined and restoring peatlands (Artz et al., 2007;
Trinder et al., 2008, 2009). However, based on the present work,
the same patterns are not strong for prokaryotic decomposers.
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FIGURE 5 | CCA bi-plot of bacterial and archaeal communities in peat
sampled from natural, actively mined, once mined and then
abandoned, and once mined and restored mined sites that had new
peat accumulation at Riviére du Loup and Shippagan. Operational
taxonomic units were defined as unique T-RFs from T-RFLP analysis of 16S

rDNA amplified from peat incubated under oxic or anoxic conditions.
Significant peat properties and CO, production correlating most strongly
with the first 2 axes, defined by OTU presence and abundances, are
indicated with arrows. See Table 4 for additional related canonical
correspondence analysis results.

Although land-use changes across the two locations did not
lead to consistent changes in community structure, there were
relationships between peat substrate characteristics and bacterial
or archaeal community structure across all samples analyzed.
That the same factors did not predict high OTU richness or
evenness in the oxic vs. anoxic incubations perhaps highlights
the importance of water table position and oxygen availability
or other short-term conditions over broader land-use related
peat substrate changes as a control on microbial community
structure. Across other soils types, links between substrate avail-
ability and richness or evenness have also been inconsistent (e.g.,
Niisslein and Tiedje, 1998; Zhou et al., 2002). In this study we
used 4 metrics of characterizing and comparing prokaryote com-
munities based on T-RFLP data (CA, correspondence analysis,
single-value diversity metrics, and comparison of proportions
of coarse-scale taxonomic groups), and there were some sub-
tle differences in patterns across land-use between the different
data analysis techniques. However, differences across location and
between aerobic vs. anaerobic communities were more consistent

regardless of the metric. This highlights that land-use effects on
prokaryotic community structure were indeed small.

LINKING MICROBIAL COMMUNITY STRUCTURE AND GREENHOUSE
GAS PRODUCTION

We had predicted clearer patterns between bacterial and archaeal
OTU richness and community structure and rates of CO, and
CHy production, as has been reported for methanogens and
methanogenesis rates across peatland trophic gradients using
T-RFLP (e.g., Godin et al., 2012) and other community finger-
printing techniques (e.g., Basiliko et al., 2003). However, only
aerobic CO, production correlated significantly with changes
in bacterial community structure elucidated with CCA, but
not with any other metric. One potential explanation for the
lack of observed relationships might be that we did not target
the entire decomposer community, which would have included
microfauna and fungi. A second explanation might be that
the same taxa can potentially function at a large range of
rates across different environments. A third explanation might
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Table 2 | Canonical correspondence analysis results related to Figure 5: (A) inter-set correlation coefficients of variables (CO production

potential and peat properties) correlating significantly and most strongly with the first and second axes and (B) axis summary statistics for

aerobic bacteria (1), anaerobic bacteria (2), and anaerobic archaea (3).

Axis 1 Axis 2 Axis 3 Axis 4 Total inertia

(A)
Aerobic bacteria
Humic fraction of DOC 0.4333 —0.5639 0.1017 0.2183
Water-extractable K+ —0.5885 0.4775 0.0733 —0.4254
C:N of total extractable DOM 0.8605 0.2133 0.1655 0.1512
CO» production potential —0.6076 0.4418 —0.0571 —0.2436
Anaerobic bacteria
Total lipids —0.6394 —0.7246 0.0091 —0.2104
Polysaccharide: aromatic 0.8849 —0.0364 0.3875 0.0508
Water-extractable K+ 0.8947 0.1093 —0.2826 —0.0232
C:N of total extractable DOM —0.4202 0.7629 0.4151 —0.224
Archaea
Polysaccharide: aromatic —0.1363 0.4924 0.1029 0.2064
Microbial biomass C —0.4522 0.4385 0.1435 0.3374
Total extractable organic N —0.5246 0.3478 0.1323 0.2877
C:N of total extractable DON 0.6648 —0.0204 —0.3333 0.4097
(B)
Aerobic bacteria
Eigenvalues 0.226 0.163 0.102 0.082 1.195
OTUs-peat property correlations 0.966 0.953 0.956 0.949

Cumulative percentage variance of:

OTU data 18.9 32.6 411 479

OTU-environment relation 311 53.5 675 78.7
Sum of all unconstrained eigenvalues 1.195
Sum of all canonical eigenvalues 0.727
Anaerobic bacteria
Eigenvalues 0.303 0.208 0.107 0.061 1.81
OTUs-peat property correlations 0.926 0.955 0.827 0.691
Cumulative percentage variance of:

OTU data 16.7 28.2 34.2 376

OTU-environment relation 38.1 64.3 778 85.5
Sum of all unconstrained eigenvalues 1.81
Sum of all canonical eigenvalues 0.795
Archaea
Eigenvalues 0.546 0.484 0.445 0.403 5.094
OTUs-peat property correlations 0.923 0.865 0.944 0.857
Cumulative percentage variance of:

OTU data 10.7 20.2 29 36.9

OTU-environment relation 21.2 40 573 072.9
Sum of all unconstrained eigenvalues 5.094

involve limitations of our community fingerprinting methodol-
ogy. Although T-RFLP analysis is a widely used rapid micro-
bial community profiling approach that can illustrate differences
in community structure of dominant taxa, T-RF-defined OTUs
using SSU rDNA might not clearly separate functionally differ-
ent groups of bacteria or archaea based on rates of CO, or CHy
production. Other studies of community structure-activity rela-
tionships across peat and mineral soil environmental gradients

relying on coarse-scale resolution of defined taxa have reported
functional redundancy (Rousk et al., 2009; Myers et al., 2012).
Use of high-throughput sequencing approaches might have over-
come some of the limitations of T-RFLP analyses, with both
lower detection limits and the ability to define OTUs based on
partial DNA sequences, rather than restriction fragments that
do not necessarily correspond to functional differences among
defined taxa.
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Table 3 | Carbon dioxide and CHj4 flux potentials and OTU richness, evenness, and Simpson’s diversity of microorganisms in peat from Riviere

du Loup and Shippagan.

Riviere du Loup Shippagan
NAT MIN ABD RST NAT MIN ABD RST
Aerobic CO, production 0.26 0.05 0.05 0.23 0.21 0.09 0.03 0.46
(0.00)2 (0.01)° (0.00)° (0.03)2 (0.02)2 (0.01)° (0.01)° (0.10)
Bacterial richness 23 21 22 22 19 19 18 19
(1)2 (1) (6)2 (4)2 (2)2 (1)2 (5)2 (1)
Bacterial evenness 0.77 0.70 0.70 0.71 0.67 0.69 0.63 0.67
(0.01)2 (0.02)2:0 (0.10)22 (0.04)2:0 (0.00)2b (0.02)-p (0.06)° (0.00)20
Simpson's index 17.5 12.2 11.8 13.7 11.0 115 8.8 10.4
(0.6)2 (2.1)-b (5.2)20 (2.3)20 (0.8)P (1.3)P (1.7)° (0.3)°
Anaerobic CO, production 0.09 0.03 0.03 0.10 0.07 0.07 0.03 0.14
(0.01)2p (0.00)%:¢ (0.01)¢ (0.03)2° (0.01)2° (0.00)2° (0.00)° (0.06)°
CHy production 0.01 0.003 0.001 0.480 0.890 0.000 0.001 523
(0.006)2° (0.003)2b (0.001)2P (0.510) (0.754) (0.005)P (0.002)2b (220)°
Bacterial richness 13 15 15 9 7 1 Il 10
(2)20 (2)2 (3) (1)2.p (3)° (1) (4)2.P (4)2:b
Bacterial evenness 0.54 0.54 0.58 0.42 0.28 0.04 0.50 0.44
(0.03) (0.04) (0.02) (0.07)2b (0.12)° (0.06)° (0.06)2 (0.13)2:b
Simpson'’s index 5.9 4.8 6.2 3.5 2.0 1.1 5.0 3.7
(0.9 (0.8) (0.3) (1.1)2 (0.7)-° (0.2)P-° (1.1)2 (1.5)2:¢
Archaeal richness 7 7 12 7 6 n.d. 6 6
(18 (1)2 (3)P (2)2 (2)2 n.d. (M2 (18
Archaeal evenness 0.36 0.35 0.48 0.33 0.28 n.d. 0.27 0.33
(0.05)2-b (0.03)2:p (0.02)° (0.03)2:p (0.11)2 nd. (0.08) (0.06)2-0
Simpson'’s index 3.5 3.0 4.7 2.9 2.5 n.d. 2.4 3.0
(1.0)ab (0.4)2:b (0.1)° (0.4)2:b (1.3)2 n.d. (0.8 (0.8)2b

Sites were natural (NAT), actively mined (MIN), mined and then abandoned (ABD), and restored trenches at block-cut mined sites that had new peat accumulation
(RST). Fluxes aremg CO, g~ peat day™" and jug CHs g~ peat day~". Operational taxonomic units were defined as unique T-RFs from T-RFLP analysis of bacterial
and archaeal 16S rDNA amplified from peat incubated under oxic (bacterial) and anoxic (bacterial and archaeal) conditions. Standard deviations of 3 replicates are in
parentheses, and different superscripted letters denote significant differences between sites at P < 0.05.

PHYLOGENETIC DIVERSITY OF BACTERIA AND ARCHAEA AND
SIMILARITIES TO OTHER SOIL ENVIRONMENTS

Although our relatively small clone library could not iden-
tify all taxa identified in the T-RFLP patterns, bacteria iden-
tified were generally similar to those isolated from northern
peatlands, supporting the hypothesis that constraint on micro-
bial distribution, or the “mass effect”, does not restrict poten-
tial community structure, but rather detectable members of a
community arise due to local substrate and/or environmen-
tal conditions, also known as “species sorting” (Mouquet and
Loreau, 2002; Van der Gucht et al., 2007; Andersen et al., 2013).
That six bacterial 16S rDNA sequences were the same across
the two locations that were >400 km apart also might sup-
port species sorting over the mass effect as a driver of bacte-
rial community structure. Across sites and the two locations,
members of the phylum Acidobacteria often predominated in
bacterial communities. Acidobacteria are widely distributed soil
bacteria capable of growth under acidic and low nutrient con-
centrations (Ward et al., 2009). Particularly members of the

order Acidobacteriales have been shown to be dominant com-
munity members in Russian and Slovenian peatlands (Dedysh
et al., 2006; Kraigher et al., 2006; Ausec et al., 2009; Dedysh,
2011). Some Acidobacteria isolated from peat are strictly aer-
obic (Kulichevskaya et al., 2010) and dominant in situ com-
munity members under drained conditions (Ausec et al., 2009)
in contrast to our findings of increased relative importance
under anoxic conditions. Clostridia, which were not detected
in oxic samples, are known to be obligate anaerobes. That
Actinobacteria and Betaproteobacteria abundance decreased in
anoxic (compared to oxic) samples is also consistent with a gen-
eral, broad understanding of members of these classes in soils
(Killham and Prosser, 2007).

Methanogen diversity as detected with T-RFLP analysis and
an archaeal 16S rDNA clone library was low across locations
and sites compared to other surveys of peatlands and did not
include members from the families Methanosarcinaceaee and
Methanosaetaceae capable of growth on acetate found in peat-
lands elsewhere (Basiliko et al.,, 2003; Galand et al., 2005a;
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Table 4 | Pearson correlation coefficients between peat properties and OTU richness, evenness, and Simpson'’s diversity among all sites at

Riviere du Loup and Shippagan.

Richness
AEROBIC BACTERIA
Carboxyl: aromatic 0.459
Polysaccharide: aromatic 0.373 (P =0.08)
von Post humification index
Microbial C
Microbial N
N:P of total extractable DOM
ANAEROBIC BACTERIA
Extractable lipids 0.534
Humic fraction of DOC 0.576
von Post humification index 0.368 (P = 0.08)
Microbial C:N —0.475
C:N of total extractable DOM —-0.621
Microbial N:P —0.478
ARCHAEA
Extractable lipids 0.618
Humic fraction of DOC 0.508
von Post humification index 0.509
C:N of total extractable DOM
Microbial N:P
Nat —0.570
Moisture —0.560

Evenness Simpson’s diversity
0.549 0.667
0.5632 0.686
—0.375 (P =0.07) —0.484
0.419
0.428
-0.514
0.434 0.486
0.542 0.619
—0.540 —0.398 (P = 0.06)
-0.618
—0.518
0.598 0.624
0.431 (P =0.06)
0.483 0.481
—0.585 —0.512
—0.582 —0.468
—0.5616 —0.396 (P = 0.08)
—0.541 —0.475

Operational taxonomic units were defined as unique T-RFs from T-RFLP analysis of bacterial and archaeal 16S rRNA genes amplified from peat incubated under

aerobic (bacterial) and anaerobic (bacterial and archaeal) conditions. Only values with P < 0.10 are included in the table, and unless specified, all relationships are

significant (P < 0.05).

Cadillo-Quiroz et al., 2008; Godin et al., 2012). This finding
is consistent with little to no sedge presence even in the nat-
ural or restored sites, as sedges have been previously reported
as a key control on acetoclastic methanogenesis (Rooney-
Varga et al., 2007; Hines et al., 2008). Obligate or purport-
edly obligate CO, reducers such as members of the family
Methanomicrobiaceae or Rice Cluster I (including new isolates of
the order Methanocellales) common in other peatlands were also
not detected. That both methanogen and crenarchaeal sequences
were similar to those found in similar soil environments else-
where gives support to species sorting (i.e., local environmental
and substrate characteristics) over the mass effect (i.e., dis-
tributional constrains) in structuring the archaeal communi-
ties in the peatlands. Our community fingerprinting approach
combined the detection of both methanogenic members of
the phylum Euryarchaeota and non-methanogenic members of
the Crenarchaeota, which might explain the lack of correla-
tion between archaeal community structure and methanogen-
esis, particularly as the functional roles of the crenarchaea in
peat soils are not yet known. Another factor that might have
obscured relationships between the archaeal community and
methanogenesis is the occurrence of anaerobic CHys oxidation
that would have lowered observed rates (Smemo and Yavitt,
2011). Also, methanogens rely on specific substrates supplied by
other microbes. Recent innovative reports by Wiist et al. (2009)
and Drake et al. (2009) have demonstrated the importance of
trophic interactions between fermenters and methanogens in

controlling methanogenesis, factors that were not investigated in
this study.

SUMMARY

Across eight natural, mined, and restored eastern Canadian
peatlands, the detected bacteria and archaea were similar to
those found in other peatlands and soil environments, although
methanogen phylogenetic diversity was relatively low. Despite
affecting substrate availability and microbial activity, horticul-
tural peat mining and restoration did not consistently affect
bacterial or archaeal diversity indices or community composition,
and land-use differences were small compared to those between
peat samples from the same site incubated under either oxic
or anoxic conditions. Across all samples analyzed regardless of
land use, diversity and community structure did correlate with
peat substrate and nutrient properties; however, the relationships
were not the same under oxic and anoxic conditions and there
were no consistent relationships between community structure
and activity. Our findings imply that characterizing the bacterial
and archaeal community structure might not help understand
functional impacts of mining and restoration, as different taxa
exhibit functional redundancy and/or the same taxa function at
very different rates when exposed to different peat substrates.
In contrast to other earlier work focusing on fungal communi-
ties across similar mined and restored peatlands, bacterial and
archaeal communities appear to be more resistant or resilient to
substrate changes brought about by mining and restoration.

Frontiers in Microbiology | Terrestrial Microbiology

July 2013 | Volume 4 | Article 215 | 12


http://www.frontiersin.org/Terrestrial_Microbiology
http://www.frontiersin.org/Terrestrial_Microbiology
http://www.frontiersin.org/Terrestrial_Microbiology/archive

Basiliko et al.

Mined/restored peatland microbial communities

ACKNOWLEDGMENTS

Funding came from the Natural Sciences and Engineering

Research Council of Canada (NSERC)

Discovery Grants

Program, the German Academic Exchange Service (DAAD),

REFERENCES

Andersen, R., Chapman, S. J., and
Artz, R. R. E. (2013). Microbial
communities in natural and dis-
turbed peatlands: a review. Soil
Biol. Biochem. 57, 979-994. doi:
10.1016/j.s0i1bi0.2012.10.003

Andersen, R., Francez, A. J, and
Rochefort, L. (2006). The physic-
ochemical and microbiological
status of a restored bog in Quebéc:
identification of relevant crite-
ria to monitor success. Soil Biol.
Biochem. 38, 1375-1387. doi:
10.1016/j.s0ilbi0.2005.10.012

Artz, R. R. E., Anderson, 1. C,
Chapman, S. J., Hagn, A., Schloter,
M., Potts, J. M., et al. (2007).
Changes in fungal community
composition in response to vegeta-
tional succession during the natural
regeneration of cutover peatlands.
Microbiol. Ecol. 54, 508-522. doi:
10.1007/s00248-007-9220-7

Artz, R. R. E, Chapman, S. J,
Siegenthaler, A., Mitchell, E. A.
D., Buttler, A., Bortoluzzi, E.,
et al. (2008). Functional micro-
bial diversity in regenerating

peatlands responds to
vegetation succession. Appl.
Soil Ecol. 45, 1799-1809. doi:
10.1111/j.1365-2664.2008.01573.x

Ausec, L., Kraigher, B., and Mandic-
Mulec, I. (2009). Differences in
the activity and bacterial commu-
nity structure of drained grass-
land and forest peat soils. Soil
Biol. Biochem. 41, 1874-1881. doi:
10.1016/j.50i1bi0.2009.06.010

Baker, B. J., Tyson, G. W., Webb, R. L,
Flanagan, J., Hugenholtz, P., Allen,
E. A, et al. (2006). Lineages of aci-
dophilic archaea revealed by com-
munity genomic analysis. Science
314, 1933-1935. doi: 10.1126/sci-
ence.1132690

Basiliko, N., Blodau, C., Roehm, C.,
Bengtson, P., and Moore, T. R.
(2007). Regulation of decomposi-
tion and methane dynamics across
natural, commercially  mined,
and restored northern peatlands.
Ecosystems 10, 1148-1165. doi:
10.1007/s10021-007-9083-2

Basiliko, N., Moore, T. R., Lafleur,
P. M., and Roulet, N. T. (2005).
Seasonal and inter- annual decom-
position, microbial biomass and
nitrogen dynamics in a Canadian
bog. Soil Sci. 170, 902-905. doi:
10.1097/01.5.0000196765.59412.14

cutover

Basiliko, N., Yavitt, J. B., Dees, P.
M., and Merkel, S. M. (2003).
Methane  biogeochemistry — and
methanogen communities in two
northern peatlands, New York State.
Geomicrobiol. J. 20, 563-577. doi:
10.1080/713851165

Bengtson, P., Basiliko, N., Dumont,
M. G, Hillis, M. Murrell, J.
C., Roy, R,, et al. (2009). Links
between methanotroph community
composition and methane oxida-
tion in a pine forest soil. FEMS
Microbiol. Ecol. 70, 356-366. doi:
10.1111/j.1574-6941.2009.00751.x

Brduer, S. L., Cadillo-Quiroz, H.,
Yashiro, E., Yavitt, J. B., and Zinder,
S. H. (2006). Isolation of a novel
acidiphilic ~ methanogen  from
an acidic peat bog. Nature 443,
192-194. doi: 10.1038/nature04810

Cadillo-Quiroz, H., Yashiro, E., Yavitt,
J. B, and Zinder, Z. H. (2008).
Characterization of the archaeal
community in a minerotrophic fen
and terminal restriction fragment
length polymorphism-directed iso-
lation of a novel hydrogenotrophic
methanogen. Appl. Environ.
Microbiol. 87, 2059-2068. doi:
10.1128/AEM.02222-07

Conrad, R., Klose, M., Noll, M,
Kemnitz, D., and Bodelier, P. (2008).
Soil type links microbial coloniza-
tion of rice roots to methane
emission. Glob. Change Biol. 14,
657-669.

Croft, M., Rochefort,
Beauchamp, C. .
Vacuum-extraction  of

L, and
(2001).
peat-
lands disturbs bacterial population
and microbial biomass carbon.
Appl. Soil Ecol. 18, 1-12. doi:
10.1016/S0929-1393(01)00154-8
Dedysh, S. N. (2011). Cultivating
uncultured bacteria from
northern knowledge
gained and remaining  gaps.
Front.  Microbiol. ~ 2:184.  doi:
10.3389/fmicb.2011.00184
Dedysh, S. N., Pankratov, T. A,
Belova, S. E., Kulichevskaya,
1. S, and Liesack, W. (2006).
Phylogenetic analysis and in situ
identification of Bacteria com-
munity composition in an acidic
Sphagnum peat bog. Appl. Environ.
Microbiol. 72, 2110-2117. doi:
10.1128/AEM.72.3.2110-2117.2006
Drake, H. L., Horn, M. A., and Wiist,
P. K. (2009). Intermediary ecosys-
tem metabolism as a main driver

wetlands:

and the

German Research Foundation

(DFG-Deutsche

Forschungsgemeinschaft). Nina Ringleff provided laboratory
assistance. Premier Horticulture and Sun Gro Horticulture kindly

allowed site and sample access.

of methanogenesis in acidic wet-
land soil. Environ. Microbiol. Rep.
1, 307-318. doi: 10.1111/j.1758-
2229.2009.00050.x

Galand, P. E., Fritze, H., Conrad, R,
and Yrjdld, K. (2005a). Pathways
for methanogenesis and diver-
sity of methanogenic archaea
in three boreal peatland ecosys-
tems. Appl. Environ. Microbiol. 74,
2195-2198.

Galand, P. E., Juottonen, H., Fritze, H.,
and Yrjala, K. (2005b). Methanogen
communities in a drained bog:
effect of ash fertilization. Microb.
Ecol. 49, 209-217.

Glatzel, S. N., Basiliko, N., and
Moore, T. R. (2004). Carbon
dioxide and methane production
potentials of peats from natural,
harvested and restored sites, east-
ern Québec, Canada. Wetlands
24, 261-267. doi: 10.1672/0277-
5212(2004)024[0261:CDAMPP]2.0.
CO;2

Godin, A., McLaughlin, J. W., Webster,
K. L., Packalen, M., and Basiliko, N.
(2012). Methane and methanogen
community dynamics across a
boreal peatland nutrient gradient.
Soil Biol. Biochem. 48, 96—-105. doi:
10.1016/j.s0ilbio.2012.01.018

Hales, B. A., Edwards, C., Ritchie, D.
A., Hall, G., Pickup, R. W,, and
Saunders, J. R. (1996). Isolation
and identification of methanogen-
specific DNA from blanket bog peat
by PCR amplification and sequence
analysis. Appl. Environ. Microbiol.
62, 668-675.

Hall, T. A. (1999). BioEdit: a user-
friendly biological sequence align-
ment editor and analysis program
for Windows 95/98/NT. Nucl. Acids
Symp. Ser. 41, 95-98.

Hines, M. E., Duddleston, K. N,
Rooney-Varga, J. N, Fields, D., and
Chanton, J. P. (2008). Uncoupling of
acetate degradation from methane
formation in Alaskan wetlands:
connections to vegetation distribu-
tion. Glob. Biogeochem. Cycles 22,
GB2017.

Juottonen, H., Hynninen, A.,
Nieminen, M., Tuomivirta, T.
T., Tuittila, E. S., Nousiainen, H.,
et al. (2012). Methane-cycling
microbial communities and
methane emission in natural

and restored peatlands. Appl

Environ. Microbiol. 78, 6386—6389.

doi: 10.1128/AEM.00261-12

Juottonen, H., Tuittila, E.-S., Juutinen,
S., Fritze, H., and Yrjild, K. (2008).
Seasonality of rDNA- and rRNA-
derived archaeal communities and
methanogenic potential in a boreal
mire. ISME ]. 2, 1157-1168. doi:
10.1038/isme;j.2008.66

Jurgens, G., and Saano, A. (1999).
Diversity of soil archaea in boreal
forest before and after clear-cutting
and prescribed burning. FEMS
Microbiol. Ecol. 29, 205-213.

Kemnitz, D., Kolb, S., and Conrad,
R.  (2007). High
of Crenarchaeota in a tem-
perate acidic forest soil. FEMS
Microbiol. Ecol. 60, 442—-448. doi:
10.1111/j.1574-6941.2007.00310.x

Killham, K., and Prosser, J. L
(2007). “The Prokaryotes,” in
Soil  Microbiology, ~Ecology, and
Biochemistry, 3rd Ed., ed E. A. Paul
(Oxford: Academic Press), 119-143.

Kim, S. Y., Lee, S. H., Freeman, C.,
Fenner, N., and Kang, H. (2008).
Comparative  analysis of soil
microbial communities and their
responses to the short-term drought
in bog, fen, and riparian wetlands.
Soil Biol. Biochem. 40, 2874-2880.
doi: 10.1016/j.s0ilbio.2008.08.004

Kraigher, B., Sres, B., Hacin, J., Ausec,
L., Mahne, 1., van Elsas, J. D., et al.
(2006). Microbial activity and com-
munity structure in two drained fen
soils in the Ljubljana Marsh. Soil
Biol. Biochem. 38, 2762-2771. doi:
10.1016/j.s0ilbio.2006.04.031

Krebbs, C. J. (1999). Ecological
Methodology. Menlo Park, CA:
Benjamin Cummings Press.

Kulichevskaya, I. S., Suzina, N. E.,
Liesack, W., and Dedysh, S. N.
(2010). Bryobacter aggregatus gen.
nov., sp. nov. a peat-inhabiting, aer-
obic chemo-organotroph from sub-
division 3 of the Acidobacteria. Int.
J. Syst. Evol. Microbiol. 60, 301-306.

Lesaulnier, C., Papamichail, D,
McCorkle, S., Ollivier, B., Skiena,
S., Taghavi, S., (2008).
Elevated atmospheric CO; affects
soil microbial diversity associated
with trembling aspen. Environ.
Microbiol. 10, 926-941.  doi:
10.1111/j.1462-2920.2007.01512.x

Lin, X., Green, S, Tfaily, M. M,
Prakash, O., Konstantinidis, K.
T., Corbett, J. E., et al. (2012).
Microbial community
and activity linked to contrast-
ing biogeochemical gradients in

abundance

et al

structure

www.frontiersin.org

July 2013 | Volume 4 | Article 215 | 13


http://www.frontiersin.org
http://www.frontiersin.org/Terrestrial_Microbiology/archive

Basiliko et al.

Mined/restored peatland microbial communities

bog and fen environments of the
Glacial Lake Agassiz Peatland. Appl.
Environ. Microbiol. 78, 7023-7031.
doi: 10.1128/AEM.01750-12

Lu, Y, and Conrad, R. (2005).
In situ stable isotope prob-
ing of methanogenic Archaea
in the rice rhizosphere.
Science 309, 1088-1090. doi:
10.1126/science.1113435

Lueders, T., Chin, K. J., Conrad, R.,
Friedrich, M. (2001). Molecular

of methyl-coenzyme M
alpha-subunit  (mcrA)
rice field soil and
enrichment cultures reveal the
methanogenic  phenotype
novel archaeal lineage. Environ.
Microbiol. 3, 194-204. doi:
10.1046/j.1462-2920.2001.00179.x

Lukow, T., Dunfield, P. E, and Liesack,
W. (2000). Use of the T-RFLP
technique to assess spatial and
temporal changes in the bacte-
rial community structure within
an agricultural soil planted with
transgenic and  non-transgenic
potato plants. FEMS Microbiol. Ecol.
32, 241-247. doi: 10.1111/j.1574-
6941.2000.tb00717.x

Marinier, M., Glatzel, S. N., and Moore,
T. R. (2004). The role of cotton-
grass (Eriophorum vaginatum) in
the exchange of CO, and CHjy
at two restored peatlands, eastern
Canada. Ecoscience 11, 141-149.

McNeil, P, and Waddington, J. M.

analyses
reductase
genes  in

of a

(2003). Moisture controls on
Sphagnum growth and CO;
exchange on a cutover bog.

J. Appl. Ecol. 40, 354-367. doi:
10.1046/j.1365-2664.2003.00790.x
Mougquet, N., and Loreau, M. (2002).
Coexistence in metacommunities:
the regional similarity hypothe-
sis. Am. Nat. 159, 420-426. doi:
10.1086/338996

Myers, B., Webster, K. L., McLaughlin,
J. W, and Basiliko, N. (2012).
Microbial activity across a boreal
peatland nutrient gradient: the
role of fungi and bacteria.
Wetlands Ecol. Man. 20, 77-88.
doi: 10.1007/s11273-011-9242-2

Nicol, G. W, Campbell, C. D.,
Chapman, C. J., and Prosser, J. L.
(2007). Aforestation of moorland
leads to changes in crenarchaeal
community  structure.  FEMS
Microbiol. Ecol. 60, 51-59. doi:
10.1111/j.1574-6941.2006.00258.x

Noll, M., Matthies, D., Frenzel, P,
Derakshani, M., and Liesack, W.
(2005). Succession of bacterial
community structure and diversity

in a paddy soil oxygen gradient.
Environ. Microbiol. 7, 382-395. doi:
10.1111/5.1462-2920.2005.00700.x
Niisslein, K., and Tiedje, J. M. (1998).
Characterization of the
inant and rare members of a

dom-

young Hawaiian soil bacterial

community with small-subunit
ribosomal DNA amplified from
DNA fractionated on the basis of
its guanine and cytosine composi-
tion. Appl. Environ. Microbiol. 64,
1283-1289.

Preston, M. D., Smemo, K. A,
McLaughlin, J. W., and Basiliko,
N. (2012). Peatland microbial
communities and decomposition
processes in the James Bay lowlands,
Canada. Front. Microbiol. 3:70. doi:
10.3389/fmicb.2012.00070

Ramakrishnan, B., Lueders, T,
Dunfield, P. F, Conrad, R., and
Friedrich, M. W. (2001). Archaeal
community

from different
ical regions
initiation of methane
tion. FEMS Microbiol.
175-186.  doi:
6941.2001.tb00865.x

Robert, E. C., Rochefort, L., and
Garneau, M. (1999). Natural reveg-
etation of two block-cut mined
peatlands in eastern Canada. Can. J.
Bot. 77, 447-459.

Rooney-Varga, J. N., Giewat, M.
W., Duddleston, K. N., Chanton,
J. P, and Hines, M. E. (2007).

structures in rice
geograph-
and after
produc-
Ecol. 37,

10.1111/j.1574-

soils
before

Links between archaeal com-
munity structure, vegetation
type and methanogenic path-

way in Alaskan peatlands. FEMS
Microbiol. Ecol. 60, 240-251. doi:
10.1111/}.1574-6941.2007.00278.x
Roulet, N. T., Lafleur, P. M., Richard,
P. J, Moore, T. R., Hymphreys,
E. R, and Bubier, J. B. (2007).
Contemporary carbon balance and
late Holocene carbon accumula-
tion in a northern peatland. Glob.
Change Biol. 13, 397-411. doi:
10.1111/j.1365-2486.2006.01292.x
Rousk, J., Brookes, P. C., and Badth, E.
(2009). Contrasting soil pH effects
on fungal and bacterial growth
suggest redundancy
in carbon mineralization. Appl.
Environ Microbiol. 75, 1589-1596.
doi: 10.1128/AEM.02775-08
Simpson, E. H. (1949). Measurement
of diversity. Nature 163, 688. doi:
10.1038/163688a0
Smemo, K. A., and Yavitt, J. B. (2011).
Anaerobic oxidation of methane:
an underappreciated aspect of

functional

methane cycling in peatland ecosys-
tems. Biogeosciences 8, 779-793. doi:
10.5194/bg-8-779-2011

Tamura, K., Peterson, D., Peterson, N.,
Stecher, G., Nei, M., and Kumar,
S. (2011). MEGAS5: molecular
evolutionary ~ genetics analy-
sis using maximum likelihood,
evolutionary distance, and max-
imum parsimony methods. Mol.
Biol. Evol. 28, 2731-2739. doi:
10.1093/molbev/msr121

Trinder, C. J., Johnson, D., and Artz,
R. E. (2008). Interactions among
fungal community structure, lit-
ter decomposition, and depth of
water table in a cutover peat-
land. FEMS Microbiol. Ecol. 64,
433-448. doi: 10.1111/j.1574-6941.
2008.00487.x

Trinder, C. J., Johnson, D., and Artz,
R. E. (2009). Litter type, but
not plant cover, regulates initial
litter decomposition and fun-
gal community structure in a
recolonising cutover peatland. Soil
Biol. Biochem. 41, 651-655. doi:
10.1016/j.s0ilbi0.2008.12.006

Tuittila, E. S., Komulainen, V. M.,
Vasander, H., and Laine, J. (1999).
Restored cut-away peatlands as
a sink for atmospheric CO,.
Oecologia 120, 563-574. doi:
10.1007/5004420050891

Van der Gucht, K., Cottenie, K.,
Muylaert, K., Vloemans, N., Cousin,
S., Declerck, S., et al. (2007). The
power of species sorting: local
factors drive bacterial community
composition over a wide range
of spatial scales. Proc. Natl. Acad.
Sci. U.S.A. 104, 20404-20409. doi:
10.1073/pnas.0707200104

Waddington, J. M., Strack, M.,
and Greenwood, M. J. (2010).
Toward restoring the net
bon sink function of degraded
peatlands:  short-term  response
in CO2 exchange to ecosystem-
scale restoration. J. Geophys. Res.

car-

Biogeosci. 115, G01008. doi:
10.1029/2009]JG001090

Ward, N. L., Challacombe, J. E,
Janssen, P. H., Henrissat, B.,

Coutinho, P. M., Wu, M,, et al.
(2009). Three Genomes from the
phylum  Acidobacteria  provide
insight into the lifestyles of these
microorganisms in soils. Appl.
Environ. Microbiol. 75, 2046-2056.
doi: 10.1128/AEM.02294-08
Williams, R. T., and Crawford, R.
L. (1984). Methane production in
Minnesota peatlands. Appl. Environ.
Microbiol. 47, 1266-1271.

Wiist, P. K., Horn, M. A., and Drake,
H. L. (2009). Trophic links between
fermenters and methanogens in a
moderately acidic fen soil. Environ.
Microbiol. 11, 1395-1409. doi:
10.1111/;.1462-2920.2009.01867.x

Winsborough, C. L., and Basiliko,
N. (2010). Fungal and bacterial
activity in northern peatlands.
Geomicrobiol. ]J. 27, 315-320. doi:
10.1080/01490450903424432

Yan, W., Artz, R. R. E., and Johnson,
D. (2008). Species-specific effects
of plants colonizing
peatlands on patterns of carbon
source utilization by soil microor-
ganisms. Soil Biol. Biochem. 40,
544-549. doi:  10.1016/j.soilbio.
2007.09.001

Zhang, Z., Schwartz, S., Wagner, L., and
Miller, W. (2000). A greedy algo-
rithm for aligning DNA sequences.
J. Comput. Biol. 7, 203-214. doi:
10.1089/10665270050081478

Zhou, J., Xia, B., Treves, D. S., Wu,
L.-Y,, Marsh, T. L., O’Neal, R. V,,
et al. (2002). Spatial and resource
factors influencing high microbial
diversity in soil. Appl. Environ.
Microbiol. 68, 326334,

cutover

Conflict of Interest Statement: The
authors declare that the
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

research

Received: 25 April 2013; accepted: 10 July
2013; published online: 31 July 2013.
Citation: Basiliko N, Henry K, Gupta
V; Moore TR, Driscoll BT and Dunfield
PF (2013) Controls on bacterial and
archaeal community  structure and
greenhouse gas production in natural,
mined, and restored Canadian peat-
lands. Front. Microbiol. 4:215. doi:
10.3389/fimicb.2013.00215

This article was submitted to Frontiers
in Terrestrial Microbiology, a specialty of
Frontiers in Microbiology.

Copyright © 2013 Basiliko, Henry,
Gupta, Moore, Driscoll and Dunfield.
This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) or licensor are cred-
ited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use, dis-
tribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | Terrestrial Microbiology

July 2013 | Volume 4 | Article 215 | 14


http://dx.doi.org/10.3389/fmicb.2013.00215
http://dx.doi.org/10.3389/fmicb.2013.00215
http://dx.doi.org/10.3389/fmicb.2013.00215
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Terrestrial_Microbiology
http://www.frontiersin.org/Terrestrial_Microbiology
http://www.frontiersin.org/Terrestrial_Microbiology/archive

	Controls on bacterial and archaeal community structure and greenhouse gas production in natural, mined, and restored Canadian peatlands
	Introduction
	Methods
	Study Sites, Sampling, and Peat Physicochemical Analyses
	Microbial Activity, Community Structure, and Phylogenetic Characterization
	Statistical Analyses

	Results
	Phylogenetic Characterization of Bacteria and Archaea
	Land Use Effects on Microbial Community and Linkages Among Measured Variables

	Discussion
	Land Use Effects on Microbial Community and Linkages Among Measured Variables
	Linking Microbial Community Structure and Greenhouse Gas Production
	Phylogenetic Diversity of Bacteria and Archaea and Similarities to Other Soil Environments
	Summary

	Acknowledgments
	References


